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Abstract

DNA photorepair has been widely studied in simple aquatic organisms that live in the marine 

environment, but is less understood in more complex species that live in freshwater. In the present 

study, we evaluated UVA-induced DNA photo recovery in embryonic stages of zebrafish, Danio 
rerio, a freshwater model species. Evaluation of UVB exposure and UVA photo recovery of 

zebrafish embryos revealed different UVB tolerances and capacities for UVA photo recovery at 

different stages of development. Effective UVA photo recovery was observed at 3 h post-

fertilization (hpf), 6–7 hpf, and 12 hpf, but not in the early cleavage stage (2–32 cells). UVA photo 

recovery was most effective during the gastrula stage (6–7 hpf) of development, and less effective 

at earlier stages (e.g., 3 hpf) or later stages (e.g., 12 hpf). Embryos at the cleavage stage of 

development were found to be tolerant to extreme levels of UVB exposure, and possible 

mechanisms were discussed. For embryos at 6–7 hpf, examination of time window (or delay of 

UVA exposure) that would still permit recovery from UVB exposure suggested a short time period 

of 2 h. The transgenic fli-1 zebrafish with fluorescent vascular structure was used to show that 

embryos with normal morphological appearance could exhibit a disrupted vascular patterning, 

suggesting that this endpoint could provide a sensitive tool for detection of UV damage.
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1. Introduction

Photo-reactivation was discovered at the organismal level serendipitously in 1949 during the 

study of UV-induced mutagenesis. Unexpected results were obtained that were attributed to 
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an enhanced survival of UV-irradiated Streptomyces griseus conidia after illumination with 

visible light [1]. Since then, the biochemical mechanisms responsible for photoreactivation, 

known as DNA photorepair, have been elucidated [2,3] and documented in a variety of 

organisms, ranging from bacteria to multicellular eukaryotes [4]. While shorter wavelengths 

of UV (<320 nm) are responsible for the majority of DNA damage, UVA (400–315 nm) and 

visible light are known to drive the process of photorepair (see [5] for review). The fidelity 

and rate of photorepair differs widely among eukaryotic species, and also with age of the 

developing organism [6,7]. The general trend observed is that adults are more tolerant to UV 

than juveniles and developing zygotes, and that photoreactivation capability decreases with 

age [8,9].

Although there are previous studies of photoreactivation in aquatic organisms, DNA 

photorepair is less well studied in freshwater animals [10]. Zebrafish (Danio rerio) are 

freshwater fish whose small size, fecundity, embryonic transparency, and rapid development 

have led to their selection as a popular model vertebrate. Numerous mutant strains and 

transgenic lines of zebrafish have been created which have proved useful in studying aspects 

of development biology in basic and biomedical science [11–15]. These attributes also make 

it an excellent model for studies of DNA repair [16].

Previously, we have demonstrated the existence of a competent photorepair system in 

zebrafish embryos [17]. UVA wavelengths can effectively stimulate photoreactivation, yet 

the specific action spectra for proteins implicated in mediating photorepair in zebrafish are 

unknown. The closest known long wave absorbers in zebrafish are cryptochromes, which 

show only weak regulation of photolyase activity [18] and coincident with patterns of 

circadian rhythms [19]. The present study continued our investigation of UV exposure and 

photo recovery in zebrafish embryos. Specifically, we investigated the UVA photo recovery 

capability and efficiency across different developmental stages, and the time window of 

UVA photo recovery for UVB-irradiated gastrulated embryos, which was evaluated for the 

first time in a DNA photorepair study. Transgenic zebrafish expressing GFP in the 

vasculature system were also evaluated and determined to be a sensitive indicator of 

abnormalities caused by UVB irradiation at lower doses, as well as a sensitive diagnostic 

tool to evaluate UVA photo recovery. Correlations between UVB tolerance and the onset of 

photo recovery were also made in developing zebrafish embryos.

2. Materials and methods

2.1. Fish husbandry and embryo collection

Wild-type zebrafish were purchased from EkkWill Waterlife Resources, Gibsonton, FL 

(hereafter referred to as “pond-raised”), while transgenic Tg(fli-1:EGFP) (“fli-1”) fish were 

obtained from Dr. Brant Weinstein of the National Institute of Child Health and Human 

Development. Fli-1 is an endothelial marker and GFP has been conjugated to the fli-1 
promoter. The GFP permitted observation and analysis of vasculature structure formation 

during zebrafish embryogenesis. Healthy fish were raised and kept at standard laboratory 

conditions of 28 °C on a 14:10 dark/light photoperiod [20] in a recirculating system. The 

fish were fed three times daily with either the zebrafish diet (Zeigler) or live artemia 

(Aquatic Habitats, Apopka, FL). Embryos were collected from group spawns or paired 
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spawns, and were rinsed several times in embryo medium [20] containing penicillin–

streptomycin (0.05%). Embryos at various developmental stages were used for experiments 

with an emphasis on embryos in the mid-gastrulation stage of development (6–7 h post-

fertilization, hpf).

2.2. Ultraviolet radiation exposure

Ultraviolet radiation B (UVB) was supplied with a high performance transilluminator 

(TFM-20, UVP Inc., Upland, CA), which provided an irradiance of 5.19 mW/cm2 at 302 nm 

(818-ST-UV detector, Newport Corporation, Irvine, CA). The broad output in the UVB 

region matches the absorbance spectra of the many targets affecting cellular processes, 

DNA, cell membranes, proteins [21] and in particular, the cyclobutane pyrimidine dimers 

(CPDs) that are corrected in photorepair [3]. Ultraviolet radiation A (UVA) was supplied 

with a high intensity (GreenSpot 100-W) super pressure mercury lamp with a 5 × 1000 mm 

light guide (American Ultraviolet, Lebanon, IN), which provided an irradiance at 4.2 cm of 

0.705 W/cm2 at 365 nm with a short bandpass and infrared filters. The short bandpass filter 

(SWP-2502U-400; Lambda Research Optics, CA) had a cutoff at 400 nm and transmittance 

greater than 90% at 365 nm. A heat-absorbing filter was also used to absorb potential 

infrared emittance (Schott KG-2; Germany), having a transmittance of greater than 85% at 

365 nm and less than 10% at 1100 nm. A spectral characterization of the UVA light source 

indicated that ~60% fell within the range of 365 ± 8 nm [22]. Embryos were exposed to 

UVA in the bottom of a 35-mm diameter cell culture dish containing 3 ml of embryo 

medium. UVB exposures were administrated from bottom to up while UVA exposures were 

administered from top to down at a distance of 4.2 cm from the fiber to the bottom of the 

dish.

2.3. Criteria for evaluating photo-damage

Hatch, mortality, and malformation were used as evaluation criteria for the assessment of 

UV effects. Percent hatch was calculated as the number of embryos hatched within 5 days 

after fertilization divided by the total number of embryos. Percent mortality was calculated 

as the cumulative mortality of embryos within 5 days. Cessation of heartbeat and circulation 

were used as end points for mortality. Classification of malformations was described 

previously [17]. Briefly, larvae designated as being malformed typically had mildly twisted 

or kinked trunk deformities and slightly enlarged pericardial sacs. Severe malformation was 

characterized by significant trunk deformities and grossly enlarged pericardial sacs. Percent 

total malformation (or severe malformation) was calculated as the number of embryos 

having any deformities (or severe deformities) after hatch divided by the total number of 

embryos surviving at 120 hpf. For treatment groups with 100% mortality before hatch, 

percent total and severe malformation were considered to be 100%. Embryos were examined 

daily for developmental progress, hatch, mortality, and malformation. Dead embryos were 

removed, and embryo media was replaced.

2.4. Assessment of UVA photo recovery on embryos at various stages of development

Embryos were exposed to various doses of UVB and subsequent UVA irradiation at the 

following developmental stages: 2–32 cell, 3 hpf, 6–7 hpf, and 12 hpf. For each exposure, a 

minimum of two replicates was performed with each replicate containing 20 embryos. After 
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the exposures, the embryos were incubated in a regular photoperiod as described in Section 

2.1.

2.5. UVA photo recovery time window for embryos during mid-gastrulation

To determine the time window (or delay of UVA exposure) that would allow for recovery 

from UVB exposure, embryos were exposed to UVB and then UVA (either 211.5 or 338.4 

J/cm2) immediately (0 h) or after a delay period following the UVB exposure. For the lower 

UVB exposure dose (0.93 J/cm2), the delay intervals at which UVA was delivered were 0.5, 

1, 2, 4, and 6 h after the UVB exposure. For the higher UVB exposure dose (1.56 J/cm2), the 

delay periods at which UVA was delivered were 0.5, 1, 2, 3, and 4 h after the UVB exposure. 

During the waiting periods, embryos were incubated in the dark. Controls included embryos 

exposed to UVB but without subsequent UVA irradiation, and embryos that did not receive 

UV irradiation. For controls not exposed to UV irradiation, 20 embryos were incubated in 

the dark for the first 20 h (referred to as “dark control”), and another 20 embryos were 

incubated in the light (referred to as “light control”) with regular photoperiod. All 

experiments were replicated a minimum of two times each with 20 embryos per treatment.

2.6. UV exposure for embryos collected from transgenic zebrafish

Fli-1 embryos at the mid-gastrula stage were exposed to UVB radiation for 1, 3, 5, and 10 

min at a dosage of 0.31 J/cm2 per min. This experiment was replicated three times (N = 60). 

Photo recovery studies were also performed where fli-1 embryos were exposed to various 

doses of UVB and subsequent UVA irradiation at the 2–32 cell, 3 hpf, 6–7 hpf, and 12 hpf 

stages of development. After the exposures, embryos were incubated with a regular 

photoperiod as described under Section 2.1.

2.7. Microscopic examination of vascular patterning in transgenic fish after UV exposure

To determine if UV irradiation affected vascular patterning of fli-1 fish, embryos at 6–7 hpf 

were exposed to UVB for 1 and 3 min at a dosage of 0.31 J/cm2 per min. For the 3 min UVB 

exposure, half of the embryos were also exposed to UVA for 3 min at a dosage of 42.3 J/

cm2. In control experiments, embryos were exposed to UVA alone for 8 min. After 

exposure, embryos were incubated in a regular photoperiod with daily embryo medium 

changes and raised to larval stages of development. They were fixed with 4% 

paraformaldehyde in 0.1 M phosphate buffer (see [20] for recipe) and processed for 

microscopic analysis. The same procedure was also performed for 2–32 cell fli-1 embryos 

with the only change being the intensity of the UVB and UVA doses used.

Images of GFP positive, fli-1 larvae (72–120 hpf) were acquired digitally with a an ORCA-

ER camera (Hamamatsu Photonics) mounted to an inverted microscope (Zeiss Axiovert 

200M) with epi-fluorescence capabilities. The GFP filter cube on the microscope was used 

to acquire the GFP fluorescence signal. These digital images were acquired in the trunk 

region over the yolk sac extension. Typically, 5–7 segments in each field of view were 

imaged utilizing a 20×, dry-objective with a 0.4 numerical aperture. In some cases, optical 

sections (z-stacks) were obtained through the region of interest with a 40× oil objective (1.3 

numerical aperture). Each section was acquired with a Zeiss ApoTome placed in the light 
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path of the microscope. These stacks were reconstructed and projected in three-dimensional 

volumes using Imaris 5.72 (Bitplane, Inc.).

2.8. Data analysis

For dose responses, the concentration causing 50% mortality (LD50) was calculated with 

logistic regression (Logit model). For other experiments, data were analyzed using one-way 

analysis of variance (ANOVA) (SAS 9.0, SAS Institute Inc., Cary, NC). When a significant 

difference (α = 0.05) was observed among treatments, Tukey’s Honestly Significant 

Difference Procedure was used for pair-wise comparisons. Results were presented as means 

± SD, and probability values of P < 0.05 were considered to be significant. Percentage data 

for hatch, mortality, malformation, and severe malformation were arcsine-square root 

transformed prior to analysis.

Because of the variability of embryo quality at the 2–32 cell stage of development, data 

obtained at this stage were normalized to the controls. For percent mortality and hatch, data 

were normalized by subtraction of control values. For percent hatch, data were normalized 

by division with the control values. Negative values were considered to be 0, while 

percentages higher than 100% were considered as 100%. Percentage of recovery was 

calculated based on the formula: R = (t1 − t2)/t1 × 100 for mortality and malformation, and R 
= (t2 − t1)/(1 − t1) × 100 for hatch where R represents percentage of recovery, and t1 are 

means of UVB treatment only, and t2 are means for treatment after UVA photo recovery; R 
was considered to be 0 when negative values occurred. A higher R value represents better 

efficiency of photo recovery.

For the transgenic fli-1 fish, the additional end point of inter-segmental blood vessel (ISBV) 

morphology was analyzed. Images of larvae containing GFP positive ISBVs were magnified 

until the myotome segments were easily visible. By 48 hpf, the patterning of ISBVs within 

the zebrafish vasculature system is highly organized where each hemi-segment along the 

anterior–posterior axis contains one ISBV [23]. ISBVs have a very characteristic “S” profile 

when the embryo is mounted laterally. In control and UV-exposed larvae, the number of 

ISBVs in a region of interest, over yolk sac extension that exhibited this “S” profile was 

divided by the total number of segments analyzed in that region of interest. In control 

zebrafish older than 48 hpf, this would yield 100% percent normal ISBVs. For ISBV 

morphology data obtained from UVB-exposed embryos, the typical phenotype observed was 

that individual ISBVs did not exhibit the characteristic “S” profile. Instead they projected in 

a straight line along the dorsal–ventral axis. Thus, the percent normal ISBVs in the UVB-

exposed larvae when quantified is less than 100% if the exposure produces an abnormal 

phenotype. This type of analysis has been used previously by others studying nervous 

system patterning in embryonic zebrafish [24,25]. All ISBV data were analyzed using either 

Kruskal-Wallis one-way analysis of variance (ANOVA), or when appropriate, the Student’s 

T-test. Values are presented as means ± standard error. Probability values of P < 0.05 were 

considered to be significant.
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3. Results

3.1. Assessment of UVA-induced photo recovery in embryos at different stages of 
development

The degree of UVA photo recovery following UVB exposure varied with developmental 

stage and UVB dose (see Supplemental Table 1). During the rapid cell division stage (2–32 

cell stage), embryos could tolerate UVB irradiation as high as 6.22 J/cm2 while still 

maintaining a ~65% hatch rate (Table 1). However, using the endpoint criteria of mortality, 

percent malformation and hatch rate, the ability to photo recovery was not evident at this 

early stage (P > 0.05). Embryos at later stages of development had a decreased tolerance to 

UVB irradiation. The most vulnerable stage of UVB tolerance was observed in embryos at 

12 hpf. The ability to photo recovery with UVA was observed as early as 3 hpf. However, it 

was less efficient than the photo recovery capacity observed at later developmental stages 

(Fig. 1). At 12 hpf, UVA photo recovery was less effective at the high doses of UVB 

irradiation compared to the low doses. For example, when 12 hpf embryos were exposed to 

0.93 J/cm2 of UVB, percent recovery from mortality was 52% and from severe 

malformation was 48%. If 12 hpf embryos were exposed to 3.11 J/cm2 of UVB, percent 

recovery was virtually nonexistent for mortality (3%) and severe malformation (0%). 

However, if these high doses of UVB were coupled with UVA exposure during the mid-

gastrula stage of development (6–7 hpf), embryonic capacity for photo recovery was evident, 

for example, percent recovery of mortality was 93% (Fig. 1).

3.2. UVA photo recovery time window for embryos exposed during the mid-gastrula stage

For embryos exposed to 0.93 J/cm2 UVB, photo recovery was observed if the UVA was 

delivered within 2 h of the UVB exposure (Fig. 2). In embryos exposed to UVB alone, 

percent hatch was significantly lower (P < 0.006) than in control embryos or those embryos 

that were exposed to UVA within a 2-h time window following the UVB exposure (Fig. 2). 

When the delay between the UVB exposure and UVA was extended to 4 h or greater, photo 

recovery was not observed. This was true for the hatch rate and mortality endpoints. 

Exposure to 0.93 J/cm2 UVB also resulted in malformations in 99 ± 2% of the embryos 

analyzed. However, when UVA was delivered immediately after the UVB exposure, the 

percentage of malformations observed in embryos decreased to 22% (Fig. 2). Similar to the 

observations of percent mortality and hatch, increasing the delay in the delivery of UVA 

exposure reduced the efficiency of photo recovery for the malformation endpoint.

Varying the dose of UVA also influenced the duration of the delay window that resulted in 

photo recovery of the malformation endpoint. When UVA (211.5 J/cm2) was administered 

within 1 h after UVB exposure, a significant reduction of percent malformation was 

observed in the larvae (P < 0.05, Fig. 2). When a higher UVA dose (338.4 J/cm2) was 

delivered within 2 h after the same UVB exposure, the capacity to photo recover was evident 

as a significant reduction in percent malformation (Fig. 2). However, when the higher UVA 

exposure was delivered 4 h or later after the UVB exposure, photo recovery was not evident, 

similar to that observed with the lower UVA dose.
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At a higher dose of UVB (1.56 J/cm2, see Supplement Fig. 1), a time window for UVA 

photo recovery was still evident. Percent hatch was significantly higher (P < 0.001) in larvae 

with UVA photo recovery than in those exposed to UVB irradiation alone (48 ± 10%). 

However, the maximal delay period for effective UVA photo recovery (i.e., showing 

significant difference) of severe malformation was further reduced to 0.5 h when lower UVA 

doses were used to induce photo recovery. If higher doses of UVA were used to induce photo 

recovery, the delay between the UVB exposure (1.56 J/cm2) and the subsequent UVA 

exposure that resulted in successful photo recovery was 1 h. In terms of total malformation, 

a low dose of UVA (211.5 J/cm2) did not induce photo recovery even when the exposure was 

done immediately after the UVB radiation. Successful photo recovery was observed at a 

higher UVA dose, but this UVA exposure had to occur immediately after the UVB exposure. 

Control embryos without UV radiation had 100% hatch, and 0% malformation.

3.3. UV exposure in transgenic zebrafish embryos

The characterization of UVA-induced photo recovery in the initial part of this study used 

three different UVB-induced endpoints and tested reversibility of those endpoints by UVA 

exposure. The endpoint of mortality was the easiest assessment, however, this criterion was 

not as straightforward when assessing photo recovery in young embryos at the cleavage 

stage (2–32 cells). Embryos at this early stage showed little mortality with UVB exposures, 

even when exposed to a dose of 4.67 J/cm2 (Table 1). Because these embryos showed 

normal morphology even at high doses, we sought a more sensitive endpoint to evaluate 

photo-damage and photo recovery. We chose to analyze internal structures in transgenic 

zebrafish expressing GFP in the vascular system. Because the vasculature in zebrafish has a 

very patterned and organized stereotypical appearance, disruptions in this patterning caused 

by UVB exposure were easy to analyze.

Prior to the photo recovery studies, we established the UVB tolerances of fli-1 transgenic 

embryos in the mid-gastrula stage as well as the 2–32 cell stage of development. Similar to 

pond-raised fish, decreases in hatch rate, and increases in mortality and occurrence of 

malformations in fli-1 fish were observed when exposing 6–7 hpf embryos to increasing 

UVB doses (Fig. 3). Embryos exposed to a dose of 1.56 J/cm2 or higher UVB radiation had 

significantly lower hatch rates and higher mortality and malformation rates when compared 

to embryos exposed to the lower doses of UVB (P < 0.05). Although there were no 

significant differences in percent hatch and mortality at doses of 0, 0.31, and 0.93 J/cm2, 74 

± 28% of the embryos exhibited malformations when exposed to 0.93 J/cm2 UVB. This is in 

contrast to stage-matched controls not exposed to UVB radiation where only 2 ± 3% (P < 

0.05) were malformed. The calculated LD50 of UVB radiation for embryos of fli-1 zebrafish 

exposed at the mid-gastrula stage was 1.41 J/cm2.

Similar to the pond-raised fish, fli-1 embryos exhibited the same ability to tolerate UVB 

irradiation across different development stages. In brief, embryos at the 2–32 cell stage 

exhibited the highest tolerance to UVB. For example, a UVB exposure dose of 1.56 J/cm2 

which produced 80% mortality when the exposure was delivered during the mid-gastrula 

stage did not induce mortality when delivered at the 2–32 cell stage (60/60 embryos 

survived). As in the case of the pond-raised fish, significant mortality and malformation 
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were not detected until a UVB dose of 4.67 J/cm2 was used (Table 1). Moreover, fli-1 
embryos at the 2–32 cell stage exhibited a lack of UVA photo recovery capacity similar to 

the pond-raised fish. At this early developmental stage, UVA-induced photo recovery 

capacity, when assayed with the mortality, hatch rate, or percent malformation endpoints, 

was non-existent (Table 1). UVA photo recovery was first observed as early as 3 hpf (1000 

cell stage) in fli-1 embryos, but was less efficient than at later stages of development (data 

not shown).

3.4. Microscopic examination of vascular patterning of transgenic fish after UV exposure

The expression of GFP is robust in the fli-1 transgenic zebrafish line and the vascular system 

where the GFP is expressed develops in a highly organized and patterned fashion [23] that 

can be detected in fixed tissues. The patterning of the vasculature is shown in Fig. 4 where a 

zebrafish larva has been optically sectioned and projected at different angles offering a 

perspective of the patterning. A characteristic “S” pattern of the ISBV along the dorsal–

ventral axis occurs within each trunk segment along the larva (Fig. 4B).

In pond-raised zebrafish embryos, UVA exposure at mid-gastrulation (338.4 J/cm2) had no 

adverse effect on embryonic development. UVA exposures as high as 846 J/cm2, did not 

induce abnormalities in these fish (see Supplement Fig. 2). The UVA tolerances of fli-1 
embryos were also established. In fli-1 embryos, an exposure of 126.9 J/cm2 or 338.4 J/cm2 

UVA during the mid-gastrulation did not disrupt gross morphology or the vasculature by the 

larval stage of development (Fig. 5A, top and middle). However, the 338.4 J/cm2 UVA dose 

caused a developmental delay in 14 of 60 embryos (data not shown). These embryos were 

more similar in appearance to 22–23 hpf embryos when observed at 29 hpf. Thus the 126.9 

J/cm2 UVA dose was the dose chosen for studies in mid-gastrula stage fli-1 embryos.

A threshold of UVB exposure that resulted in vasculature disruption was also determined in 

fli-1 embryos. UVB exposure (0.31 J/cm2) during the mid-gastrulation resulted in ~5% 

mortality (Fig. 3). In the surviving larvae, ~15% of the ISBVs analyzed were abnormal (Fig. 

5A, bottom, B). Although this was a significant difference, we chose to perform photo 

recovery experiments with a higher level of UVB exposure to better differentiate between 

photo-damaged and recovered vasculature. When the UVB dose was increased to 0.93 J/

cm2, the mortality increased, but only to ~20% (Fig. 3). However at this dose, the 

vasculature was severely disrupted in the exposed larvae. Many of the ISBVs analyzed failed 

to exhibit the characteristic “S” profile. Instead, they projected in a straight trajectory from 

the dorsal to ventral portion of the larva (Fig. 6). This phenotype was true for larvae that had 

either abnormal or normal gross morphologies when compared to stage-matched controls 

(data not shown). Photo recovery was achieved with subsequent UVA exposure (126.9 J/

cm2) as the ISBVs in larvae exposed to 0.93 J/cm2 UVB followed by UVA were similar in 

appearance to those ISBVs in control larvae (Fig. 6A, bottom, B).

We also tested photo recovery capacities in the fli-1 embryos exposed to UVB during the 

cleavage stage (2–32 cells) using the vasculature system as the endpoint. As indicated 

earlier, embryos from pond-raised or fli-1 fish were able to tolerate high doses of UVB when 

assayed with mortality, percent hatch or malformation indices. But in fli-1 embryos, a UVB 

exposure of 1.56–4.67 J/cm2 produced detectable abnormalities in ISBVs when observed at 
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the larval stage of development (Fig. 7). At the high dose of 4.67 J/cm2 UVB, 59 ± 11% of 

the vessels exhibited the characteristic “S” profile (Fig. 7B) compared to 99% of controls. 

This high dose also produced spacing irregularities between vessels that were not photo-

recovered by UVA exposure (data not shown). At the lower doses of UVB (1.56 or 3.11 J/

cm2), 70% of vessels analyzed exhibited the characteristic “S” profile (Fig. 7B). Attempts to 

restore the damaged vasculature in these 2–32 cell stage fli-1 embryos were not successful 

with UVA exposure occurring immediately after the UVB exposure (Fig. 7A, bottom, B). 

Finally, when UVA (338.4 J/cm2) was delivered alone at the 2–32 cell stage, the overall 

vascular patterning in the larvae was not altered (Fig. 7A, top, B). However, in some 

instances, the ISBVs were thinner although they exhibited their characteristic “S” profile and 

in other cases, the vessels exhibited ectopic branches (data not shown). In all segments 

analyzed (n = 99), the spacing between ISBVs and the patterning of individual vessels were 

not severely altered by UVA exposure alone at the 2–32 cell stage.

4. Discussion

In the present study, we observed in zebrafish embryos different types of responses to UV 

exposure, either dependent or independent of UVA photo-reactivation. Without subsequent 

UVA exposure, embryos at the cleavage stage were found to be more tolerant to high levels 

of UVB than embryos during gastrulation and segmentation stages of development. This 

could be due to dark repair processes, maternal gene products passed onto the developing 

egg or the chorion itself acting as a protective barrier which absorbs UVB radiation. In the 

case of invertebrate eggs, UV-absorbing maternal gene products can be passed on to 

embryos allowing them to survive the early stages of development [26]. Studies have also 

indicated that the fish chorion and the developing embryo can contain low molecular weight 

compounds, such as gadusol, which absorb UV radiation [27,28]. Although we have not 

identified this maternal product, our results are consistent with an early protective 

mechanism in the zebrafish egg that is likely not the product of zygotic transcription, but 

may have been passed on from the female to the embryo.

As suggested, the chorion may play a role as a primary defense to UVB exposure up to the 

cleavage stage of development. Mechanical studies indicate that the stiffness of the zebrafish 

chorion decreases through development [29]. Studies with Nile tilapia Oreochromis niloticus 
showed that embryos dechorionated at early stages (e.g., cleavage or blastula) could not 

survive into adulthood [30]. This indicates that the chorion plays a more important role in 

protection to the cleavage stage than in later stages of development. In contrast to responses 

to UVB exposure, zebrafish embryos at earlier stages of development have been shown to be 

more sensitive to chemical or chilling exposures (e.g. [31,32]) than later stages. This 

differential response to stressors at early developmental stages suggests that different 

mechanisms underlie tolerances to UV exposure, chemical insult, and temperature shock. It 

is possible that chemical exposure of embryos early in the cleavage stage may damage the 

chorion, thus leading to high mortality; while damage to the chorion at later stages would 

have less effect on embryo survival when its role is less critical. Moreover, when subjected 

to UV irradiation, the more elastic cleavage stage chorion combined with the fluid-filled 

perivitelline space may provide embryos with protection from UVB [33]. Our findings are 
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also in agreement with studies of calanoid copepod and Atlantic cod Gadus morhua, in 

which larvae were found to be more sensitive to UVB than eggs [33].

When the embryos reached the gastrulation stage of development, UVB tolerance decreased. 

However, the ability to recover from UVB-induced damage was most efficient at the mid-

gastrula stage. Our previous study demonstrated that zebrafish embryos exposed to UVB 

irradiation during the mid-gastrula stage could be recovered with subsequent UVA exposure 

[17]. In the present study, zebrafish embryos at different stages of development exhibited 

different capacities for UVA photo recovery. Effective UVA photo recovery was observed at 

3 hpf, 6–7 hpf, and 12 hpf, but not in the early cleavage stage of development (2–32 cells). 

UVA photorepair was most effective during the gastrula stage (6–7 hpf) of development, and 

less effective at earlier stages (e.g., 3 hpf) and later stages (e.g., 12 hpf). In the wild, 

zebrafish eggs are laid and fertilized just after dawn [34] thus embryos at 6–7 hpf (mid-

gastrula stage of development) are generally exposed to the maximal solar UV. Under these 

conditions, the risk of DNA damage is likely to be high. Therefore, effective UVA 

photorepair would be necessary to increase survival at this time. High efficiency of DNA 

photorepair at the gastrula stage has been demonstrated recently in echinoid embryos, in 

which the highest repair rate of CPDs was found in the gastrula stage rather than in earlier 

(blastula) or later (pluteus) developmental stages [35].

Studies of gene expression in D. melanogaster found a high concentration of photolyase 

protein in embryos and adult ovaries, yet the photolyase gene was highly expressed only in 

ovaries [36]. This suggests that photolyase molecules transferred from ovary to eggs were 

able to protect eggs from harmful UV present in sunlight. Given what is known about 

zebrafish, a scenario comes to mind where this same mechanism may be present in embryos 

at the cleavage stage of development thus contributing to the survivability to UVB exposure. 

However, our observation that photo recovery cannot be induced by UVA exposure at the 2–

32 cell stage may suggest otherwise. In addition, previous studies suggested that sensitivity 

to light in the early stages of zebrafish development not only leads to an increase in 

transcript levels of circadian genes, but also of genes involved in DNA repair [37]. Thus, 

embryos at the earliest stages of development appear to survive UV exposure better than 

those at the later segmental (12 hpf) stage of development.

In addition to developmental stage variations in photo recovery capacity, we evaluated dose 

thresholds for UVA-induced photo recovery in UVB-irradiated embryos. When embryos 

were exposed to UVB doses that were higher than the minimal lethal dose (e.g., 3.11 J/cm2 

for 12 hpf embryos), UVA photo recovery was minimal or non-significant. This suggested 

that when UVB-induced DNA damage exceeds a threshold, photo recovery is impossible or 

inefficient. However, when occurring within this threshold, effects of UVA photo recovery 

were most evident in rescuing heavily damaged embryos, and less noticeable at ameliorating 

less severe malformations. This trend is substantiated by a greater percent recovery for 

mortality and severe malformation than for mild malformations.

The present study also evaluated the time window for UVA-induced photo recovery for 

zebrafish embryos exposed to UVB at the gastrula stage of development. Our findings 

indicate that the ability to photo recovery is linked to the timing and dose of UVA exposure 
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following UVB exposure. Maximal photo recovery occurred in embryos exposed 

immediately to UVA irradiation following UVB exposure. A delay of 0.5–2 h produced 

recovery that was significantly higher than controls without UVA irradiation, which we 

referred to as the effective time window of photo recovery. However, a delay of more than 2 

h in receiving UVA exposure for UVB-irradiated embryos did not result in significant 

recovery. Moreover, a smaller effective time window was observed with a higher UVB dose 

or a lower UVA dose. Our findings indicated that the DNA damage caused by UVB 

irradiation became irreversible if it was not repaired within a 2 h time frame. This also 

suggested that given these experimental conditions with UVA stimulation, photoenzymatic 

repair, rather than nucleotide excision repair or similar dark repair process, was the primary 

pathway responsible for recovery in UVB-irradiated zebrafish embryos.

Photo recovery and the ability to tolerate high levels of UVB appear to be inherently linked. 

It is apparent that as the embryo develops to the gastrula stage, it cannot tolerate UVB 

exposures as well as the cleavage stage embryo can. Coinciding with this decrease in UVB 

tolerance is an increased in photo recovery. As indicated previously, the enzyme photolyase 

can be detected at 3 hpf in zebrafish [37]. Although gastrulation begins at ~5 hpf in zebrafish 

raised at 28 °C, the cues to initiate gastrulation are present at about the 1000 cell stage (3 

hpf) which coincides with the 10th cell division [38]. At this 3 hpf time point, mitosis rates 

decrease, cell movements are initiated, and most importantly, zygotic transcription begins. 

Thus, as photolyase expression is turned on, the UVB tolerances of the embryo may 

decrease. If UVA is present with UVB exposure as is the case in the wild, UVA would 

activate the photolyase and repair damage caused by UVB exposure. Therefore, it is possible 

that the ineffective or non-existent UVA-induced photo recovery at the cleavage stage may 

be due to the high resistance of UVB at that stage. The ability to photo recover coincides 

with the activation of zygotic transcription where the need to repair damaged DNA would be 

critical as cells begin to differentiate. Prior to differentiation, if a cell is damaged or dies, 

other cells may propagate to compensate for normal development [26,39]. Therefore, the 

ability of a developing embryo to exhibit regulative development may also contribute to its 

ability to have high UVB tolerances. Although this is somewhat speculative, this would 

ensure that the embryo would make it through the early phases of development where cells 

are undergoing multiple rounds of mitosis, but have not yet differentiated.

To test the absence of photo recovery capabilities in 2–32 cell stage developing eggs, we 

used transgenic zebrafish as a sensitive indicator of photo-damage. At this early time point, 

the mortality and malformation endpoints were not sensitive indices of UVB-induced 

damage because of the tolerance to high doses of UVB. The transgenic fli-1 zebrafish, 

because of its fluorescent vascular system, provided an effective assay for evaluating UVB-

induced damage. Similar to the pond-raised fish, effective UVA photo recovery in this 

transgenic fish was observed in embryos at 3 hpf and onward, but not in embryos at the 

cleavage stage (2–32 cells). More interestingly, the UVB-exposed zebrafish embryos at 

cleavage stage were found to have disrupted vascular patterning, although they appeared 

normal at the gross morphological level. This suggests that some signaling cascade 

associated with circulatory system patterning and development was affected by UV 

exposure, but this alteration did not seem to affect the overall development of the organism. 

This also demonstrated that the assessment of the vasculature system in fli-1 embryos could 
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be used as a sensitive diagnostic indicator to evaluate UVB-induced damage and UVA-

induced photo recovery. In future studies aimed at elucidating the molecular mechanisms of 

photo recovery, a more quantitative analysis will be necessary for accurate evaluation of 

damage associated with lower doses UVB radiation. However, for evaluating large numbers 

of embryos to assess UVB-induced damage, the fli-1 line provides a useful screening tool.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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5. Abbreviations

UVA ultraviolet A

UVB ultraviolet B

CPDs cyclobutane pyrimidine dimers

hpf hours post-fertilization

ISBV intersegmental blood vessel (includes intersegmental arteries and veins)
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Fig. 1. 
Photo recovery was most efficient at the gastrulation stage of development in pond-raised 

zebrafish embryos. Data are presented as normalized mortality percentages for embryos 

exposed to UV radiation at 3 hpf (1000 cell stage), 6–7 hpf (the mid-gastrula stage), and 12 

hpf (segment stage) of development. Black bars, the mortality value caused by simultaneous 

exposure to UVB (1.56 J/cm2) and UVA (211.5 J/cm2 or 338.4 J/cm2) was divided by the 

mortality value caused by exposure to UVB (1.56 J/cm2) alone at each developmental stage. 

Photo recovery with 338.4 J/cm2 UVA exposure following the 1.56 J/cm2 UVB exposure at 

3 hpf was not evaluated. Gray bars, the mortality value caused by the simultaneous exposure 

to UVB (3.11 J/cm2) and UVA (338.4 J/cm2) was divided by the mortality value caused by 

exposure to UVB (3.11 J/cm2) alone at each developmental stage.
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Fig. 2. 
UVA-induced photo recovery time window in UVB-exposed (0.93 J/cm2) zebrafish 

embryos. Percent hatch, mortality, malformation, and severe malformation of gastrulated 

zebrafish embryos within 5 days of exposure to UVB followed immediately (0 h) with UVA 

exposure at 211.5 J/cm2 (white bars) and 338.4 J/cm2 (gray bars) or incubated in dark for a 

period of 0.5 h, 1 h, 2 h, 4 h, and 6 h before UVA irradiation. Control embryos exposed to 

UVB without subsequent UVA irradiation were incubated in dark (Dark) for the first 20 h, 

and controls without UV irradiation were incubated in light (LC) or dark (DC) conditions.
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Fig. 3. 
Dose–response for UVB exposure during mid-gastrulation in transgenic zebrafish (fli-1) 

embryos. (A) Percent hatch and mortality of embryos exposed to UVB during the mid-

gastrulation stage of development within 5 days of the exposure. (B) Percent malformation 

of embryos exposed to UVB during the mid-gastrulation stage within 5 days of the 

exposure. Asterisks indicate a significant difference (P < 0.05) from control treatments 

without UV irradiation.
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Fig. 4. 
Vascular patterning in a larval fli-1 zebrafish. (A) Left: z-stack projections where a fli-1 
larva has been optically sectioned (0.7 microns per section). The sections were projected and 

rotated. (A) Right: 90°-rotated projection presenting a midline view (anterior–posterior) of 

the projected image. The arrows indicate the same structure. (B) One side of the projection 

in A was rotated to provide a lateral view. The ISBVs in this projected view have a 

characteristic pattern of organization. The large white arrows denote the appearance of even 

spacing between ISBVs. Note in this lateral view the characteristic “S” shape of the ISBVs. 

Scale bar = 20 μm.
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Fig. 5. 
UV exposure in fli-1 zebrafish embryos. (A) Photomicrographs of the vasculature from fli-1 
larvae that were exposed to UVA (top and middle) or UVB (bottom) during the mid-

gastrulation stage of development. The open arrows point to an ISBV that projected in a 

straight trajectory along the dorsal–ventral axis. (B) Quantification in bar graph form 

indicating that a minimal UVB exposure altered ISBV development as 15 ± 2% of the 

vessels analyzed had abnormal morphologies (n = 15 larvae). UVA exposure of 126.9 and 

338.4 J/cm2 had no impact on ISBV morphology. Asterisk indicates significant difference (P 
< 0.05, ANOVA) in the number of normal vessels between the UVB-exposed and UVA 

exposed larvae. Scale bar = 20 μm.
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Fig. 6. 
UVA-induced photo recovery in fli-1 zebrafish embryos. (A) Photomicrographs of the 

vasculature from a fli-1 larva that was not exposed to UV (Control, top), a fli-1 larva 

exposed to 0.93 J/cm2 UVB (middle), and a fli-1 larva that was exposed to 0.93 J/cm2 UVB 

followed by 126.9 J/cm2 UVA (bottom) during the mid-gastrulation stage of development. 

Open arrows point to abnormal ISBVs which projected in a straight trajectory along the 

dorsal–ventral axis. (B) Quantification in bar graph form indicates that the UVA exposure 

elicited photo recovery as 91 ± 4% of the ISBVs had normal morphology (LC = light 

control). Asterisk indicates significant difference (P < 0.05, Student’s T-Test) in the number 

of normal vessels between the UVB-exposed (n = 23) and the photo-recovered embryos (n = 

22). Scale bar = 20 μm.
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Fig. 7. 
UVA-exposure did not induce photo recovery during the cleavage stage of development. (A) 

photomicrographs of the vasculature from a fli-1 larva exposed to 338.4 J/cm2 UVA (top) 

and a fli-1 larva that was exposed to 1.56 J/cm2-UVB followed by 338.4 J/cm2 UVA 

(bottom) during the early cleavage stage of development (2–32 cell stage). The open arrows 

point to a straight ISBV. The arrowhead points to a region where a dorsal portion of the 

ISBV is absent. Images were obtained with a 20-× dry-objective to provide a wider field of 

view. B, Quantification in bar graph form indicates an inability of UVA exposure to recover 

abnormal ISBV morphology that occurred upon UVB exposure during the early cleavage 

stage of development. Asterisks indicate a significant difference from control embryos not 

exposed to UV irradiation (P < 0.05, ANOVA). A minimum of 9 larvae were analyzed for 

each experimental condition. Scale bar = 20 μm.
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