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Abstract
Maintaining wildtype zebrafish stocks for research while preserving viability within the lines used
presents significant challenges to zebrafish husbandry practices. Genetic homogeneity is established
through inbreeding in order to provide continuity across experiments. This, however, leads to
decreased fitness through inbreeding depression. In the laboratory setting, it is imperative that
researchers consistently obtain a large number of viable embryos, thus, inbreeding depression must
be suppressed. Genetic variation can be established by creating hybrid lines, however, crosses
between genetically distinct lines can cause an outbreeding depression as well. There is little data
describing the effects of inbreeding depression or outbreeding depression from such crosses in
zebrafish. Additionally, there is an unmet need to establish breeding standards within the zebrafish
field. This study examines the susceptibility to inbreeding and outbreeding depression in crosses
between four wildtype zebrafish lines: the inbred lines AB and Tab14 and the F1 generation of hybrid
lines TuAB and TLAB. We report that mating frequency and clutch size were significantly greater
in hybrid female crosses than inbred female crosses. This study demonstrates that inbreeding
depression in common zebrafish lines such as the AB and Tab14 used here, results in fewer successful
matings and smaller clutch sizes. Furthermore, we find evidence that outbreeding depression caused
by crossing distantly related lines, such as the inbred Tab14 and the hybrid TLAB lines can also
influence successful zebrafish mating. These data provide evidence needed to further characterize
commonly used wildtype zebrafish lines. We suggest, that to maintain lines that mate frequently and
yield large clutches, hybrid females of known backgrounds should be used.

Introduction
Two phenomenon of increasing importance in zebrafish husbandry are inbreeding depression
and its antithesis, outbreeding enhancement or hybrid vigor. Inbreeding depression is observed
in many species as the loss of fitness in a population from increasing homozygosity1. It can be
caused by a general loss of heterozygosity in a population or by the unmasking of deleterious
alleles in homozygotes, both leading to a decline in fitness2,3,4. These phenomena are
ubiquitous in plant and animal species1 and although the magnitude of effects varies among
populations and environments5, it has the potential to drive small populations to extinction6.

With outbreeding enhancement, also known as hybrid vigor or heterosis, the reverse of
inbreeding depression occurs7. Heterozygosity increases the fitness of a population and re-
masks potential deleterious recessive alleles. Studies in several species demonstrate that
outbreeding between populations has positive effects on traits that influence fitness8,9,10. In
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many cases, when two closely related species are hybridized, the offspring are superior to at
least one of the parental species11,12.

In contrast to the increased fitness observed with outbreeding enhancment, hybridization can
also lead to a loss of locally adapted alleles13. The result is that the hybrid may no longer be
suited to the environment of either parent. Consequently, outbreeding depression can occur
becoming apparent in the F1 generation14 or not until the F2 generation if the loss of fitness is
due to disruption of epistatic interactions or loss of co-adapted gene complexes15.

Inbreeding has been deemed the most important factor for genetic evaluation of a species16

and is even more apparent in captive piscine populations in which an understanding of its
outcomes is necessary to appreciate the consequences of conservation actions and aquaculture
practices17. Inbreeding depression has been noted to cause body deformations and lower
progeny survival in Oncorhynchus mykiss18 reduced growth rates in Oncorhynchus
kisutch19, decreased male mating behavior and lower salinity tolerance in Poecilia
reticulata16,20,21,22 and reduced fertilization success and survival in Gasterosteus
aculeatus23. These consequences of inbreeding and outbreeding are receiving increasing
attention by conservation biologists24 as outbreeding is often used as a technique to recover
inbred wild populations25,26 or enhance desired traits in a species27,28,29. However, little is
known about the effects on captive zebrafish (Danio rerio) populations.

Zebrafish are a unique tool for genetic and embryonic research, and as such are maintained in
colonies serving hundreds of laboratories worldwide. These colonies are comprised of many
different zebrafish lines that exhibit different ranges of fitness both between different colonies
and even within a single facility. For instance, the commonly used AB line that has been
maintained for multiple generations in one facility may have a very different fitness than a line
derived from the same background but maintained through in-crossing in another facility.
Additionally, the zebrafish field has not yet adopted standard practices for the selection of
which wildtype (WT) lines to use, environmental conditions or diets given30,31,32,33,34,35,
36,37,38. Thus, it is not surprising that reported clutch sizes and breeding frequencies vary wildly
between publications39. Since zebrafish are not maintained by a field-wide standard, the wild
type lines, even with the same name, are unique to each colony, genetically distinct from one
another and potentially varied in the degree of genetic diversity. This lack of standardization
provides the opportunity to use zebrafish as a model for further study of inbreeding depression
and outbreeding enhancement/depression.

We used two hybrid zebrafish lines obtained from a Tu-AB cross and a TL-AB cross and two
inbred lines, AB and Tab 14 to address whether inbreeding depression exists in zebrafish lines.
We hypothesized that zebrafish in captive populations display a degree of inbreeding
depression and that this may be alleviated by the outbreeding to other WT lines. Moreover, in
order to standardize and improve efficiency in zebrafish husbandry practices, it is important
to define the breeding success of this species in captivity. We report that not only are inbred
lines less likely to mate and produce fewer embryos, but outbreeding depression also occurs
when mating two distantly related lines, such as Tab14 inbred line crossed to the TLAB hybrid
line. Therefore, it is our recommendation that each zebrafish colony maintain at least 3 lines
of WT zebrafish and regularly generate hybrid lines in order to maximize the number of
embryos available for experimentation.

Materials and Methods
Fish Maintenance

WT lines, between 6 and 10 months of age (Table 1), were maintained at 28.5°C, in 3 L AHAB
tanks, on a 10 hour dark, 14 hour light cycle and fed three times daily with combinations of
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first instar Artemia nauplii, tropical flake and Zeigler complete adult zebrafish diet. Embryos
were collected from mating tanks by 4 hours post fertilization (hpf). Viable embryos were
sorted at 6 hpf and maintained at ≤60 embryos/50 ml egg water (0.6 g/L Crystal Sea Marine
Mix with 0.01 mg/L methylene blue) in 20 mm deep Petri dishes in the dark at 28.5°C until 5
days post fertilization (dpf). Adults were weighed and measured at the conclusion of the study.
The standard length was measured from the tip of the snout to the end of the caudal peduncle
and all zebrafish were weighed after blot drying with a paper towel (Fig. S1).

Experimental Design
The study was carried out using two inbred and two hybrid lines. Adult siblings were generated
from an AB-AB first cousin in-cross (inbred AB), a Tu-AB out-cross (hybrid TuAB) (Fig. 1A),
a Tab 14 F9 sibling in-cross (Tab 14) and a TL-AB out-cross (hybrid TLAB) (Fig. 1B). All
fish were segregated by 4 months of age according to gender. They were maintained at a density
of 6 individuals per 3 liters for crosses with AB/TuAB (Fig. 1C) or 4 individuals per 3 liters
for Tab14/TLAB respectively (Fig. 1D). The AB/TuAB fish were 6–8 months of age and the
Tab14/TLAB fish were 8–10 months during the study (Table 1).

Crosses
As outlined in Figure 1, individuals of each line were randomly assigned to groups for in-
crossing or out-crossing and maintained in the same groups for the duration of the study. Paired
crosses were performed randomly within their group 60 minutes after the last daily feeding,
approximately four hours prior to the end of the light cycle, in 1L mating tanks with system
water and a single 3–5 cm piece of artificial aquarium plant (Aquatic Habitats, Apopka, FL).
Fish were crossed once per week for two consecutive weeks then given one week of rest, for
a total of seven crosses. Embryos were collected and counted 2 hours after artificial dawn and
adults were returned to their original tanks. Crosses from AB and TuAB lines were compared
separately from crosses between Tab 14 and TLAB lines.

Data Analysis
Successful matings were determined by the presence or absence of fertilized embryos at 2 hours
post artificial dawn. The mating frequency was calculated as the number of successful matings
per number of total pair-crosses within each group. Clutch sizes were determined as the number
of fertilized viable embryos present at 6 hpf. Embryos were cleaned and sorted for viability on
each successive day through 5 dpf and those that did not inflate their swim bladder by 5.5 dpf
were scored as non-viable.

Statistical analysis
The difference in mating frequency between the lines was analyzed using Fisher’s exact test,
clutch sizes were compared using the Wilcoxon’s rank-sum/Mann-Whitney U-Test and
embryo viability using an unpaired T-Test.

Results
We compared the mating success of two inbred and two hybrid lines that were either in-or out-
crossed (Table 1). A total of 480 crosses were performed as described above, yielding 238
clutches and a total of 30,484 embryos were obtained and sorted (Table 2). Fish ranged from
0.22 g to 0.41 g (AB/TuAB females), 0.20 g to 0.43 g (AB/TuAB males), 0.51 g to 0.83 g (Tab
14/TLAB females) and 0.35 g to 0.59 g (Tab 14/TLAB males) with no significant difference
between the lines compared (Fig. S1A-B). The standard lengths ranged from 23.0 mm to 27.0
mm (AB/TuAB females), 22.5 mm to 29.0 mm (AB/TuAB males), 29.0 mm to 33.0 mm (Tab
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14/TLAB females) and 26.0 mm to 32.0 mm (Tab 14/TLAB males) with no significant
difference in the length of fish of the same gender (Fig. S1C-D).

Mating Frequency
Mating frequency and clutch size dictate the number of adult fish needed to routinely obtain
the large number of embryos required for developmental studies. We assessed mating
frequency by comparing the number of clutches produced to the number of mating pairs within
each group. Matings were considered successful if greater than 5 fertilized embryos at 2 hours
post artificial dawn were obtained, regardless of later viability. We compared the mating
frequency of the inbred and hybrid lines that were in-crossed and out-crossed (Fig. 2A-B).

One indication of inbreeding depression is that mating frequency improves upon out-crossing.
Alternatively, a sign of outbreeding depression is that mating frequency decreases after out-
crossing. We did not find evidence of inbreeding or outbreeding depression when we compared
the mating frequency of the AB and the TuAB lines: there was no difference in the mating
frequency of the inbred (AB) line when it was either in-crossed (black bar; 54.2%) or when
the AB female was out-crossed to the TuAB male (dark grey bar; 50.0%). Similarly, the mating
frequency of the hybrid (TuAB) line was not altered by out-crossing (58.3% for the in-cross,
white bar; 69.4% for TuAB female/AB male out-cross, light grey bar). In contrast, there was
a nearly significant (p=0.059) increase in mating frequency observed when comparing the
results of in-crossing the inbred (AB) to the cross between a hybrid (TuAB) female and an
inbred (AB) male (Fig. 2A). These data suggests that hybrid females exhibit an improved
mating frequency. This is confirmed by the finding that hybrid (TuAB) females crossed to the
inbred (AB) males have a significantly higher mating frequency than the inbred (AB) females
crossed to the hybrid (TuAB) males (p<0.05; Fig. 2A).

In the second data set, we observed a different trend suggestive of outbreeding depression in
the Tab14 inbred crossed to the TLAB hybrid lines. This is demonstrated by the finding that
the TLAB in-cross resulted in a higher mating frequency than the out-cross (Fig. 2B; p<0.05).
This is further substantiated by the finding that out-crossing TLAB (hybrid) females to a
genetically distinct male (Tab14) did not improve mating frequency compared to the out-cross
of the Tab14 females to the TLAB males (Fig. 2A). These data suggest that the genetic
distinction between the highly inbred Tab14 line and the hybrid TLAB line may decrease their
ability to mate.

Hybrid vigor describes improved fitness of a hybrid compared to an inbred line. We found
evidence of hybrid vigor in both the TuAB and the TLAB lines: The TuAB females are better
at mating than the inbred AB females (Fig. 2A), and the mating frequency of the TLAB line
is better than any other in the experiment (Fig. 2B): the hybrid (TLAB) in-cross was
significantly more successful at mating when compared to the Tab 14 in-cross (p<0.001), the
TLAB female/Tab 14 male out-cross (p=0.024) and Tab 14 female/TLAB male out-cross
(p=0.004; Fig. 2B).

We hypothesized that females would be the strongest determinant in mating success. To address
this, we analyzed the mating frequency of either the inbred or hybrid females crossed to either
hybrid or inbred males in both data sets. The inbred AB females had a somewhat lower mating
frequency of 52.1% compared to 63.9% for the TuAB females (Fig. 2C; p=0.055) however,
the mating frequency of hybrid TLAB females was significantly higher than the inbred Tab 14
females (46.9% and 26.0%, respectively p<0.01; Fig 2D). There was no significant difference
in the mating success of the males from any of the lines (Fig. S2A-B, E-F, I-J). These data
indicate that two hybrid zebrafish lines, TuAB and TLAB, mate with a higher frequency than
inbred lines and that the females are an important factor in determining mating frequency.
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Clutch Size
In addition to the mating frequency, another important factor in zebrafish research is the size
of clutches and the ability to consistently obtain large clutches. Reduced clutch size is a direct
determinant of fitness and is indicative of inbreeding or outbreeding depression. To determine
whether in-crossing or out-crossing affected clutch size, we counted the number of embryos
produced from each successful mating. Fertilized embryos were collected 2 hours after
artificial dawn, from each mating pair, and healthy embryos were counted at 6 hpf. The inbred
lines (AB and Tab 14) were compared to their respective hybrid line (TuAB and TLAB). Clutch
sizes at 6 hours post artificial dawn across the entire data set ranged from 6 to 394 embryos.
Outliers were removed from p-value calculations and signified with * if they failed Grubb’s
outlier test at a significance level of 0.05.

We found that in-crossing the inbred AB line (black bar; Fig. 3A) produced an average clutch
size of 90 embryos whereas the out-cross of the AB female to the hybrid TuAB male (dark
grey bar) produced slightly larger average clutch sizes of 101 embryos. The hybrid TuAB in-
cross (white bar) produced average clutches of 120 embryos and the hybrid (TuAB) female/
inbred (AB) male out-cross (light grey bar) produced average clutches of 126 embryos. While
these data do not suggest hybrid vigor in the TuAB line clutches from the hybrid TuAB in-
cross were significantly larger than the inbred AB in-cross (p=0.023) and clutches from the
TuAb female/AB male out-cross were significantly larger than the AB in-cross (p=0.004). In-
crosses of the inbred Tab 14 line (black bar; Fig. 3B) produced an average clutches size of 172
embryos whereas out-crossing the Tab 14 female to the TLAB male (dark grey bar) produced
significantly smaller average clutches of 118 embryos (p=0.016). The hybrid TLAB in-cross
(white bar) produced average clutches of 195 embryos whereas the out-cross of the TLAB
female to the Tab 14 male (light grey bar) produced 189 embryos. The Tab 14 male/TLAB
female (dark grey bar) clutches were significantly smaller than the TLAB female/Tab 14 male
clutches (light grey bar; p=0.004) and the TLAB in-cross (white bar; p<0.001)

Both data sets provided evidence of hybrid vigor. The hybrid TuAB line had larger clutches
than the AB line (Fig. 3A) and the TLAB produced significantly larger clutches than the Tab14
line (Fig. 3B). These data also support the hypothesis that the genetic background of the female
is consistently an important determinant in fitness. The hybrid females of both data sets
produced significantly larger clutches than the inbred females. The TuAB females produced
an average clutch size of 123 compared to 95 produced by the AB females (Fig. 3C); the average
size of the clutches from TLAB females was 191 compared to 132 produced by the Tab 14
females (Fig. 3D). In both data sets, the hybrid female produced significantly larger clutches
than the inbred female (AB/TuAB, p=0.009; Tab 14/TLAB, p=0.006). These data both suggest
that the hybridization of lines plays a more crucial role in clutch sizes than in- or out-crossing
and that hybrid females produce larger clutches than inbred females.

Embryo Viability
Embryos were collected from paired matings 2 hours post artificial dawn and sorted for
abnormalities at 6 hpf. Dead and abnormal embryos were removed each day until 5 dpf and
remaining embryos were scored swim bladder (SB) positive or negative. SB-embryos were
counted as non-viable along with the dead and abnormal embryos removed prior to 5 dpf. The
total numbers of healthy, swim bladder positive embryos were compared to the initial number
of healthy embryos at 6 hpf to determine viability. Embryo viability between 0 and 5 dpf
declined to near 80% across all lines and crosses (Table 1 and Fig. 4A-D). No difference was
observed in embryo viability between in-crossing and out-crossing or between the hybrid and
inbred strains. Therefore, embryo viability is not a variable measure of fitness in our zebrafish
lines.
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The genetic background of male zebrafish does not influence mating success
Similar analysis to assess the effects of male genetic background revealed that there was no
significant difference between hybrid male and inbred male mating frequency, clutch sizes or
embryo mortality (Fig. S2A-J), although the hybrid TLAB males tended to have a better mating
frequency than their inbred (Tab 14) counterparts (43.8% to 29.2%; Fig. S2B). The genetic
background of the male did not yield any differences in mating frequency or embryo viability
in-crossed or out-crossed (Fig. S2), however, a significant increase in clutch sizes were
observed in in-crosses of the TLAB and Tab 14 lines when compared to out-crosses of the
same lines (188 to 148, p=0.017; Fig. S2H). While this suggests that male TLAB zebrafish
demonstrate hybrid vigor, the combined data from all of the lines in our study reveals that the
females (Fig. 2C-D and Fig. 3C-D) are the most dominant factor affecting mating success.

Discussion
Inbreeding depression is the loss of heterozygosity in a population leading to a decline in
fitness1, and can occur easily in small populations. Conversely, hybrid vigor or outbreeding
enhancement is the rescue of inbreeding depression by increasing heterozygosity in a
population. These phenomena are ubiquitous among plant and animal species and their effects
have been widely reported. We hypothesized that zebrafish in captive populations display a
degree of inbreeding depression and that this may be alleviated by outbreeding WT lines. The
data presented here supports this hypothesis.

As with many domestic fish populations, zebrafish colonies may suffer an increased incidence
of inbreeding depression due to genetic bottlenecks that occur during the foundation of
colonies16, low overall population size and selection pressure. While many deleterious alleles
may exist in large natural populations40 they are generally rare in individuals in all but the
smallest populations where they have the opportunity to become homozygous in inbred
individuals41. The conditions in which zebrafish colonies are founded and maintained are
typical environments for such inbreeding depression from increased homozygosity to occur.
It has been reported that zebrafish have 1.5–2.0 morphologically overt, early acting, completely
penetrant, recessive lethal alleles42 and also that inbreeding zebrafish reduces fertilization rates
and survival, lowers growth rates and causes higher instances of body deformation43. While
these effects are commonly seen by husbandry staff, their frequency has not been reported in
the literature.

Here, we document inbreeding depression in commonly used zebrafish lines that are in-crossed
for several generations. Moreover, we demonstrate that hybridizing the inbred lines with other
WT lines through a single generation of out-crossing provides outbreeding enhancement. These
hybrid lines successfully mated with higher frequency and produced larger clutches on average
than their inbred counterparts, although there was no difference in progeny survival.

Both zebrafish males and females display independent preferences in sexual selection35, but
breeding success may not be correlated with male dominance or size in individual pairings38.
Since reproductive behavior and other traits under sexual selection have been tied closely with
genetic fitness in other small schooling piscine species44, inbreeding depression could play a
role in zebrafish mating frequency. We found a significantly greater mating frequency when
hybrid females are used in crosses than inbred females in all the lines used. This is illustrative
of hybrid vigor.

Second to mating frequency, clutch size is an important factor in measuring the health and
fitness of a zebrafish colony and is critical to developmental biology research that requires
large numbers of zebrafish embryos. Inbreeding depression tends to become more visible in
traits associated with fecundity and survival than in morphology45,46 predicting that decreases
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in clutch size associated with inbred lines would become apparent before morphological
abnormalities in embryos are evident, as we observed in the hybrid lines. While clutch sizes
were significantly smaller in crosses involving inbred females, those embryos that were
fertilized were no more susceptible to dying or developing abnormalities by 5 dpf than the
offspring of their hybrid counterparts.

These results suggest greater genetic fitness in the hybrid lines and a fitness depression in
inbred lines. There are, however, some aspects of this study’s design that may influence some
of our data and prevent some comparisons. For instance, the low density of fish used in our
study (4 or 6 fish per 3L tank) may allow for individuals to display dominance and create a
stressful environment for tank mates47, which could lead to decreased mating behavior.
Additionally, as males and females were randomly paired, it is possible that incompatible pairs
were repeatedly set up or that size differences between the males and females in any given pair
decreased their mating frequency. We believe these to be unlikely, as no individuals displayed
stress behavior during the experiment, individuals were randomly assigned to tanks initially
and then again to pair tanks during set ups, and the size differences were consistent within the
lines compared. Differences in the size and age of fish (Table 1, Fig. S1) prohibited direct
comparison between the TuAB/AB group and the Tab 14/TLAB group.

We have evidence of outbreeding depression in WT zebrafish: 1. The lower mating frequency
observed in the TLAB female/Tab 14 male and the Tab 14 female/TLAB male out-crosses
(Fig. 2B) when compared to the hybrid in-cross and 2. The decline in clutch size in the Tab 14
female/TLAB male out-crosses (Fig. 3B) when compared to the TLAB and Tab 14 in-crosses.
These may be attributed to a predisposition of incompatibility between the Tab 14 and TLAB
lines, although, as they did not mate as frequently, the clutches of Tab 14/TLAB crosses were
larger on average than the AB/TuAB crosses. This indicates there is no innate incompatibility.
Alternatively, the size difference between the male and female individuals is much greater in
the Tab 14/TLAB crosses than the AB/TuAB crosses (Fig. S1). However, these were consistent
across the replicates and therefore not likely to be a contributing factor. Another intriguing
possibility is that there is a greater genetic disparity between TLAB and Tab14 fish and
outbreeding depression in the TLAB line. This is supported by studies demonstrating that the
AB strain is more closely related to the Tu strain than it is to the TL strain48, suggesting the
hybridized TL/AB line could exhibit outbreeding depression. This may account for the data
that crosses between the TLAB and Tab 14 line are less frequently successful and trend
differently than crosses between the more closely related AB and TuAB lines.

While environmental conditions may vary by facility, these findings are likely representative.
The lines used varied only in heterozygosity, being more or less inbred, and were of the most
commonly used lines in the zebrafish community. There was no difference in tank density,
rearing or feeding regimes between the lines that were compared indicating the differences in
mating frequency and clutch size are due solely to the degree of heterozygosity. While the
absolute mating frequency, clutch size and embryo survival may differ by facility, the primary
findings should be consistent. Since the inbreeding depression trend was confirmed in two
separate lines, it is likely that inbreeding depression would be evident in other facilities, in
lines at similar generations and that these could be rescued by creating hybrids with a closely
related line. However, not all hybrids are necessarily more fit, as data from other species have
demonstrated that crosses between species can be less fit, exemplified by the sterile mule
produced by crossing a horse and donkey.

Taken together, these results provide the basis for ongoing efforts to improve and maintain
zebrafish colonies that consistently produce a large number of viable embryos. Our data
indicates that hybrid vigor exists in zebrafish. Thus, creating hybrid lines in which the genetic
heritages of the lines are known significantly enhances both the number of pairs that mate and
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the number of embryos produced. We also provide data on clutch sizes and the frequency of
successful matings between several inbred and hybrid lines, which are rarely reported, but
important in determining genetic health and usefulness of zebrafish lines. This paves the way
for zebrafish to be used to further understand inbreeding depression, hybrid vigor and
outbreeding depression. Finally, this study provides the data to allow this evolving and
expanding field to use experimental evidence to establish standards for husbandry protocols
and better characterization of WT lines. In order to maintain a facility with WT zebrafish lines
that mate as frequently as possible and produce large clutches of viable embryos, we
recommend hybridizing with closely related lines such as Tu and AB. We also suggest that
additional work be done to further characterize WT lines as it is apparent that lines with
differing genetic backgrounds exhibit different performance and fitness traits.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 2.
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Fig. 3.
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Fig. 4.
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