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Abstract: Continuous photoperiod is extensively used in fish farming, to regulate the reproductive
cycle, despite evidence suggesting that artificial photoperiods can act as a stressor and impair
the immune system. We evaluated the potential effects of an artificial photoperiod on mucus
components: lysozyme and mucin, in juvenile rainbow trout (Oncorhynchus mykiss) after exposure for
one month to natural photoperiod (LD12:12) or constant light (LD24:0) artificial photoperiod. For
each treatment, we assessed changes in peripheral blood cells (erythrocytes and leukocytes) and skin
mucus component concentrations. Our results show a decrease in lysozyme concentration, while
mucin levels are increased. Similarly, we find elevated monocytes and polymorphonuclears under
constant light photoperiod. These findings suggest that LD24:0 regulates lysozyme, mucin, and
leukocytes, implying that artificial photoperiods could be a stressful.

Keywords: peripheral blood cells; mucus; photoperiod

1. Introduction

The light-dark cycle is one of the most important inputs that control many biological
activities in fish [1,2]. Hence, the use of an extended artificial photoperiod in aquaculture is
widely recognized as a biocompatible and environmentally friendly tool to control sexual
maturation and fish development [2–4]. Artificial photoperiods are extensively used across
fish farms to accelerate or delay spawning time, to synchronize smoltification and/or for
growth enhancement [5–8]. For instance, salmonids are normally raised under constant
light (light, L; dark, D = LD24:0) since the first feeding to accelerate growth during the
freshwater phase. As standard protocol, the onset of smoltification is triggered using
constant light (LD24:0), followed by a period of artificial winter (LD12:12) during six to
eight weeks, and followed by additional six weeks in LD24:0 [7].

However, studies show that changes in photoperiod and light intensity may act as a
chronic stressor in fish [8,9]. Although the application of artificial photoperiod is considered
a clean technique, a recent study in trout estimated mortality rates over 25% in fish subjected
to artificial photoperiods compared to mortality rates of 7% in fish maintained in natural
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light cycles [9,10]. In addition, application of artificial light indues stress that leads to
immunosuppression and leaves salmonids and Nile tilapia prone to diseases [8,10–12].

While some studies in rainbow trout Oncorhynchus mykiss under a constant light regime
show an increased in plasma cortisol concentration—a readout for physiological stress
response [11], other studies in trout and red sea bream (Pagrus major) show unchanged
cortisol levels and no evidence of a stress response [12–14].

Fish skin is the first line of defence against microorganisms, acting as a physicochemical
barrier against infectious agents with mucin as an integral part of the mucosal barrier [10].
Histological analysis of the skin show a chronic response to artificial photoperiods, possibly
related to alterations of non-specific skin defense mechanisms (mucus enzymes such as
lysozyme or mucin) [10].

Moreover, recent studies in tilapia demonstrated that the mucosal immunity follow
a circadian rhythm that is affected by comparing equal length of day and night (LD12:12,
LD) and total darkness [15].

On the other hand, among leukocytes, neutrophils, monocytes and macrophages are
particularly important in the defense system in fish and function in conjunction with
lysozymes. This suggests that artificial photoperiods could increase susceptibility to
diseases by inducing alterations in the concentration or activity of skin mucus enzymes
that represent the principal barrier for pathogens [9–17].

Given the economic and cultural importance, and the scale of the aquaculture industry,
particularly salmonids, it is necessary to properly evaluate the effect of rhythmicity and
immune response of extended artificial photoperiod regimes on fish health and welfare. The
aim of this study was to evaluate the effect of applying an extended artificial photoperiod
(practical use for aquaculture) on the lysozyme and mucin levels of the skin mucus, and its
effect on the levels of peripheral blood leukocytes in rainbow trout.

2. Materials and Methods
2.1. Experimental Design

One thousand and two hundred juvenile rainbow trouts (O. mykiss, mean weight
317 ± 12 g and length 17.7 ± 3.2 cm) were purchased from the “Salmones Pangue” fish
farm (Bio-Bio Region, Chile, 36◦41′11′′ S; 72◦52′04′′ W) and kept in four circular tanks of
30,000 L each, with flow-through freshwater, gentle aeration, and fed on a ration of 4% body
weight per day. Fish were randomly allocated to each experimental tank (300 fish each),
achieving an initial density below 3.2 kg m−3. Fish were acclimated to these conditions for
two weeks before photoperiod exposures started.

After the initial two-week acclimation period, tanks were randomly allocated to one
of two treatments, natural photoperiod (LD: 11:1,-12:2,12:9,11:8) or artificial extended
photoperiod (LD24:0). Therefore, each treatment was exposed to its light regime for one
month with two replicate tanks per treatment (due to space constrictions on the fish
farm). The artificial photoperiod protocol was applied using a 3600 lux cold halogen lamp
suspended approximately 60 cm above the water surface. To avoid the influence of daylight,
tanks were isolated using black polyethylene sheets and covered with black “Raschel” mesh.
The average water temperature was maintained at 11 ◦C ± 2, water pH between 6 and 6.8,
dissolved oxygen at 7–8 mg/L, and ammonium levels were always lower than 0.1 mg/L.
From each tank, 10 fish were randomly selected and sampled (without replacement) at
days 0, 3, 7, 14 and 30 of photoperiod exposure period. Fish were anaesthetized for 3 min
with ethyl p-amino benzoate (BZ-20 Veterquímica, Santiago, Chile) using 1 mL of BZ-20 in
5 L of water from the aquarium. Whilst under anesthesia, weight and length measurements
were taken from which Fulton’s condition factor (K) was calculated in both groups using
the following formula: K = 100 × (W/L3). Where, W indicates final weight (g), and L is the
length (cubic length), during 0, 3, 7, 14 and 30 days.
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2.2. Preparation of Reduced Mucins

Mucus samples were collected before size measurement and blood sampling to reduce
handling stress. Approximately 500 µL of skin mucus was collected from each fish (within
5 to 10 s), by dragging a sterilized spatula from posterior to anterior direction along the
dorsal side. The mucus sample was then deposited into a sterile tube and snap frozen
(and held) in liquid nitrogen until transported to the laboratory at the Universidad de
Concepción. Once in the laboratory, samples were thawed on ice and centrifuged at
10,000 rpm at 4 ◦C for 10 min. Briefly, whole mucins were treated with GuHCl and DTT.
Iodoacetamide was added and incubated in the dark overnight at room temperature.

2.3. Lysozyme Concentration

Lysozyme activity in the mucus was measured using the turbidometric assay based on
Ellis [18]. Briefly, mucus samples (100 µL) were added to a 1 mL Micrococcus lysodeikticus
suspension (0.1 µg in 500 mL of 0.1 M sodium phosphate buffer, pH 6.2). After 3 min of
mixing, the absorbance of the resultant mixture was measured at 623 nm using a spec-
trophotometer (PHOTOMETER 5010 V5+5010, Riele, Berlin, Germany). Commercial hen
egg white lysozyme (Merck, Darmstadt, Germany) was used to generate a standard curve
and calculate the samples concentration. The lysozyme units are expressed as µg/mL.

2.4. Mucin Concentration

The concentration of mucin in the mucus was determined following the method
described in Datta and Datta [19], with modifications. Briefly, 50 µL of mucus was mixed
with 25 µL of phenol (80% w/v) and 1 mL of concentrated H2SO4. The mixture was
allowed to react for 10 min and the absorbance of the sample was then read at 490 nm in
a spectrophotometer as previously described. Mucin concentration was then calculated
based on a glucose calibration curve.

2.5. Blood Samples

Blood samples (0.5 mL) were withdrawn from the caudal vein/artery using a 3-mL
disposable syringe. A portion of that blood was immediately transferred to capillary tubes
for hematocrit determination after centrifugation at 12,000 rpm for 5 min according to [20].
The remaining blood sample was then stored in an Eppendorf tube containing 10 µL EDTA
10% and kept on ice until analysis which was performed within 2 h of their arrival at the
laboratory [21,22]. Total erythrocytes and leukocyte were counted in Neubauer chambers
from a solution of blood and Rees Ecker reagent (1:100 v/v) [22].

2.6. Statistical Analysis

To evaluate statistical significance in the observed differences in Fulton’s condition fac-
tor, hematological parameters, lysozyme and mucin concentrations during the treatments,
a two-way analysis of variance (ANOVA) was performed with treatment and time as fixed
factors, followed by a Tukey HSD test. Data normality and homogeneity of variances were
first assessed by a Shapiro Wilk and a Levene test, respectively. Results were considered
significant at a p < 0.05.

3. Results

In groups of trout (O. mykiss) exposed to natural or artifical photoperiods regimes,
we observe statistically significant differences in the Fulton’s condition factor (Figure 1)
on days 3 (p = 0.0002, n = 10) and 30 (p < 0.0001, n = 10), unlike days 7 and 14, where the
differences did not reach statistical significance (p = 0.8, n = 10; p = 0.2, n = 10, respectively).
Hematocrit and erythrocytes show a trending increase from day 0 to 14 in both treatment
groups, however, no statistically significant differences were observed at each time point
between treatment groups (Figure 2A,B). Haematocrit levels fluctuated between values of
29 and 38% in both groups during the experiment (p > 0.05), while erythrocytes fluctuated
between 1.53 to 2.75 × 1012 cell/L (p > 0.05).
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Regarding the white blood cell counts (WBC), total leukocyte numbers decrease in
fish maintained under artificial photoperiod within 3 days of exposure and until day 7,
compared to the natural photoperiod group. At days 14 and 30, the leukocyte numbers
decrease to similar levels between treatment groups. (Figure 2C). Similarly, lymphocytes
between days 3 and 7 in fish exposed to artificial photoperiod (p < 0.05 Figure 2D), and
polymorphonuclears (Figure 2F) decreased between 3 and 7 days (0.6–0.7 × 109 cell/L
LD24:0 vs. 1.4–1.2 × 109 cells/L, respectively). Monocyte counts (Figure 2E) increased
after 3 days in LD24:0 fish (p < 0.05) (1.1 × 109 cells/L) but at day 7 showed a significant
decrease compared to the control group (p < 0.05) (0.2 × 109 cell/L). Lysozyme and mucin
concentrations ranged between 13.9 to 16.3 µg/mL and 0.53 to 1.95 µg/mL, respectively,
during the duration of the experiment (Figure 3). Lysozyme concentration showed no
changes between treatments during the first 14 days of exposure (p < 0.05). However, trout
exposed to LD24:0 artificial photoperiod show a significant decrease (p < 0.05) (11.3 µg/mL),
compared to the control group at day 30 (16.6 µg/mL) (Figure 3A). Mucin concentration
showed no significant changes until day 7 of exposure, ranging from 0.71 µg/mL to
0.86 µg/mL. However, the LD24:0 artificial photoperiod group exhibit elevated concentra-
tions of mucin at day 14 (p < 0.05) and day 30 (16.1 µg/mL) compared to the group under
natural photoperiod that show mucin values of 11.3 µg/mL at day 30 (Figure 3B).
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Figure 1. Fulton’s condition factor of trout (O. mykiss) exposed to control (natural photoperiod; solid 
circle) and artificial (LD24:0; solid square) photoperiods. Asterisks (*** and ****) indicate significant 
differences between treatments(day 3; p = 0.0002 and day 30; p < 0.0001, respectively). Spots 
represent mean and ± Standard deviation. 

Figure 1. Fulton’s condition factor of trout (O. mykiss) exposed to control (natural photoperiod; solid
circle) and artificial (LD24:0; solid square) photoperiods. Asterisks (*** and ****) indicate significant
differences between treatments (day 3; p = 0.0002 and day 30; p < 0.0001, respectively). Spots represent
mean and ± Standard deviation.
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Figure 3. Lysozyme (A) and mucin (B) concentrations quantified in mucus of O. mykiss under
LD24:0 photoperiod (grey bars) and controls (empty bars) during a period of 30 days. Asterisks
indicate significant differences between treatments. Bars represent mean and ± Standard Error.

4. Discussion

Fulton’s condition factor (K) is used to compare fish of similar lengths and to evaluate
the volumetric ratio as a function of weight, and as an indicator of animal welfare in
fish populations that undergo changes in environmental factors, nutritional status, and
reproduction. In fish farms, K changes as a function of disease or other environmental
stressors [23]. Our results show that fish under continuous artificial photoperiod have a
lower K. This suggests that continuous light may acts as a stressor in fish by demanding
higher energy expenditure.

In concordance to previous findings in rainbow trout [11–13,15,16], continuous light
for 30 days has not effect on haematocrit and erythrocytes in fish, haematology remains as
a valuable diagnostic tool, despite the lack of reference values, as exist in mammals.

The decrease in leukocyte counts within 3 days of the continuous artificial light might
represent aninitial signaling of acute stress. The leukopenia and lymphopenia detected
after 3 days of exposure to artificial photoperiod—that is reversed after 7 days- are similar
to those observed in Atlantic salmon, rainbow, brown and brook trout [24,25]. Acute
stress under artificial light treatment could also explain the changes in neutrophils counts
on day 3. Under acute stress conditions neutrophil counts increase due to a shift into
circulating blood in response to glucocorticoids [26,27]. Additionally, neutrophils and the
monocyte/macrophage system are an important part of the non-specific defense system,
characterized by an elevated phagocytic ability, and mobility to migrate into specific tissues
and consequently to elevate lysozyme content (stored in lysosomal granules). Thus, the
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reduction in white blood leukocytes could be explained by a migration into lymphoid
tissues [28,29] during acute stress as a result of the photoperiod treatment [8,9].

Neutrophils and monocytes-macrophages are not only located in the peripheral blood,
but they are also present in the skin and mucous membranes [30–32]. The skin’s mucus acts
as a semi-permeable barrier allowing the gas, water, and nutrient exchange [33–35]. Mucus
is also involved in respiration, osmoregulation, swimming, excretion, and defense against
pathogens in fish [36–38]. Also, mucus has been described as an important part of innate
humoral and cellular responses [31,39,40]. The presence of mucins and lysozyme, among
other enzymes described in the fish skin mucus, highlights the role that the mucus plays
in the response to disease resistance [41]. Lysozyme is known primarily as a non-specific
defense enzyme in fish. It has been described in neutrophils, associated to the monocyte-
macrophage lysosome system, and found extracellularly in leukocyte-rich tissues such as
blood and mucus and its activity is an important index of innate immunity of fish [42–45].
Lysozyme concentrations with bacteriolytic properties have been shown to vary in plasma
under both acute and chronic stress conditions [46–49]. It has been described that both
serum and tissue lysozyme levels decrease, indicating that its concentration in the liver
(main lysozyme producing organ along with the skin) is directly related to lysozyme
concentrations found in the blood [42–45].

In our study, lysozyme concentrations decreased after 30 days of artificial light treat-
ment, in agreement to previous reports [45], showing that highly stressed fish had elevated
cortisol levels and lower lysozyme concentrations than moderately stressed fish. Similar
results were described by Burgos et al. [50], showing that lysozyme concentration decreases
in fish mucus using a continuous light photoperiod. However, the opposite trend has also
been described [46], which might be explained by factors like handling and water ammonia
levels that have been described to affect lysozyme concentration.

We suggest that fish under artificial photoperiod may be more prone to infectious
diseases after 30 days of exposure to LD24:0 considering the importance of the first defense
barrier [41]. Nevertheless, more studies are needed to confirm this hypothesis.

Whilst most work on fish lysozyme has been performed using serum measurements,
Guardiola et al. [32] showed in sea bream (Sparus aurata) that some immune parameters in
skin mucus were always higher than in the serum. This finding does not only show the
importance of mucus as a first line of defense, but also shows the relationship between
mucus and serum lysozyme. In this sense, the results obtained in the present study suggest
that artificial photoperiod can modulate lysozyme production and that should receive more
attention to prevent diseases in production systems.

Mucins are the predominant molecules present in mucus and can be divided into
secreted gel-forming (main component of mucus) or associated with the cell-surface [31].
This carbohydrate (highly O-glycosylated proteins) has been described as an agglutinating
receptor molecule for microorganisms [51,52], playing an important role in eliminating
pathogens and parasitic infestation [53].

Recent research shows interaction with pathogens relevant to salmon farming in
fresh and seawater phase, with different affinities related with the mucin’s origin (skin
vs. gastrointestinal tract) and complexity of the glycans [54]. Since it has been described
those infections only occur when pathogens are able to colonize mucosal integuments [55],
it is this agglutinating-adhesive property of mucin that confers a defensive function by
trapping and immobilizing pathogens [56]. However, it must also be considered that an
increase in viscosity of mucus may support or allow colonization by pathogens, particularly
if bacteriostatic or bacteriolytic activity is compromised, as noted in our study (increased
mucin and diminished lysozyme).

Taken together, in this study the increased in mucin concentration in fish after exposure
to the continuous light photoperiod, could explain the previously reported elevated rates of
infections observed in fish exposed to artificial photoperiod [10]. Our results suggest that
mucin and lysozyme concentrations change under a prolonged light exposure, implying
that a LD24:0 artificial photoperiod could act as a stimulus increasing their secretion in



Fishes 2022, 7, 28 8 of 10

mucus. This could alter the viscous-elastic properties, due to the elevated content of the high
molecular weight glycoprotein mucin, which is produced and secreted by skin epithelial
cells and glands [57]. This mucus production is a specific stress response in fish and
tremendous energy expenditure in the production of mucins [58]. Along with differences
in Fulton’s condition factor, we speculate that the difference in mucin concentration is not
due to differences in size.

Consequently, the application of an artificial photoperiod (LD24:0) in trout may induce
defense suppression and could cause increased susceptibility to diseases [41]. The findings
presented here will contribute to better understand the side effects in the use of artificial
photoperiod in fish farms, and develop preventive measures, especially during the first
30 days of application of the photoperiod.

5. Conclusions

We highlight the finding that the decrease in lysozyme is inversely correlated to the
significant increase in mucin in trout subjected to continues light photoperiod. Our study
contributes to a better comprehension of the effects of photoperiods as a productive strategy
in fish farming and its potential effects on fish welfare.
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