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Abstract


Aquaculture of marine ornamental fish could potentially reduce the fishing pressure on wild stocks by the global aquarium trade, but its expansion is often constrained by the limited understanding on the biology and early life history of candidate species. The orchid dottyback Pseudochromis fridmani is a valuable and popular marine ornamental fish, but scientific reports on its baseline biology, especially the egg filial cannibalistic behaviour, are scarce. The present study documented key aspects of reproductive biology and early ontogeny of P. fridmani in captivity, including reproductive behaviour, patterns of spawning and filial cannibalism throughout a 12-month period by seven pairs of brood fish, as well as the embryonic and larval development. The results showed that the captive spawning of the broodstock pairs generally occurred every 5–11 days, most commonly every 6–8 days, throughout a year. Despite feeding the brood fish to satiation throughout the data collection period, the average monthly rate of egg filial cannibalism reached 55 ± 37%, but the cannibalism frequency appeared to be pair-specific. The egg incubation duration was approximately 96 h at 27 ± 1 °C, and the development of embryos from cleavage, blastula, gastrula, and segmentation to the pharyngula stage is herein described in detail. The newly hatched P. fridmani larvae possessed important structures and organs for first feeding, including pigmented eyes, developed jaws, and a straight-tube gut. The 0 to 14 days post-hatching (DPH) period appeared to be an important larval stage, as P. fridmani larvae were observed to complete major changes in morphology, gut development, and phototactic behaviour by 14 DPH. Under the culture conditions of this study, the earliest transition to the juvenile stage was observed on 31 DPH, and the majority of fish became juveniles by 56 DPH. The results of this study inform baseline aquaculture production protocols and direct future research, particularly to reduce filial cannibalism through broodstock management and to improve larval culture through supporting the early ontogenetic development of P. fridmani. Additionally, these findings form a foundation for further studying the biology and ecology of P. fridmani in the wild.
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Key Contribution: To fill the knowledge gaps of the biology of Pseudochromidae, this study documented the reproductive events in captivity over a 12-month period as well as detailed the embryonic and larval development of orchid dottyback Pseudochromis fridmani. The outcomes facilitate a better understanding of the reproduction and early ontogeny of P. fridmani and serve as essential foundations not only for optimizing breeding techniques for dottyback species but also studying their ecology and population dynamics in the wild.










1. Introduction


There are at least 154 dottyback species (family Pseudochromidae) in the Indo-Pacific region grouped into 24 genera [1,2], and new species are still being described in recent years [3,4]. Dottybacks generally have an elongated body with bright colouration [5,6]. In some dottyback species, the coloration is sexually dimorphic [7], and they often display territorial and aggressive behaviour, particularly toward co-specifics [5,6,8]. In fact, due to their vibrant coloration, dottybacks are among the most popular ornamental fish families traded globally [9,10].



The orchid dottyback Pseudochromis fridmani (Klausewitz, 1968) is an endemic species in the Red Sea [11,12], and it is considered as one of the most commercially attractive dottyback species by aquarium hobbyists [10]. P. fridmani are commonly found near crevices or underneath overhangs in coral reef habitat below 10 m, but their distribution can range from 1 to 60 m [8,11,12]. In the wild, P. fridmani usually grow up to 6–7 cm [11,12] but in captivity can reach maximum 9–10 cm (pers. obs.). Two most iconic morphological features of this species are the vibrant metallic purple colouration throughout the body and the short black stripe across each eye. Interestingly, depending on the dietary nutrition, the intensity of the purple colouration of captive-bred P. fridmani can vary substantially among individuals [13]. Besides the attractive morphology, the relatively less aggressive nature of P. fridmani compared to other species of dottyback has also gained them popularity among aquarium hobbyists [6,8,10], driving the retail price to around USD 60 per fish in the aquarium trade market [14].



The global aquarium trade is a multi-billion dollar industry, in which around 90% of the marine fish sold are still collected from the wild, mainly the tropical coral reefs [15,16]. Hence, the development of marine ornamental aquaculture is driven by ecological, conservational, and socioeconomic imperatives with the aim to alleviate fishing pressure on wild stocks by supplying sufficient captive-bred fish to the trade [15,17]. The baseline knowledge of relevant reproductive biology and ontogenetic development is critical for achieving successful captive production of candidate species [18,19,20,21] as well as for studying their ecology and population dynamics in the wild. Nonetheless, spawning and early development of reef fish are often difficult to observe during field studies. As a result, relevant information is limited in the literature for most coral reef fish, which hinders the breeding breakthroughs.



Similarly, scientific data on the baseline biology of P. fridmani remains relatively limited. In the literature, field study was limited to report the species’ distribution, habitat, and morphology [8]. In a captive environment, Mies et al. [22] observed the spawning behaviour and patterns of seven dottyback species for 8 months and reported that the three P. fridmani pairs spawned every 5 to 9 days at 27 °C. Additionally, the authors found that the P. fridmani pairs often cannibalized their own eggs before the first successful hatching occurred, but this filial cannibalism pattern was not quantified over the 8-month period. To date, relevant research data on filial cannibalism of P. fridmani remain scarce, even though this cannibalistic behaviour is considered as an aquaculture bottleneck for P. fridmani as well as many other dottyback species [22,23]. For the early ontogeny of P. fridmani, Chen et al. [24] and Wittenrich and Turingan [25] documented the development of the digestive system and feeding apparatus of P. fridmani, respectively, while other recent studies focused on optimizing the larval-rearing techniques [24,26,27]. In general, most information on reproductive biology and the embryonic and larval developmental features of P. fridmani is reported by aquarium hobbyists [10,28]. Compared with the scientific data on the embryonic and larval development of other marine ornamental fishes [20,29,30,31], hobbyists’ documentation on P. fridmani lacks detailed morphological description as well as high-quality photographic detail at important developmental stages.



Therefore, the objectives of the present study were to fill these existing knowledge gaps by documenting relevant aspects of reproductive biology and the embryonic and larval development of P. fridmani. The spawning and filial cannibalism patterns of multiple P. fridmani pairs were documented throughout a full year in order to establish a baseline reproduction dynamic over time for this species. The insights gained serve the purposes of not only increased knowledge of fish biology and ecology but also improved aquaculture production protocols for P. fridmani, through informed description of broodstock management and assessment of larval development during rearing.




2. Materials and Methods


2.1. Brood Fish and Pair Formation


All orchid dottyback P. fridmani broodstock used in this study were more than 8 months old and captive-bred at the Marine Aquaculture Research Facility Unit (MARFU) of James Cook University, Townsville, Australia. Since P. fridmani lack conspicuous sexual dimorphic morphology, after the fish reached a total length between 50 and 70 mm, they were randomly paired; the pair bonding was considered completed when natural spawning occurred. In this study, each of the seven P. fridmani broodstock pairs was kept in a 100 L columnar fiberglass tank connected to a same recirculating system with 25 μm filtered seawater. All tanks were located outdoors under a semi-transparent roof to provide a natural photoperiod (March to August: 11–12 h daylight hours; September to February: 12–13 h). Within each tank, a capped PVC pipe (40 mm diameter, 20 cm in length) was provided as spawning site. A broodstock diet was prepared by blending a mix of seafood and nutritional supplements as described in Zeng et al. [32]. The broodstock pairs were fed twice a day (9–10 a.m. and 4–5 p.m.) until they reached apparent satiation (i.e., until no signs of feeding); before feeding ended, some excess food was also left in the tanks to ensure sufficient food supply for the pairs. Throughout the 12-month duration of this study, the seawater of the broodstock system was maintained at 27.5–29 °C, salinity 30–36 ppt, pH 8.0–8.3, total ammonia and nitrite < 0.2 ppm, and nitrate < 50 ppm.




2.2. Reproductive Behaviour, Spawning, and Filial Cannibalism


The reproductive activity of P. fridmani pairs was recorded by GoPro® HERO 7 cameras (GoPro, Inc., San Mateo, CA, USA). Considering the potential behavioural differences among pairs, the footage was recorded from three pairs of P. fridmani during spawning, egg incubation, and the period in-between, respectively. The spawning frequency, egg incubation duration, and incidences of filial cannibalism of seven P. fridmani pairs were documented from 1 February 2020 to 31 January 2021. During the 12-month period, only one fish was found dead, but the remaining fish was soon paired with a new P. fridmani adult to continue the experiment. For data collection, prior to daily morning feeding, the PVC pipe in each tank was checked for the presence of deposited eggs. Notes were also made when a significant amount or all the eggs disappeared during the incubation period (filial cannibalism). The rate of filial cannibalism (FC%) represented the monthly frequency of egg batches that were partially or completely cannibalized by the brood fish during the incubation period. FC was calculated as below:


  F C =   N u m b e r   o f   e g g   b a t c h e s   c a n n i b a l i z e d   i n   a   m o n t h   T o t a l   n u m b e r   o f   m o n t h y   s p a w n i n g s   × 100 %  











Additionally, to understand when embryos were eaten, the timing of filial cannibalism, indicated by incidence (%) on a given day, within the 4-day egg incubation period was calculated for each pair.




2.3. Embryonic Development


To describe the embryonic development, two fertilized egg batches were sampled to cover the incubation period from 1 h post fertilization (PF) until 96 h PF (batch 1 from pair E: 1–48 h PF; batch 2 from pair C: 48–96 h PF). During incubation, approximately 300 embryos from each egg clutch were sampled and kept in seawater at 27 ± 1 °C, salinity 30 ppt, and under a photoperiod of 12 h L:12 h D in a 15 L cylindrical tank. The P. fridmani embryos were photographed under a dissection microscope (Olympus SZ61, Olympus, Tokyo, Japan) equipped with camera (Olympus DP26, Olympus, Tokyo, Japan). The sampling and observation of embryos occurred every 30 min between 1–5 h PF and at 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20, 22, 24, 48, and 96 h PF. The embryonic development of P. fridmani was described based on the photographs taken, using stage identification and terminology from Kimmel et al. [33] for zebrafish Danio rerio.




2.4. Larval Development


2.4.1. Larval Rearing


The live prey super-small (ss)-type rotifers Brachionus rotundiformis were cultured on concentrated algae paste (RotiGrow®, Reed Mariculture Inc., Campbell, CA, USA), while the copepod Parvocalanus crassirostris were fed daily with live microalgae Isochrysis galbana (Tahitian strain, T-ISO), with all life stages collected upon harvesting to feed the larvae. The Artemia nauplii (Great Salt Lake strain, INVE Technologies, Dendermonde, Belgium) were hatched daily and enriched with S.Presso (SELCO®, INVE Technologies, Dendermonde, Belgium).



The newly hatched P. fridmani larvae were cultured in a cylindroconical 100 L fiberglass tank with black walls, connecting to a recirculation system with 25 μm filtration. From 0 to 12 days post hatching (DPH), larvae were fed a mix of ss-type rotifer B. rotundiformis (5–20 ind. mL−1) and the copepod P. crassirostris (0.5–2 ind. mL−1), and the prey densities were checked and replenished every morning. The “greenwater” condition was used during this early period of larval rearing [26]. Between 9–12 DPH, Artemia nauplii (0.1–1 ind. mL−1) were also added to feed the larvae. On 13 DPH, the larvae were solely fed 1 Artemia nauplii mL−1, but from 14 to 19 DPH, both Artemia nauplii and enriched metanauplii were fed to larvae at a combined density of 1–1.5 ind. mL−1. Between 20–40 DPH, the larvae were solely fed enriched Artemia at an increasing density (1.5–3 ind. mL−1), which were reduced to 1.5 ind. mL−1 from 41 DPH onwards. From 28 DPH onwards, formulated feed (O.range START-L, 150–315 μm, INVE Ltd., Nonthaburi, Thailand) was fed to the larvae twice daily with increasing quantity. Throughout larval rearing, the seawater was maintained at 27.5–28.5 °C, salinity 33.5–35 ppt, pH 8.0–8.2, total ammonia and nitrite < 0.2 ppm, and nitrate < 50 ppm. In addition, gradual sweater changes were achieved by maintaining a gentle and slow flow of fresh seawater into the larval-rearing tank. Fluorescent lamps were installed 2 m above the larval rearing tank to provide constant light (24 h L:0 h D).



P. fridmani became juveniles when the fish had completed flexion of the notochord and obtained typical adult-type appearance with purple coloration across the body and a black stripe diagonally across each eye. On 56 DPH, all surviving larvae and juveniles were counted to confirm the proportion of fish that had become juveniles.




2.4.2. Larvae Sampling


To document the larval development, P. fridmani larvae were randomly sampled in the morning on 0, 2, 4, 7, 10, 13, 16, 19, 22, 25, 28, 25, 38, and 40 DPH (0–2 DPH, n = 15; 4–38 DPH, n = 9; 40 DPH, n = 1). Immediately after being euthanized with anaesthetic (AQUI-S®, AQUI-S New Zealand Ltd., Melling, New Zealand), the larvae were photographed under a stereomicroscope (Olympus SZ61, Olympus, Tokyo, Japan) with a mounted camera (Olympus DP26, Olympus, Tokyo, Japan). The larval morphological development was described based on the photographs taken, while the notochord length (NL: the length between the snout tip and the notochord end) and body depth (BD: the distance from dorsal body muscle edge to anus) were measured on images using the software cellSens Standard 1.7.






3. Results


3.1. Reproductive Behaviour of Brood Pairs


Based on the video footage, although P. fridmani did not display conspicuous sexual dimorphism, the females generally had a shorter and wider body compared to the males, and their abdomens became swollen 1–2 days prior to spawning. While the males usually stayed inside the PVC pipe, the females swam in open areas and only entered the pipe in response to a potential threat or for spawning. On the day of spawning, the male initiated courtship by erecting the dorsal fins in front of the female and vigorously shaking the head and the tail from side to side before swimming back inside the PVC pipe soon after. This courting ritual was repeated many times until the female eventually followed the male into the pipe to lay eggs inside. The spawning usually started between 1–3 pm and lasted for 1–2 h; it was considered ended when either the male aggressively chased the female out of the pipe or when the female voluntarily left the spawning site. Notably, within 1–2 h after spawning, the males from all three broodstock pairs were recorded to attempt to court with the females again; however, the females did not appear to show any behavioural response in return. During the egg incubation period, the female freely swam in open areas of the tank as usual, while the male spent most of the time inside the pipe guarding the egg mass. Occasionally, the male appeared to defend the fertilized egg mass by chasing the female away when she was too close to the PVC pipe.




3.2. Captive Spawning and Filial Cannibalism


All seven pairs of P. fridmani naturally spawned during the one-year monitoring period (Figure 1). The spawning frequency of all pairs was relatively similar: each pair generally spawned every 5 to 11 days, and more commonly every 6 to 8 days. For all pairs, the number of spawn events per month ranged from one to five and was commonly between three and four times (3.7 ± 1.1 monthly spawns over all pairs, Table 1). An interrupted spawning period of over one month was observed from pair B (mid-February–March 2020) and pair F (July–August 2020), but both pairs resumed spawning within two months (Figure 1). The original male of pair D was found dead on 14 October 2020 and was replaced by a new male the next day. The new pair D readily started spawning on 18 October, and the spawning continued until the end of this study (Figure 1).



The results also showed that cannibalism of the egg mass or filial cannibalism by the P. fridmani brood fish was very common throughout the study but highly variable among pairs (Table 1, Figure 1). By the end of the 12-month period, only three out of seven broodstock pairs maintained a mean filial cannibalism rate (FC) below 50% (pair C: 19 ± 30%, pair B: 37 ± 28%, and pair E: 48 ± 34%; Table 1). The mean FC of the other three pairs was between 54 and 70%, while pair G had the highest FC of 94 ± 12%. It is worth noting that within the same pair, the FC rates also fluctuated from month to month, and it did not appear to correlate with season change or monthly spawning frequencies (Figure 1).



Overall, filial cannibalism most commonly occurred on day 3 or 4 post fertilization (DPF; Figure 2). The pooled data of all pairs showed that on 2 DPF, incidence of filial cannibalism was only 5 ± 9%, but it increased sharply to 35 ± 17%, and 60 ± 20% on 3 and 4 DPF, respectively. Notably, among the seven pairs, only pairs F and G were found sometimes cannibalizing their eggs on 2 DPF. The incidence of filial cannibalism on 3 and 4 DPF was relatively even for pair A and C, while for pairs B, D, and E, filial cannibalism predominately occurred on 4 DPF (Figure 2).




3.3. Embryonic Development


The embryonic development of P. fridmani is summarized in Table 2. The newly fertilized P. fridmani eggs were demersal and spherical (average diameter: 1.086 ± 0.043 mm, n = 40). Under the microscope, it was observed that there were numerous thin and adhesive threads on the egg surface that held the egg mass together, and predominantly, a large single oil droplet was present on the yolk of each embryo (Figure 3a).



3.3.1. Cleavage Period (2- to 64-Cell Stage)


The embryos progressed from the 4-cell stage at 1 h post fertilization (PF; Figure 3a) to the 16-cell stage by 1 h 30 min PF (Figure 3b). However, from this point onwards, the exact number of blastomeres could not be counted. At 2 h PF, the presence of three blastomere layers suggested that the embryos had reached the 64-cell stage (Figure 3c), marking the end of the cleavage period and the beginning of blastula formation.




3.3.2. Blastula Period (128-Cell Stage to 30% Epiboly)


At 2 h 30 min PF, the embryos reached between the 128- and 256-cell stages, as indicated by the presence of 5–7 layers of blastomeres, and the outer blastomere layer formed the enveloping layer (EVL). At 3 h PF, the yolk syncytial layer (YSL) was formed between the inner layer of blastomeres and the yolk, and the embryos reached the approximately 512-cell stage (8–9 layers of blastomeres; Figure 3d). At 3 h 30 min PF, the embryos reached >1-k-cell stage; blastomeres also became much smaller as they continued to divide. The embryos reached the high stage at 4 h PF, and the blastodisc started to flatten (Figure 3e). At 5 h PF, the blastula developed an ellipsoidal shape with the flattened blastodisc (oblong stage; Figure 3f), and the boundary between the blastodisc and the yolk became much less distinguishable by 7 h PF (Figure 3g). At 8 h PF, the embryos were almost spherical, and the surface of the blastomeres became smooth (Figure 3h). At 9 h PF, part of the yolk protruded towards the animal pole and formed a dome-like structure, suggesting the beginning of epiboly (Figure 3i). From this point onwards, the blastoderm spread across the yolk from the animal to vegetal pole and covered 30% of the yolk by 10 h PF (30% epiboly stage; Figure 3j).




3.3.3. Gastrula Period (50% Epiboly to Bud Stage)


Epiboly continued during the gastrula period (Figure 3k), and approximately 90% of the yolk was covered by blastoderm at 14 h PF (Figure 3l). Concurrently, the blastoderm became thicker at the dorsal region (facing the animal pole) than the ventral region. By 16 h PF, the blastoderm had completely covered the yolk, and the prospective head region and the tail bud were both formed on the yolk surface (Figure 3m).




3.3.4. Segmentation and Pharyngula Period


At 18 h PF, the optic primordium was distinguishable in the prospective head region (Figure 3n). At 20 h PF, the Kupffer’s vesicle appeared near the base of the tail region, while the head region thickened (Figure 3o); additionally, the embryos reached the 6-somite stage, and the somite number increased to 10 by 22 h PF (Figure 3p). At 24 h PF, the rudiments of the eyes and lenses were developed at the head region, and the tail began to detach and protrude away from the yolk (Figure 4a).
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Figure 4. Embryonic development of Pseudochromis fridmani from 24 to 96 h post fertilization (PF) at 27 ± 1 °C. (a) At 24 h PF, showing rudiments of eyes and lens; (b) 48 h PF, showing the development of otic vesicles, otoliths, circulatory system, and pigmentation on the body; note the further development of the head and tail; (c) 72 h PF, showing the eyes pigmented with metallic green colour and differentiation of the gall bladder; blood vessels near the yolk are clearly visible, and more pigment cells are developed on the body; (d) 72 h PF, showing the olfactory bulbs, early development of the brain, and the enlarged otic vesicles; the tail has elongated; (e) 96 h PF, showing the reflective eyes, heart, operculum, gall bladder, and pectoral fin buds; most of the yolk and oil globule have been absorbed; (f) 96 h PF, showing the development of forebrain, midbrain and hindbrain. B, brain; BV, blood vessel; FB, forebrain; GB: gall bladder; H, heart; HB, hindbrain; L, lens; MB, midbrain; OB, olfactory blub; OPL, operculum; OT, otolith; OV, otic vesicle; PF, pectoral fin buds. The scale bar at the bottom right corner in each figure represents 200 μm. 
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The embryos underwent further organogenetic development from 24 to 72 h PF. At 48 h PF (Figure 4b), the head started to resemble that of a larva, and the rudiments of the eyes became lightly pigmented. The otic vesicles with two tiny otoliths each were differentiated posterior to the prospective brain region. The somites had developed into myotomes, and the tail substantially elongated compared to 24 h PF. Pigmented cells, i.e., the melanophores, also appeared along the posterior body of the embryos. At the same time, blood flowing through a beating heart was visible, and sporadic movements of the embryos within the chorion were also observed.



At 72 h PF, the iridophores were present to give a reflective metallic green pigmentation in the eyes (Figure 4c). Both the olfactory bulbs at the tip of the head and the brain had developed, and the otic vesicles also substantially enlarged (Figure 4d). The frequency of heartbeat increased, and more blood vessels were clearly visible near the yolk (Figure 4c). Moreover, the gall bladder was differentiated as a small green spherical structure posterior to the yolk, and pigmentation of light orange, black, and green was also scattered along the elongated embryo body and tail (Figure 4c). At this stage, sporadic twitches of the eyes and body inside the chorion were observed. When the embryos were handled for microscopy, the threads on the egg surface were also found to become much less adhesive.



At 96 h PF, the eyes developed a more reflective metallic green colour (Figure 4e). The operculum was distinguishable (Figure 4e), and the brain was clearly differentiated into forebrain, midbrain, and hindbrain (Figure 4f). The heart developed into a chamber shape with stronger and quicker heartbeats (Figure 4e). Furthermore, the pectoral fin buds also appeared, and substantial proportions of the yolk and the oil globule were absorbed (Figure 4e). The embryo body was now coiled more tightly within the chorion due to the continuous elongation of the tail. At this stage, frequent movements of the eyes, pectoral fin buds, and the tail were observed, suggesting that hatching was imminent. In general, the larvae hatched out in darkness by 102 h PF.





3.4. Larval Development and Associated Behavioural Observations


Newly hatched P. fridmani larvae (0 DPH) were 3.19 ± 0.05 mm and 0.34 ± 0.02 mm in notochord length (NL) and body depth (DP), respectively, and possessed pigmented eyes, developed jaws, and a gut in the form of a straight tube (Figure 5a and Figure 6a). At this stage, most of the yolk sac was reabsorbed, and the larvae actively swam with the pectoral fins and fin folds. On 1 DPH, the larvae showed positive phototactic behaviour, as they were observed to be attracted by torch light. On 2 DPH (Figure 5b), the yolk sac had been completely absorbed, and more small dots of orange pigmentation developed across the larval body. The larval intestine also widened with increased intestinal folds, and an intestinal valve clearly separated the anterior and posterior intestine regions (Figure 6b). The development of gill filaments behind the operculum was distinguishable on 4 DPH (Figure 6c). On 7 DPH, a coiled gut was developed (Figure 6d); the larval notochord tip flexed dorsally, and caudal fin buds were evident (flexion stage; Figure 5d). At this stage, positive phototaxis of larvae was reduced.



On 10 DPH (Figure 6e), the coiled larval intestine started to dilate, and the P. fridmani larvae actively ingested Artemia nauplii as shown by the bright orange colour of gut contents. Most fin folds had reduced, and fin buds were differentiated at the posterior dorsal and anal fin region. Fin rays were differentiated in a short caudal fin, and notochord flexion was completed (Figure 5e). By 13 DPH, the coiled intestine of larvae formed a large lumen with many folds on the intestinal wall, occupying a significant amount of space in the abdomen (Figure 6f). The dorsal and anal fin rays were distinguishable, and the caudal fin had enlarged (Figure 5f). Under the stereomicroscope, small patches of light pink pigmentation were observed on the larval bodies.



The P. fridmani larvae shifted to negative phototaxis to strong light by 14 DPH, as they were observed to dart away from the bright torch light. By 19 DPH, most fins were well developed (Figure 5h), and there were no significant morphological changes between 19 and 28 DPH. The larval bodies became less transparent between 25 and 28 DPH, and the small patches of pink pigmentation were more prevalent across the bodies (Figure 5j,k). During this period, more larvae were also observed to swim close to the tank wall or tank bottom.



The transition to the P. fridmani juvenile stage, characterized by the adult-type pigmentation development, was observed to occur progressively from 31 to 55 DPH. By 35 DPH, the larvae developed a body shape similar to that of juveniles. While many larvae only showed a pale flash of light pink or orange colour across their bodies at this stage (Figure 5l), a small percentage (<5%) of larvae had turned purple. For most larvae, the melanophores first appeared near the eyes on 38 DPH (Figure 5m), when the average NL and BD reached 14.40 ± 1.23 mm and 3.52 ± 0.49 mm, respectively (Figure 7). Approximately 50% of P. fridmani developed the typical adult-type pigmentation on 45 DPH, and such a proportion increased to around 90% by 55 DPH.



On 56 DPH, despite reaching similar size to those individuals showed adult-like pigmentation pattern, around 5% of P. fridmani (out of a total of 387) larvae remained relatively transparent, with a very low level of pink and/or purple pigmentation.





4. Discussion


The present study documents several aspects of reproductive biology, with emphasis on spawning and filial cannibalism, and the early ontogeny of orchid dottyback P. fridmani in captivity. These findings build a baseline knowledge on the life cycle of P. fridmani and provide valuable insights for the aquaculture industry to manage and further improve the commercial production of P. fridmani for the marine ornamental fish trade.



The footages on the courting behaviour of P. fridmani provided a useful baseline to understand the bonding dynamics of this species. Similar to reports on sunrise dottyback P. flavivertex [34], readhead dottyback P. dilectus [29], and other dottyback species [10], P. fridmani males also displayed the typical courting behaviour of guiding the female to the spawning site. Interestingly, the P. fridmani males in present study were also observed to attempted to court with the females within 1–2 h after spawning ended, although the female apparently did not show a courting response. Similar dottyback behaviour has not been reported in the past. To date, little is known about the reproductive capability of dottyback males, as researchers [22,24,26,27,29,34] and aquarium hobbyists [10,28] generally keep dottybacks in pairs for captive breeding. However, P. fridmani were reported to live in small groups in the wild [11,12] and were able to be kept relatively peacefully in groups in an aquarium setting ([8], pers. obs.). To explore the potential of reproduction efficiency and capability of P. fridmani for commercial production purposes, it may be worthwhile to investigate this post-spawning courting behaviour of P. fridmani in a harem instead of pairs.



Suitable water temperature and photoperiod are essential for the successful captive spawning of reef fish [35,36], which is a prerequisite of breeding these fish to reduce collection pressure by the marine aquarium trade on wild stocks. In previous studies, relatively warm water temperatures and fixed photoperiods were used to achieve captive spawning of sunrise dottyback P. flavivertex (27 ± 0.5 °C, 14 h light, Olivotto et al. [34]), orchid dottyback P. fridmani (27 °C, 10 h light, Mies et al. [22]), and redhead dottyback P. dilectus (29 ± 1 °C, 14 h light, Madhu et al. [29]). The results of the present study showed P. fridmani pairs were able to spawn year-round at similar temperatures (27.5–29 °C), with tolerance of some photoperiodic changes. Over the 12-month period of the present study, the natural photoperiod fluctuated between 11 and 13 h of daylight, but the spawning frequencies of the seven P. fridmani pairs (every 5–11 days, most commonly every 6–8 days) were still in agreement with findings reported by Mies et al. [22]. Although extended periods of interrupted spawning were observed from pair B (mid-February–March) and F (July–August), they occurred at different times of the year, suggesting that it was not related to seasonal changes in photoperiod. Overall, the continuous and relatively stable spawnings of most broodstock pairs observed in this study suggest that P. fridmani is a year-round spawner. While little is known about the spawning seasonality of P. fridmani in the wild, it is possible that such a year-round spawning pattern might be related to specific captive conditions (e.g., temperature control, ambient tropical photoperiod, and sufficient feeding) used in this study. Nonetheless, the observed year-round spawning feature in captivity allows hatcheries to potentially breed and sell P. fridmani without seasonal fluctuations, closing the gaps between supply and demand of this popular species in the marine aquarium trade market.



Notably, the frequent spawnings of P. fridmani observed were also counteracted by the filial cannibalism, as all P. fridmani broodstock pairs in this study often partially or completely ate the eggs before hatching (Table 1). In general, the degree of filial cannibalism appeared to be highly pair-specific, as some pairs (e.g., pair A and G) were much more prone to filial cannibalism than others (e.g., pair C and E; Figure 1). However, even for a same pair (e.g., pair B and E), the pattern of filial cannibalism could highly vary month by month (Figure 1). In the literature, filial cannibalism has been reported from several species of dottyback kept in captivity [22,29]. In fact, it is considered as a major challenge for the egg management of dottybacks [23], as the unexpected egg loss during the incubation period could cause lasting disruptions in research and production plans. In an extreme case, it was reported that a P. fridmani pair cannibalized their eggs of 24 batches over a 6-month period before the eggs were successfully hatched for the first time [22].



Different hypotheses have been proposed to explain the filial cannibalistic behaviour, including to fulfill the energy cost of parental care [37,38,39,40], to remove embryos that are unlikely to hatch [41,42,43,44], and to restart courtship with a partner [45]. In the study done by Mies et al. [22], the authors observed that the eggs of seven dottyback species, including P. fridmani, were often eaten on 2 or 3 day post spawning, and the eaten eggs appeared to have developmental issues. In this study, filial cannibalism by P. fridmani was generally observed during the late phase of the incubation period (i.e., 3 and 4 DPF; Figure 2). Since signs of P. fridmani embryonic development (i.e., change of egg colour and appearance) were regularly observed by naked eyes during incubation, fertilization problems are an unlikely reason for the filial cannibalism observed. However, it could be possible that the P. fridmani broodstocks cannibalized the eggs due to potential egg developmental issues that were not investigated in this study. To date, the specific mechanism behind the filial cannibalism of dottyback species remains to be investigated. To advance breeding and support the research on dottybacks in captivity, relevant studies in the near future are much needed to understand the filial cannibalism of dottybacks and hence mitigate the associated risks of egg loss during larval production.



The detailed description of embryonic development of P. fridmani from the present study serves as an important benchmark to understand the early ontogeny of this species. The first 48 h post fertilization appears to be a crucial developmental period for P. fridmani, as its embryos drastically developed from the single-cell stage of blastomeres (Figure 3) to embryos with a head, tail, rudiments of the eye and lens, and a circulatory system (Figure 4). To enhance the hatching and subsequent larval-rearing success this species, care must be taken in first 48 h period to ensure proper embryonic development at the provided incubation condition. The embryo incubation of P. fridmani lasted for 96–102 h, which was similar to the 96 h reported from P. flavivertex [34] and P. dilectus [29]. The stage of embryonic development achieved by 96 h PF (a few hours before hatching) was also highly comparable among these three species. However, despite the similar mean incubation temperature of 27 °C, the embryonic developmental rate appeared to vary among these dottyback species (Table 3). For instance, while the embryos of P. dilectus reached 75% epiboly stage at 7 h 30 min PF, the embryos of P. fridmani only reached 60% epiboly by 12 h PF. At 72 h PF, the retina of P. fridmani embryos was pigmented with a metallic green colour, but it was only partially pigmented for P. flavivertex embryos. Differences in the rate of embryonic development among species within a same genus have also been reported from marine angelfish Centropyge. spp. [20], and they likely represent species-specific features.



Understanding the larval development of marine fish can provide valuable insights into optimizing the larval-rearing techniques for candidate species. In the present study, substantial developmental changes occurred in P. fridmani between 0 and 14 DPH. In terms of morphology, the development of fin folds into fin rays or fin was completed by 13 DPH. Larval length (NL) increased approximately 70% within 9 days from 4 to 13 DPH, while it took the following 25 days for larvae to reach similar growth again (71% increment, 13 to 38 DPH; Figure 7). The gut of P. fridmani had differentiated from a straight tube post hatching to a coiled gut (7 DPH), which furthered formed a large lumen by 13 DPH. The timings of these noticeable and observed gut developments of P. fridmani are also in agreement with Chen et al. [24], suggesting that P. fridmani have gained significantly improved digestive capabilities by 13 DPH [24]. Furthermore, the phototaxis of P. fridmani shifted from positive on 1 DPH to negative by 14 DPH, indicating major developments in the larval visual system [46,47]. From the larval-rearing perspective, supplying adequate dietary nutrients during this critical stage of 0 to 14 DPH is thus likely a key to supporting development as well as improving survival for P. fridmani larvae. Additionally, providing suitable rearing conditions to accommodate the phototactic behaviour change of P. fridmani, such as adjusting lighting conditions in the tank at different larval stages, may also be important for optimizing larval-rearing success [48,49].




5. Conclusions


The captive breeding success of P. fridmani helps secure a reliable supply of embryos and larvae for relevant scientific research and aquaculture production. The present study adds to the limited literature on the biology of Pseudochromidae by expanding the knowledge base on the reproductive biology and early ontogeny of P. fridmani in captivity, whereas relevant information is difficult to obtain in field studies. The findings provide an important foundation not only for optimizing breeding techniques for P. fridmani and other dottyback species but also for studying dottyback ecology and population dynamics in the wild. To deepen the understanding of biology and optimize aquaculture production of P. fridmani, the results of present study encourage future studies to (1) understand and manage filial cannibalism by broodstock, (2) explore the spawning dynamics in a harem structure, and (3) optimize larval dietary nutrition and rearing conditions, especially during the first 14 DPH.
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Figure 1. The number of spawning events and the filial cannibalism rate (%) of seven broodstock pairs (a–g) of Pseudochromis fridmani recorded each month over one year (February 2020 to January 2021). 
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Figure 2. The timing of filial cannibalism, indicated by incidence (%) on a given day, within the 4-day post-fertilization periods for each Pseudochromis fridmani broodstock pair over a 12-month period (from February 2020 to January 2021). DPF, day post fertilization. 
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Figure 3. Embryonic development of Pseudochromis fridmani from 1 to 22 h post fertilization (PF) at 27 ± 1 °C. (a) The 4-cell stage (1 h PF); (b) 16-cell stage (1 h 30 min PF); (c) 64-cell stage (2 h PF); (d) 512-cell stage (3 h PF); (e) high stage (4 h PF); (f) oblong stage (5 h PF); (g) between oblong and sphere stage (7 h PF); (h) sphere stage (8 h PF); (i) dome stage, beginning of epiboly (9 h PF); (j) 30% epiboly (10 h PF); (k) 60% epiboly (12 h PF); (l) 90% epiboly (14 h PF); (m) bud stage, blastoderm completely covers the yolk (16 h PF); (n) optic primordium appears in the prospective head region (18 h PF); (o) 6-somite stage, Kupffer’s vesicle appears at the base of the prospective tail region (20 h PF); (p) 10-somite stage (22 h PF). AP, animal pole; EVL, enveloping layer; H, prospective head region; KV, Kupffer’s vesicle; OG, oil globule; OP, optic primordium; SM, somite; T, prospective tail region; VP, vegetal pole; YSL, yolk syncytial layer. The scale bar at the bottom right corner in each figure represents 200 μm. 
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Figure 5. Larval development of Pseudochromis fridmani from newly hatched larvae to juveniles (i.e., from 0 to 40 days post hatching, DPH). (a) 0-DPH larva with fin folds and a straight-tube gut, with most of the yolk sac absorbed; (b) 2-DPH larva; (c) 4-DPH larva with rotifers in the gut and the developing gill filaments behind the operculum; (d) 7-DPH larva, showing the development of an intestinal loop and the beginning of notochord flexion; (e) 10-DPH larva with a gut full of Artemia nauplii and caudal fin ray development showing the completion of flexion; (f) 13-DPH larva with well-developed caudal fin; (g) 16-DPH larva; (h) 19-DPH larva, showing most fins are well developed; (i) 22 DPH larva; (j) 25 DPH larva with tiny dots of pink pigmentation on the body; (k) 28-DPH larva with more small patches of pink pigmentation on the body; (l) 35-DPH larva; note that the larva becomes less transparent with increased pigmentation developed on the body; (m) 38-DPH larva undergoing pigmentation development on the body with visible melanophores around the eye; (n) 40-DPH juvenile with adult-type pigmentation pattern. The scale bar at the bottom right corner in each figure represents 1 mm. 
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Figure 6. Development in the ventral region of Pseudochromis fridmani larvae from 0 to 40 days post hatching (DPH). (a) 0-DPH larva with a straight-tube gut; (b) 2-DPH larva, showing a widened intestine with folds and an intestinal valve (arrowhead); (c) 4-DPH larva; note the intestine was filled with ingested rotifers, and the arrowheads indicate the development of gill filaments behind the operculum; (d) 7-DPH larva, the circle indicates a coiled gut forming in the anterior intestine region; (e) 10-DPH larva with a dilated and coiled intestine; note the ingested Artemia nauplii in the gut; (f) 13-DPH larva; note the large lumen formed by the coiled intestine with many folds on the intestinal wall. 
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Figure 7. Larval growth of Pseudochromis fridmani from 0 to 2, and from 4 to 40 days post hatching (DPH). Data are expressed as mean ± SD. Larvae from the same batch was sampled between 4 and 40 DPH (4–38 DPH: n = 9; 40 DPH: n = 1); growth data on 0 and 2 DPH (n = 15), as indicated by asterisk (*), were collected from a separate batch of larvae cultured under same rearing conditions. 
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Table 1. The average monthly spawning events and filial cannibalism rates of Pseudochromis fridmani pairs over one year (from February 2020 to January 2021). Data are expressed as mean ± SD.
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	Broodstock Pair
	Monthly Spawning Events
	Monthly Filial Cannibalism Rate

(%)





	Pair A
	4.1 ± 0.8
	70 ± 41



	Pair B
	3.3 ± 1.3
	37 ± 28



	Pair C
	3.9 ± 0.5
	19 ± 30



	Pair D
	4.1 ± 1.1
	64 ± 29



	Pair E
	3.9 ± 0.7
	48 ± 34



	Pair F
	3.1 ± 1.6
	54 ± 34



	Pair G
	3.3 ± 1.1
	94 ± 12



	All Pairs Combined
	3.7 ± 1.1
	55 ± 37










 





Table 2. Embryonic development of Pseudochromis fridmani incubated at 27 ± 1 °C.
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	Developmental Stage
	Time
	Main Characteristics
	Corresponding Figure





	Cleavage
	
	
	



	4-cell stage
	1 h
	2 × 2 array of blastomeres
	Figure 3a



	16-cell stage
	1 h 30 min
	4 × 4 array of blastomeres
	Figure 3b



	64-cell stage
	2 h
	3 layers of blastomeres
	Figure 3c



	Blastula
	
	
	



	Between 128- and 256-cell stage
	2 h 30 min
	5–7 layers of blastomeres; enveloping layer forms
	–



	512-cell stage
	3 h
	8–9 layers of blastomeres; yolk syncytial layer forms
	Figure 3d



	>1-k-cell stage
	3 h 30 min
	Blastomeres become smaller
	–



	High stage
	4 h
	Blastodisc starts to flatten
	Figure 3e



	Oblong stage
	5 h
	Ellipsoidal shape; flattened blastodisc
	Figure 3f



	Between oblong and sphere stage
	7 h
	Less distinguishable boundary between blastodisc and yolk
	Figure 3g



	Sphere stage
	8 h
	Spherical shape
	Figure 3h



	Dome stage
	9 h
	Forms a dome-like structure; beginning of epiboly
	Figure 3i



	30% epiboly
	10 h
	Blastoderm covers 30% of the yolk surface
	Figure 3j



	Gastrula
	
	
	



	60% epiboly
	12 h
	Blastoderm covers 60% of the yolk surface
	Figure 3k



	90% epiboly
	14 h
	Blastoderm covers 90% of the yolk surface
	Figure 3l



	Bud
	16 h
	Blastoderm completely covers the yolk; prospective head and tail
	Figure 3m



	Segmentation and Pharyngula
	
	
	



	Optic primordium
	18 h
	Optic primordium appears in the prospective head region
	Figure 3n



	6-somite
	20 h
	Kupffer’s vesicle appears near the tail region;
	Figure 3o



	10-somite
	22 h
	10 somites in the embryo body
	Figure 3p



	Lens
	24 h
	Rudiments of eyes and lens
	Figure 3a



	Heartbeat
	48 h
	Visible heartbeat, blood circulation, and otic vesicles with two otoliths; myotomes and pigmentation develop on the body; head and tail resemble that of larvae
	Figure 3b



	Pigmented eyes
	72 h
	Pigmented eyes, olfactory bulbs, and gall bladder appear; stronger heartbeats
	Figure 4c,d



	Brain
	96 h
	Reflective eyes, pectoral fin buds, and operculum appear; distinguishable forebrain, midbrain, and hindbrain; frequent movements of the eyes and embryos
	Figure 4e,f










 





Table 3. Comparison of the timing (hour post fertilization) of embryonic development events among three dottyback species from the genus Pseudochromis.
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	Species
	Incubation Temperature
	Beginning of Epiboly
	75% Epiboly
	Blastoderm Closure
	Head Bud
	5-Somite
	Metallic Eyes
	Frequent Movements of Embryos
	References





	P. flavivertex
	27 °C
	-
	-
	-
	-
	-
	96 h
	96 h
	[34]



	P. dilectus
	27 ± 1 °C
	7 h
	7 h 30 min
	8 h
	10 h
	13–18 h
	96 h
	96 h
	[29]



	P. fridmani
	27 ± 1 °C
	9 h
	12–14 h
	14–16 h
	16 h
	18–20 h
	72 h
	96 h
	Present study
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