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Seagrass beds provide nursery habitats for marine species. Seagrass leaves, in particular, are used as spawning grounds and as a food source for fish and invertebrates, but direct evidence of spawning in seagrass leaves is rare. It is also very challenging to identify eggs through morphological analysis, since the eggs of many marine species appear similar. To accurately identify the eggs on the leaves of the dominant seagrass species in the South China Sea, and evaluate seasonal contribution of seagrass leaves as a food source, DNA barcoding and stable isotope technique were conducted. Interestingly, Monetaria annulus was found to spawn on the leaf sheath of Thalassia hemprichii in Li’an gang, Hainan Island. This choice of oviposition site might increase embryo survival compared to the other parts of the seagrass leaves. Meanwhile, the eggs of Stethojulis trilineata were deposited on the entire leaf of Halophila ovalis in Liusha Bay, Guangdong Province. The small fingernail-shaped leaves of H. ovalis might be beneficial for S. trilineata to lay eggs as they are closer to the sediment surface than other seagrass leaves. Based on the stable carbon and nitrogen isotope analyses, the primary food source of M. annulus in summer and in winter were particulate organic matter and seagrass, respectively. The results suggest that seagrass leaves are not only important for fish and invertebrates as a spawning site, but also as a food source. The findings of the present study may support the urgent requirement of the conservation of seagrass beds for sustaining the productivity of marine fisheries.
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INTRODUCTION

Seagrass beds are highly productive ecosystems that play pivotal ecological functions. The structurally complex seagrass beds not only provide abundant food sources to fish and invertebrates, but also serve as an important habitat for nursing, refuging, and spawning (Hemminga et al., 2000; Dorenbosch et al., 2006; Pogoreutz et al., 2012; Bertelli and Unsworth, 2014; Chacin and Stallings, 2016; Scott et al., 2018). For example, several studies have shown that fish abundance and invertebrate eggs density were significantly higher in seagrass areas than in sandy areas (Polte and Asmus, 2006; Simon and Levitan, 2011; Bertelli and Unsworth, 2014). Other fish also preferred spawning in Zostera marina beds over spawning in other habitats (Ivanova et al., 2016). In addition, juvenile shrimp and spiny lobsters migrate into seagrass beds for refuge from distant offshore spawning grounds (Hook et al., 1988). Seagrass leaves are an excellent substrate for diverse epiphytic organisms, including algae, fungi, protozoa, sponges, bryozoans, hydroids, and ascidians. These organisms are an integral component of seagrass ecosystems (Borowitzka et al., 2007). Different seagrass species show various morphologies ranging from the strap-shaped leaves of Thalassia, Posidonia, and Zostera to species with fingernail-shaped leaves such as Halophila (Borowitzka et al., 2007). Therefore, different marine species may attach on different seagrass leaves.

Seagrass leaves are also suitable spawning grounds for fish and invertebrates. For instance, herrings on the pacific coast of the United States deposit their eggs on the blades of Z. marina (Hook et al., 1988). Meanwhile, leaf sheaths of seagrasses contribute substantially to biomass (Manzanera et al., 1998), and play a pivotal role in nutrient acquisition (Zhang et al., 2011). For land plants such as wheat, insect eggs are always oviposited on the leaf blades rather than the leaf sheath, which could be related to the distribution of stimulatory chemicals on plant surfaces (Kanno and Harris, 2000). In contrast, insects deposit eggs on leaf sheaths of other plant species (e.g., rice and Spartina spp.) (Pfeiffer and Wiegert, 1981; Stout et al., 2002; Lanka et al., 2013). However, no studies reported whether the leaf sheath of seagrass, the only marine angiosperm, could be the oviposition site for marine species.

The eggs of marine species on seagrass leaves are relatively difficult to discover and are easily ignored. Because many species have similar egg sizes and morphology (Hofmann et al., 2017), it is very challenging to accurately identify eggs to the species level on seagrass leaves based on morphology. Moreover, egg color of the same species is also inconsistent, for example it may change from yellow to violet during the brooding period (Katoh, 1989; Villamor, 2015). Accurate identification of marine fish and invertebrates and their eggs is crucial to assist in managing fisheries for long-term sustainability and to improve ecosystem research (Ward et al., 2005). The DNA barcoding technique has been widely used for the genetic identification of fish species and their eggs (Ward et al., 2005, 2010; Radulovici et al., 2010; Azmir et al., 2017; Hou et al., 2017; Chen et al., 2018). The Fish Barcode of Life (FISH-BOL) campaign has been established to create a standardized reference DNA library based on the mitochondrial cytochrome oxidase subunit I gene (COI barcode) for all fish (Ward et al., 2010; Hardy et al., 2011). In addition, DNA barcoding has been used to identify seagrass species in the gut of a marine herbivorous fish and in sediments (Chelsky et al., 2011; Lucas et al., 2012; Mazzuca et al., 2013; Osathanunkul et al., 2015a, b; Hamaguchi et al., 2018). Genetic barcoding has only been used to correct fish species identification in the mangrove-seagrass-coral reef continuum (Berkström et al., 2013) and to reveal the species composition of parrotfish juveniles in the seagrass beds of the Ryukyu Islands, Southern Japan (Ogawa et al., 2015). The application of the DNA barcoding technique to identify eggs of fish and invertebrates in wetland ecosystems, especially on the leaves of the seagrasses, has not been reported.

In this study, the DNA barcoding technique was used to identify the adhered eggs on the leaves of the dominant seagrass species, including Halophila ovalis, Thalassia hemprichii, and Enhalus acoroides, in the South China Sea. Stable carbon and nitrogen isotope analyses were also conducted to evaluate the dietary contribution of seagrass to identified species during summer and winter seasons. We hypothesized that: (1) the leaf sheath of seagrass is an important oviposition site for eggs of marine species due to the shelter it provides and (2) the dietary contribution of seagrass to the identified species is substantial and shows seasonal variation. This study verifies the function of seagrass leaves as an important spawning ground and food source for marine species, and enhances the understanding that is needed to improve the conservation of seagrass beds and the management of coastal fishery resources.



MATERIALS AND METHODS

The adhered suspected eggs on the seagrass leaves were sampled from the seagrass bed in Liusha Bay (Guangdong Province), Li’an gang, and Xincun Bay (Hainan Island) (Figure 1). Liusha Bay is a semi-closed bay with a 900-ha mixed seagrass bed. The seagrass species include H. ovalis, Halophila beccarii, and Halodule uninervis (Huang et al., 2006). Fish farming and shrimp-pond culture prevail in Liusha Bay. Li’an gang and Xincun Bay are both semi-closed bays with 320-ha and 200-ha mixed seagrass beds, respectively; the seagrass species include T. hemprichii, E. acoroides, Cymodocea rotundata, and H. ovalis (Huang et al., 2006). Fish farming in Li’an gang and Xincun Bay both began in the 1980s and they have become a demonstration base of marine aquaculture in China.
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FIGURE 1. The sampling locations in seagrass beds at Liusha Bay (Guangdong Province), Li’an gang, and Xincun Bay (Hainan Island).


During sampling, only suspected eggs on one shoot of H. ovalis in Liusha Bay, T. hemprichii in Li’an gang, and E. acoroides in Xincun Bay were sampled on 8th December 2018, 12th January 2019, and 26th April 2019, respectively. The collected samples were preserved in 70% ethanol and stored at −20°C. In the laboratory, the egg specimens were sorted and photographed using a stereoscopic microscope and digital camera (Leica M 165C). They were identified using molecular biology analytical methods after triplicate egg samples were carefully removed from each shoot of seagrass by sterile dissecting needles. However, we only got successful identification for one, two, and three egg samples from H. ovalis, T. hemprichii, and E. acoroides, respectively.

DNA extraction from samples was conducted using a genomic DNA kit for marine organisms (Tiangen Biotech, Beijing, China), following the manufacturer’s instructions. A barcode region of ∼650 base pairs (bp) of the mitochondrial gene COI was targeted and amplified with universal primers LCO1490 (5’-GGTCAACAAATCATAAAGATATTGG-3’) and HCO2198 (5’-TAAACTTCAGGGTGACCAAAAAATCA-3’) (Folmer et al., 1994) in the PCR analyses. The 30 μL PCR mix included 1.2 μL (10 mM) of deoxyribonucleotide triphosphates (dNTPs) mix, 3 μL 10× PCR buffer, 0.3 μL (10 μmol L–1) of each forward and reverse primer cocktail, 0.3 μL Platinum Taq polymerase (Takara Biomedical Technology Inc), 23 μL ddH2O, and 2 μL of DNA template. Specific cycle conditions used for PCR runs were: 3 min at 95°C, followed by 35 cycles of 30 s at 95°C; and 50 s at 50°C, and 45 s at 68°C, with a final extension of 10 min at 68°C (Applied Biosystems). PCR products were visualized in 1% agarose gel, and successful amplified samples were selected for sequencing. DNA sequencing was conducted using an automated DNA sequencing device 3500 (Life technologies1).

The consensus DNA sequences were checked visually and ambiguous ends were removed using the DNA Baser software2 to confirm the correct base calling. Thereafter, all the trimmed sequences (c. 650bp) were compared with NCBI3 and Barcode of Life Data (BOLD4) databases for sample identification using the basic local-alignment search tool (BLAST) and BOLD Identification tool, respectively (Table 1). We identified specimens to the species level if the similarity values were greater than 99%. Sequence data for specimens were submitted to NCBI with the accession numbers as MN026918-MN026923. The original sager sequences information, images, and geographic location of all samples were publically available in the FigShare5 with the DOI 10.6084/m9.figshare.11369202 and 10.6084/m9.figshare.11363195.


TABLE 1. List of the partial sequences of COI gene with sample ID, species, and origin of samples.

[image: Table 1]Duplicated samples of adult identified species in Li’an gang were collected in both summer (August, 2018) and winter (January, 2019). The potential food sources including seagrass, epiphyte, macroalgae, particulate organic matter (POM), and sediment organic matter (SOM) were also sampled in both seasons. Four replicate samples were collected for each food source, except for macroalgae, with duplicate samples. During the low tide, the leaves of seagrass and macroalgae (Ulva lactuca) were collected. The top 1 cm sediment was collected using a spade for isotope analysis of SOM. During the high tide, POM was collected on a pre-burned (at 450°C for 3 h) Whatman GF/F membrane. All the samples were stored frozen and processed as soon as possible.

In the laboratory, the epiphyte on the surface of seagrass leaves were scraped off with a scalpel; the seagrass leaves and macroalgae were washed several times with distilled water to remove debris. POM and SOM were acidified with 1 M hydrochloric acid to remove carbonate. The acidified POM and SOM, seagrass leaves, epiphyte, macroalgae, and the identified animals were dried in an oven at 60°C (48 h), ground, and sieved (120 mesh), placed in a 5 mL centrifuge tube, and stored dry. The δ13C and δ15N isotopes were analyzed by a continuous-flow isotope-ratio mass spectrometer (Delta V Advantage, Thermo Fisher Scientific, Waltham, MA, United States). δ13C or δ15N (‰) = (Rsample/Rstandard–1) × 1000, where R is the ratio of 13C/12C or 15N/14N. The reference standard for carbon was Vienna PeeDee Belemnite, while the reference standard for nitrogen was atmospheric N2. The contribution of food sources was evaluated with a Bayesian modeling framework using SIMMR software (Parnell et al., 2013).



RESULTS AND DISCUSSION

With the application of the DNA barcoding method, we firstly found that there were eggs of fish and sea snail on the leaves of H. ovalis (Figure 2) and T. hemprichii (Figure 3), respectively, while the suspected eggs on the leaf of E. acoroides were one kind of sea squirt, named Botrylloides nigrum (Figure 4). The eggs on the leaves of H. ovalis were Stethojulis trilineata (Table 1 and Figure 2), with the density as 1267 ind/shoot. S. trilineata has also been observed in tropical southeast Asian seagrass beds (Pogoreutz et al., 2012; Noonsang et al., 2016), and showed a significant reduction with increasing distance from seagrass beds (van Schie, 2016). The smaller leaves of H. ovalis may not be an ideal surface for egg deposition in comparison with that of T. hemprichii. However, the small fingernail-shaped leaf of H. ovalis is relatively closer to the sediment surface, which might make it beneficial for S. trilineata to lay eggs on them. S. trilineata is distributed in the Indo-West Pacific region. The abundance of S. trilineata was about 0.2 ± 1.0 ind/100 m2 in the seagrass bed in Barrang Lompo South in the Spermonde Archipelago, Indonesia (Pogoreutz et al., 2012). The adult fish of S. trilineata often inhabit coral reefs, while the juveniles are commonly found in tide pools or in lagoons. Simultaneously, many coral reef fish exhibit habitat partitioning throughout their lifetimes, using seagrass beds as nurseries (Jaxion-Harm et al., 2012; Sambrook et al., 2019). Seagrass beds may provide a better environment for fish to spawn and protect juveniles than coral reefs (Sambrook et al., 2019).
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FIGURE 2. The eggs of Stethojulis trilineata attaching on the leaf of Halophila ovalis with different scales collected from Liusha Bay, Guangdong Province.
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FIGURE 3. The eggs of Monetaria annulus attaching on the leaf sheath of Thalassia hemprichii with different scales collected from Li’an gang, Hainan Island.
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FIGURE 4. Botrylloides nigrum attaching on the leaf of Enhalus acoroides with different scales collected from Xincun Bay, Hainan Island.


Monetaria annulus eggs (61 ind/shoot) were adhered to the leaf sheath of T. hemprichii (Table 1 and Figure 3). Actually, adult M. annulus are often seen on the leaves of T. hemprichii and sediment surface in seagrass bed at Li’an gang (Supplementary Figure S1). M. annulus was also the dominant sedentary grazer on T. hemprichii leaves in South Mozambique (Villamor, 2015). The abundance of M. annulus in seagrass beds at Li’an gang was 3 ± 1 ind/m2. Similarly, the density of M. annulus in Sulangan Island, Nogas Island, and Olango Island, Philippines, were 8.4 ± 0.3 ind/m2, 4.4 ± 10.6 ind/m2, and 0.01 ± 0.003 ind/m2, respectively (Villamor and Yamamoto, 2015). M. annulus is one of the most common species in the family Cypraeidae, which is widely distributed in the Indo-West Pacific from tropical to temperate areas (Villamor, 2015; Leopardas et al., 2016). In the tropical area, M. annulus is usually found in sandy-rocky and sandy-muddy flat coasts covered with coral rubbles or seagrass, while the boulders in the rough coasts and coral rubbles are essential for the presence of this species in temperate and sub-tropical areas, respectively (Villamor, 2015). There was a low proportion or absence of immature cowries in the habitat shared with adults (Villamor and Yamamoto, 2015). Interestingly, the leaf sheath of T. hemprichii was also a spawning ground for invertebrates. The translucent egg capsule of S. bryanae has also been found on the leaf basal section of H. hawaiiana (Unabia, 2011). A large number of species have a specific oviposition behavior as they select a narrow range of plant species as well as particular parts of a plant (Ganehiarachchi et al., 2013). This could be explained by the hypothesis of maximizing embryo survival. Females choose oviposition sites that minimize predation risk, maintain a microclimate suitable for embryo development, or avoid habitats prone to desiccation in aquatic species (Refsnider and Janzen, 2010). The leaf sheath is lower and more sheltered than the other parts of the leaf. Laying eggs on the leaf sheath of T. hemprichii may maximize embryo survival since eggs on the leaf sheath would be more protected from predation, or being washed away by currents or waves (Refsnider and Janzen, 2010). Furthermore, eggs attached to the leaf sheath might be more protected from desiccation (Polte and Asmus, 2006), since seagrass leaves bend to create a suitable microenvironment for the leaf sheath to avoid the stress of direct sunlight, high temperature, and fast desiccation during low tide.

Based on the analysis of stable carbon and nitrogen isotopes, results indicated that the potential dietary contribution of seagrass, epiphyte, macroalgae, POM and SOM to the adult M. annulus in summer were 1.7–30.2%, 2.2–64.8%, 2.2–38.4%, 4.4–59.4%, and 1.9–46.9%, respectively, with the corresponding median values as 10.8, 19.1, 15.2, 33, and 12.5%, respectively. However, the dietary contribution of seagrass, epiphyte, macroalgae, POM and SOM to the adult M. annulus in winter were 60–91.9%, 0.7–23.5%, 0.7–18.8%, 0.6–11.8%, and 0.7–14.1%, respectively, with the corresponding median values as 78.1, 5.1, 5.0, 3.6, and 4.1%, respectively (Figure 5). Interestingly, POM was the main food source for M. annulus in summer, while seagrass was the primary food source in winter. Shoot density of T. hemprichii is the highest in summer and lowest in winter (Xu et al., 2009). Leaves of T. hemprichii fall during winter, resulting in higher leaf detritus in the seagrass bed. M. annulus could also utilize the decomposed leaf detritus as a food source to a large extent. Thus, T. hemprichii not only provides substrate for M. annulus to deposit eggs, but it is also an important food source for this species, especially in winter. Similarly, Smaragdia bryanae, an endemic Hawaiian gastropod, is a specialized marine herbivore that uses the endemic seagrass Halophila hawaiiana as both food source and habitat (Unabia, 2011).
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FIGURE 5. The seasonal dietary contribution of seagrass, epiphyte, macroalgae, particulate organic matter (POM), and sediment organic matter (SOM) (%) to Monetaria annulus distributed in the seagrass bed at Li’an gang, Hainan Island.


The present study directly proved that seagrass leaves are an important spawning ground and food source for fish and invertebrates (Figure 6), contributing to supporting regional fishery productivity. This undiscovered ecological function of seagrass leaves should be vigorously promoted to government managers, local fisherman, and students. T. hemprichii and H. ovalis in particular should be a priority for protection, because they are the dominant species in the tropical area of the South China Sea. However, seagrass beds in the South China Sea have been seriously impacted by human activities (Huang et al., 2006; Jiang et al., 2017). For example, increasing human disturbances such as fish-cage culture, shrimp-pond culture, shellfish collection, and so on has caused the seagrass bed in Li’an gang (Figure 7), Xincun Bay, and Liusha Bay, to decrease by 80, 25, and 47.4 ha, respectively (unpublished data). This undoubtedly results in a lower availability of nursery habitat (Olney and Boehlert, 1988) and substrate for egg deposition. Human disturbance such as reclamation, shellfish collection, fish-cage culture, and shrimp-pond culture should be reduced or prohibited. Furthermore, marine protective areas (MPAs) should also be established to preserve these precious habitats. The sites preferred by cowries and fish, and especially nursery grounds where immature M. annulus, S. trilineata (Figure 5), and other marine species can be sheltered should be established MPAs (Villamor and Yamamoto, 2015). Fortunately, the local government has built up Seagrass Special Protected Areas in places including Li’an gang and Xincun Bay and carried out the “Blue Bay Rehabilitation” project, with the expectation that the declining trend of seagrass beds will be reversed. MPAs should be also established for protecting seagrass beds in Liusha Bay. Ecosystem-level management of these shallow water habitats are also required to conserve fish assemblages (Unsworth et al., 2008). We also propose that limiting the quantity of gastropod harvest is an effective way to conserve M. annulus in fisheries, since overexploitation by humans undoubtedly leads to low density. Community-based fisheries and aquatic resource management council can be organized among fishermen who can cooperate in regulating harvest (Villamor, 2015). Seagrass restoration is also urgently needed to resume its function as spawning grounds and food source.
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FIGURE 6. Schematic diagram of seagrass leaves as spawning grounds and food source for marine species and Marine Protective Areas (MPAs).
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FIGURE 7. The threats including fish caging (a), shrimp pond culture (b), and macroalgae bloom (c,d) in seagrass beds in Li’an gang, Hainan Island.


In summary, fish and gastropod spawn on the seagrass leaves, and the leaf sheath is also an important oviposition site for eggs of marine species. Furthermore, the eggs deposited on various seagrass leaf parts are yet to be identified using DNA barcoding methods, which may reveal many other species that use seagrass leaves as a spawning ground. Eutrophication and other environmental disturbances would be expected to alter the carbon and nitrogen metabolism in seagrass, which may change the morphology and metabolomics (Invers et al., 2004). Further studies are needed to investigate whether this alteration affects the attachment of eggs on the seagrass leaves. Meanwhile, the dietary contribution of seagrass to marine species was substantial and showed higher value in winter than in summer. Does the dietary contribution of seagrass also change for key marine species at different growth stages? This needs further and systematic research using stable carbon and nitrogen isotopes. Furthermore, further studies are needed to investigate the ontogenetic shift patterns of marine species among habitats including seagrass beds, coral reefs, and mangroves. The connectivity among these habitats at a species level should be taken into consideration when implementing policy and conservation practices (Jaxion-Harm et al., 2012).
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reference sequence only deposited in the BOLD.
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