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Zooplankton grazers, like copepods, can feed on toxic microalgae and live normally. We hypothesize that gut microbial communities (GMCs) may contribute to the detoxification of the host by changing their compositions and recruiting more beneficial bacteria. Here, we measured the physiological responses of two copepod species (Acartia sp. and Paracalanus sp.) fed with toxic (Alexandrium tamarense) and non-toxic (Alexandrium andersonii) dinoflagellates, respectively. Both copepods maintained consistently high survival rates but slightly reduced ingestion rates when feeding upon the toxic dinoflagellate (when compared to the non-toxic one), suggesting a compensatory mechanism. The compositional variation of copepod GMCs, at the amplicon sequence variant (ASV) level, was mostly significantly different among copepod host species (R = 0.83, by ANOSIM test), while diet type played minor but significant roles. Under the toxic diet, Acartia sp. enriched only five ASVs while Paracalanus sp. recruited a wide range of taxa (38 ASVs) mostly belonging to Alphaproteobacteria (e.g., Rhodobacteraceae) and Gammaproteobacteria (e.g., Alteromonadaceae). In contrast, when clustering GMCs by predicted functions, diet type was the key regulating factor, suggesting the functional convergence of copepod GMCs in response to algal toxins. This can be explained by the fact that most of the enriched bacteria under the toxic diet have similar functions on detoxification and maintaining the host homeostasis. This study deepens our understanding of the roles of GMC in the detoxification and adaptation mechanisms of copepods during harmful algal blooms.
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1 Introduction

Harmful algal blooms (HABs) caused by dinoflagellates are a significant global issue that can have serious ecological and economic impacts. Ecologically, dinoflagellate HABs can lead to the depletion of oxygen levels in the water, the creation of dead zones, and the alteration of food webs (Turner, 2014). Economically, HABs can lead to the closure of fisheries, the loss of tourism revenue, and the costs associated with monitoring and mitigating HAB outbreaks (Anderson et al., 2000). For example, the high PSP toxins levels produced by toxic Alexandrium tamarense caused high mortality of caged salmon in Nova Scotia (Cembella et al., 2002). Additionally, the transfer of PSP toxins through the food chain has put the western North Atlantic right whale Eubalaena glacialis at risk of reduced reproduction rates (Doucette et al., 2006). Humans have also been impacted by this issue, with reports of poisonings from consuming crabs contaminated with PSP toxins (Noguchi et al., 2011). Several marine dinoflagellate species such as Alexandrium spp., Pyrodinium spp., and Gymnodinium spp., can produce paralytic shellfish poisoning (PSP) toxins (Anderson et al., 1990; Band-Schmidt et al., 2019). PSP is a foodborne illness that results from consuming seafood products contaminated with neurotoxins. These toxins include several derivatives, with gonyautoxins (GTX) 1–4, saxitoxin (STX), and neosaxitoxin (NEO) being the most potent (Etheridge, 2010). These neurotoxins bind to voltage-gated sodium channels, preventing the passage of sodium ions and attenuating action potentials, progressively inhibit neurotransmission, relax smooth muscle, and lead to paralysis and respiratory failure in humans, as well as mussels, fishes, and seabirds (Tester et al., 2000; Hallegraeff, 2003; Turner, 2014), though several studies showed no evidence of these effects on some marine zooplankton (Van Dolah, 2000; Etheridge, 2010; Finiguerra et al., 2014; Roncalli et al., 2017). Shellfish, zooplankton, and herbivorous fish consume these toxic microalgae and act as vectors to humans directly or transfer through the food web to higher trophic levels (Van Dolah, 2000).

Copepods are the dominant components of mesozooplankton in the ocean, playing a vital role in marine food webs by transferring energy from primary producers to higher trophic levels (Sommer and Stibor, 2002; Schminke, 2007; De Troch et al., 2012). Interestingly, studies have shown that copepods can graze on toxic microalgae without experiencing any apparent negative effects (Turner and Anderson, 1983; Uye, 1986; Turner and Tester, 1989; Turner, 2014). For instance, studies have shown that Acartia bifilosa can consume toxic Dinophysis spp. which causes diarrhetic shellfish poisoning (DSP) without any food selectivity, regardless of the concentration of the toxic microalgae (Kozlowsky-Suzuki et al., 2006; Reguera et al., 2014). Both Acartia sp. and Temora sp. do not suffer any negative effects on survival, egg production, or hatching success when consuming toxic Pseudo-nitzschia spp., which is responsible for amnesic shellfish poisoning, and Acartia sp. even had a higher ingestion rate when consuming toxic P. multiseries (Lincoln et al., 2001). Meanwhile, the okadaic acid, a diarrhetic toxin, excreted by copepods was lower than what copepods ingested, suggesting that copepods are efficient in detoxification and do not bring toxins to upper consumers (Kozlowsky-Suzuki et al., 2006; Reguera et al., 2014). However, mechanisms for the adaptation of marine copepods to toxic microalgae, especially toxic dinoflagellates, are still unclear.

Gut microbes play a crucial role in the detoxification of toxic diets for a wide range of animals including mammals and arthropods. For instance, thanks to their gut flora, the freshwater crustacean Daphnia magna can tolerate toxic cyanobacteria and the black soldier fly (Hermetia illucens) larvae can consume toxic seaweed Rugulopteryx okamurae without experiencing any adverse effects (Macke et al., 2017; Patón et al., 2023). These benefits can be attributed to the ability of gut microbes to regulate the host’s expression of detoxifying enzymes, such as cytochrome P450 and glutathione S-transferase (GST), or directly digest toxic compounds before they diffuse from the gut into other tissues of the host (De Wit et al., 2018; Sun et al., 2022). However, little is known about the roles of gut microbes in helping copepods adapt to toxic algal diet and maintain homeostasis (i.e., stable physiology performance) during HAB events. One study reported that the abundance of the mlrA gene, a microcystin-degrading gene, was positively correlated with the density of toxic cyanobacteria, suggesting that gut bacteria carrying mlrA gene can contribute to the biodegradation of toxins ingested by the host and facilitate nutrition (Gorokhova et al., 2021). Still, the detailed changes of GMCs, both in terms of composition and function, were much less studied and require comprehensive analysis to understand the detoxification mechanisms.

The copepod gut creates a distinct acidic and suboxic-anoxic microhabitat that promotes the colonization of microbiota, supporting unique carbon and nutrient sources (Tang et al., 2011). Bacteria are introduced into the gut when copepods feed on detritus or plankton prey that have bacteria attached to them (Moisander et al., 2015; Scavotto et al., 2015). Shoemaker & Moisander (2017) found that large amounts of active bacteria were isolated from fecal pellets and released into the surrounding seawater, potentially playing a significant role in marine biogeochemical cycles, sedimentation, and enhancing nutrient regeneration if these bacteria have specialized functions. Many kinds of bacteria, such as Bacteroidetes, Gammaproteobacteria, and Alphaproteobacteria, which are commonly associated with phytoplankton, can enter the copepod GMC through ingested food (Teeling et al., 2012). Due to the wide distribution of copepods, such as through vertical migration and passive dispersal by ocean currents, the microbial communities within their guts contribute greatly to the distribution of bacterioplankton in all oceans.

The impact of different copepod host species and ambient environmental conditions on copepod GMC are the main focus of recent studies. Researchers have shown that differences in copepod host species played the greatest role in the composition of copepod GMC (Skovgaard et al., 2015; Datta et al., 2018; Wäge et al., 2019), mainly regulated by the different physiology and life history of the hosts (Tang, 2005; Skovgaard et al., 2015; Almada and Tarrant, 2016). However, other reports have suggested that environmental conditions, especially food supply, may be the dominant factor regulating zooplankton GMC (Tang et al., 2011; Bickel et al., 2014; De Corte et al., 2014). For instance, seasonal variations may bring different food sources, leading to dramatic alterations in copepod GMC (Shoemaker and Moisander, 2017). The significant difference in the gut content of Calanus finmarchicus among the North Atlantic regions has been attributed to diverse environmental conditions (Yeh et al., 2020). Field diets can contain various toxins and these toxic diets can lead to significant changes of GMC as a detoxification strategy of hosts, which has been reported in terrestrial arthropods (Shukla and Beran, 2020). However, the changes of copepod GMC in response to toxic dinoflagellate diet, which is vital to the understanding of their detoxifying mechanisms, has received little attention and less is known about the regulating factors, such as species difference of copepods (as host) and dinoflagellates (as food).

In this study, we hypothesize that GMCs may help the host with the detoxification of toxic dinoflagellate as a diet by changing their compositions and recruiting more beneficial bacteria. To test this hypothesis, we ask the following questions: (1) Do copepod GMC change temporally and significantly in response to food supply? Further, can GMC be different or similar between toxic and non-toxic microalgae diets? (2) Do diet-induced GMC changes differ between copepod species? (3) How do GMC functionally help copepods detoxify? To answer these questions, we used two copepod species, Acartia sp. and Paracalanus sp., in our study and fed them two dinoflagellates species from the same genus, the toxic Alexandrium tamarense (as toxic microalgae) and the non-toxic Alexandrium andersonii (as control). The two copepods and dinoflagellates are typically abundant and frequently coexist in subtropical coastal waters (Liu et al., 2021; Xiang et al., 2021). In particular, the two copepod species are from different taxonomic families and have different feeding modes (Acartia sp.: ambush and filter feeding, Paracalanus sp.: filter feeding) (Turner, 1984; Hansen et al., 1994; Behrends and Schneider, 1995; Saiz and Kiørboe, 1995), providing insights into the host differences in feeding strategies may align with differences in host GMCs. The two dinoflagellate species are from the same genus, which minimizes the influence of other factors such as nutritional values. In addition to the measurement of the physiologic performance of copepods, we revealed the copepod GMCs using the high throughput sequencing of 16S rRNA gene at the individual level and performed comprehensive analyses on the compositional and functional changes of GMC in response to the toxic diet. We showed the significant changes in GMCs of copepods under different diets which confirmed our hypothesis and identified a number of enriched bacterial taxa which may contribute to the detoxification and homeostasis of the host.




2 Materials and methods



2.1 Copepod culturing

Copepods were collected from the Port Shelter (Hong Kong SAR, China) using a 200-µm mesh size zooplankton net, and immediately taken back to the laboratory. Two copepod species, Acartia sp. and Paracalanus sp. were identified under a dissection microscope (Olympus IX51, Japan), and adults (n = 500 for each species) with similar body lengths were picked and used for experiments immediately. Experimental copepods were divided into field, toxic, and non-toxic algal diet groups. The field groups were performed with gut dissection immediately after collection, while the toxic and non-toxic algal diet groups were fed with the corresponding dinoflagellates, and cultured in triplicated 5-L beakers filled with 0.2-μm filtered local coastal seawater with continuously pumped air to provide sufficient oxygen. Algal debris and copepod carcasses were removed by droppers to maintain good water quality in culturing flasks.




2.2 Dinoflagellate culture

Alexandrium tamarense (strain TIO855, isolated from Sishili Bay in Yantai, China) and Alexandrium andersonii (strain TIO940, isolated from the coastal water of Koh Mak, Thailand) were selected as the toxic and non-toxic algal diet for copepods, respectively. They were cultured in 800-mL culture flasks containing 0.2-μm filtered sterilized seawater supplemented with f/2 medium (Guillard, 1975). Cultures were maintained in a temperature-controlled walk-in chamber at 23.5°C with a 14h:10h light: dark cycle, 60 μmol m-2 s-1 light intensity and transferred to fresh medium every two weeks (Tillmann et al., 2009). To ensure consistent results and minimize the influence of external factors, such as toxin accumulation during algae cultivation (particularly in the post-exponential phase), we provided copepods with the algae consistently at the exponential growth stage (i.e., days 10 and 7 following transfer, for A. tamarense and A. andersonii, respectively) daily throughout the experiment period.




2.3 Grazing experiments

Grazing rate depends greatly on prey concentration and can be largely biased when the prey concentration is too high. Thus, preliminary experiments were conducted to determine the minimal dinoflagellate cell concentration leading to maximal copepod grazing rates to be used in the grazing experiment. Four algal concentrations (~ 500, 1000, 1500, 2000 cells mL-1) of A. tamarense and A. andersonii were added separately to experimental bottles (500 mL) with 10 copepods and control bottles (500 mL) without copepods, both in triplicates. After incubating at room temperature in the dark and on a rotating plankton wheel (0.5 rpm) for 8h, the number of surviving copepods was recorded and 500 μL algal samples from each bottle were collected and fixed with 2% (final concentration) acid Lugol’s solution. Cell counts were obtained in 24-well cell culture plates under an inverted microscope (Olympus IX51, Japan). Dinoflagellate cells were counted from top to bottom and from left to right, counting 5 fields of view for each direction, obtaining 10 fields of view. The ingestion rate of copepods under different algal concentrations was calculated following the formula (Frost, 1972):

	

where I (cells cop-1 d-1) is the ingestion rate of the copepod, Cc1 (cell mL-1) and Ce1 (cell mL-1) are the algae concentrations of the control group and the experimental group at the end of the experiment separately, Ce0 (cell mL-1) is the algae concentration of the experimental group at the beginning of the experiment, V (mL) is the volume of the algae solution for foraging experiments, N is the number of surviving copepods, and t (Day) is the duration of the grazing experiment.

Grazing experiments were performed separately by feeding copepods toxic or non-toxic dinoflagellates on day 0, 1, 2, and 3 with the minimal cell concentrations achieving maximal ingestion rate (determined in the preliminary experiment) (Supplementary Table 1). The experimental settings such as the number of copepods, grouping, temperature, and time are the same as those in the preliminary experiment. The experiments were conducted in triplicates and grazing rates were estimated as explained above.

The copepod survival rate under different algal diets was measured daily by randomly picking out 10 individuals from the culture beaker of each treatment and culturing them in a 500 mL polycarbonate (PC) bottle with the same prey concentration for 24 h. The number of alive copepods was counted and then removed. Survival rate was calculated by:

	

where S (%) is the survival rate of copepods, and n is the number of surviving copepods. If there was no movement within 60 s after the mechanical stimulus, the copepod was defined as dead and excluded from the calculation of survival rate (da Costa et al., 2008).




2.4 Algal toxin measurement

Concurrently with the grazing experiments, 200 mL of exponentially grown algae were collected and filtered using a GF/F glass fiber membrane (Whatman). Filters were added with 0.5 mL of 0.1 mol L-1 acetic acid solution, extracted by ultrasonic breaking, and centrifuged at 12,000 rpm for 5 min. The supernatant was taken to another reagent bottle, by adding 0.5 mL of extractant to the residue, and repeated the above steps to combine the supernatant liquid. Then a C-18 solid-phase extraction cartridge was used for purification. The supernatant was eluted with 0.5 mL of 0.1 mol L-1 acetic acid solution after passing through the column. The liquid and eluent passing through the column were obtained and adjusted to 2 mL with 0.1 mol L-1 acetic acid solution and then passed through a 0.22-μm filter membrane to run on the LC-MS/MS machine (LCMS-8040, Japan) for toxin detection. Here, paralytic shellfish poisoning (PSP) toxins were measured, including gonyautoxins (GTX 1-4 and GTX 5-b: formerly B1), saxitoxin (STX), neosaxitoxin (NEO), N-sulfocarbamoyl gonyautoxins (C1 and C2).




2.5 Gut dissection of copepods

For each combination of copepod species and toxic/non-toxic dinoflagellates, 15 copepod individuals were collected from the culturing beakers on day 0 and day 2. Gut dissection was performed on each individual copepod, with sterilized (i.e., autoclaved and 70% ethanol steeped) dissection tweezers (Regine 5, Switzerland) in a sterile Petri dish under the stereomicroscope (Stemi 305, Germany) (Supplementary Figure 1) and stored in a 1.5 mL tube with small amount of 70% ethanol (~ 10 μL). All samples were kept at − 80°C for DNA extraction.




2.6 DNA extraction and PCR amplification

DNA was extracted from the tubes containing copepod gut using the DNeasy Blood & Tissue Kit (QIAGEN, Germany) following manufacturer protocol. Briefly, 180 μL proteinase K was added to each 1.5-mL microcentrifuge tube containing one copepod gut. Tubes were then vortexed and incubated at 56°C until complete lysis (around 1 h, vortexed every 20 mins), followed by the addition of 200 μL Buffer AL and vortexing. Copepod gut samples were incubated at 56°C for 10 min, then 200 μL absolute ethanol was added and vortexed. Afterward, the mixture was transferred to a DNeasy Mini spin column and placed into a 2 mL collection tube. These mixtures were centrifuged at 8,000 rpm for 2 min, then the flow-through and collection tube were discarded, the spin column was placed in a new 2 mL collection tube and added 500 μL Buffer AW1. The centrifugation procedure was repeated once but added 500 μL Buffer AW2. At last, the mixture was centrifuged at 14,000 rpm for 5 min and the spin column was transferred to a new 1.5 mL microcentrifuge tube. The extracted DNA was then eluted into 60 μL AE buffer for PCR amplification.

PCR was conducted to amplify the 16S rRNA gene of bacteria in the copepod gut with the forward primer 341F (5′-CCTACGGGRSGCAGCAG-3′) (Muyzer et al., 1993) and reverse primer 787R (5′-CTACNRGGGTATCTAA-3′) (Buchholz-Cleven et al., 1997). The PCR cycling program was performed as follows: pre-denaturing at 95 °C for 5 min; 30 cycles of denaturing at 95 °C for 45 s, annealing at 55 °C for 45 s, extension at 72 °C for 60 s; and a final extension at 72 °C for 10 min. The PCR reactions were conducted in triplicates to ensure the reliability of the results. The PCR products of 16S rDNA were pooled together and sequenced by a Hiseq 2500 System (Illumina) with 2 × 250 bp paired end read configurations.




2.7 Bioinformatic analysis

R raw reads were processed using QIIME2 (https://docs.qiime2.org/) with tutorial pipelines (Bolyen et al., 2019). After removing the barcode and primer, the sequences (with paired ends for each sample) were imported into QIIME2 (v 2019.10), visually inspected for sequence quality after demultiplexing, and processed with DADA2 to remove contamination, trim reads, correct errors, merge read pairs and remove chimeras. Representative ASV (amplicon sequence variants) sequences and their abundances were extracted by feature table (file “table.qza”). Then, the representative ASV sequences were classified with detailed taxonomy information using the trained classifier. ASVs assigned to chloroplast and mitochondria (75 of 6773 ASVs) were removed. ASV abundance of each sample was obtained, annotated to different taxonomic levels, and rarefied to the same depth using the “rrarefy” function in the “vegan” package of R software (Oksanen et al., 2007) (https://www.r-project.org/). GMCs of copepods were constructed by the ASV abundance (number of sequences) shared by samples.

After rarefied to the same depth, the α-diversity (Richness and Shannon) of GMC was calculated using the “estimate” function in the “vegan” package of R. The values of α-diversity in different treatments were compared by the Wilcoxon test after the Shapiro–Wilk normality test. Community similarity was calculated by Bray-Curtis’s distance using the “vegdist” function. To show the effects of copepod species and diet type on the GMC, grouping the GMC based on community similarity was shown by Non-metric Multidimensional Scaling (nMDS) maps using the “monoMDS” function in the “vegan” package of R, with the difference and significance tested by analysis of similarity (ANOSIM) (Clarke, 1993).

A similarity percentage (SIMPER) analysis was conducted to identify the distinct ASVs between two experimental groups (i.e., toxic vs. non-toxic) of GMC with significance (p-value) by using the “vegdist” and “anosim” functions in the “vegan” package of R. The mean relative abundance of each ASV was calculated and compared between two groups, with largely and significantly changed ones (i.e., both |fold-change| > 2 and SIMPER p-value< 0.05) regarded as distinct ASVs (between two groups).

PICRUSt2 (phylogenetic investigation of communities by reconstruction of unobserved states) (Douglas et al., 2020) was used for the functional prediction of GMCs. In brief, sequencing data of the 16S rRNA marker gene were annotated using the phylogenetic tree from the software and matched with the microbial metagenomic database to obtain the functional information. The abundance of predicted functions was normalized by the sequence abundance of each ASV. The functional annotation results were shown in both KEGG Orthology (KO) (Kanehisa and Goto, 2000) and Enzyme Code (EC). ANOSIM tests were performed to analyze the effects of both copepod species and algal diet types on the functions of GMC.





3 Results



3.1 Dinoflagellate toxin production and copepod ingestion and survival rate

Saxitoxin, neosaxitoxin, and N-sulfocarbamoyl gonyautoxins were not detected in the two dinoflagellates, while gonyautoxins were detected only in A. tamarense including GTX-1, GTX-2, GTX-3, and GTX-4 with concentrations of 1.10 ± 0.54, 0.03 ± 0.01, 0.01 ± 0.01, and 0.34 ± 0.17 ng per cell, respectively.

Positive correlations between dinoflagellate cell concentration and copepod ingestion rate were observed in our preliminary experiment of grazing (Supplementary Figure 2). All the ingestion rates were saturated at the highest dinoflagellate cell concentration (2000 cells mL-1). For instance, when the two copepod species fed on the toxic A.tamarense, their feeding rates reached stable at the cell concentration of 1000 cells mL-1 (Supplementary Figures 2A, C) while the saturating point occurred at ~ 2000 cells mL-1 for the non-toxic A.andersonii (Supplementary Figures 2B, D). These cell concentrations were used for the later daily measurement of the grazing rate of copepods fed on different dinoflagellate diets (Supplementary Table 1).

In the daily-measured grazing experiment, both copepod species showed a stable ingestion rate on the non-toxic diet throughout the period (7.05 ± 1.06 × 104 cells copepod-1 day-1 for Acartia sp., 7.35 ± 0.64 ×104 cells copepod-1 day-1 for Paracalanus sp.) (Figures 1B, D). However, when fed the toxic diet, the ingestion rate of both copepod species showed a slight but significant decline after the second day (p< 0.05, by Kruskal-Wallis test) (Figures 1A, C).




Figure 1 | Ingestion rate of two copepod species under different algal diets. (A, B) show the ingestion rate of Acartia sp. fed with toxic algae Alexandrium tamarense and non-toxic algae Alexandrium andersonii, respectively; (C, D) show the ingestion rate of Paracalanus sp. fed with Alexandrium tamarense and Alexandrium andersonii, respectively. Ingestion rate was measured in triplicates and shown by average value with error bar (SD). Kruskal-Wallis tests were used to test the significant differences between groups marked with different letters. Histograms marked with the same letter have no significant change, while histograms marked with different letters are significantly different from each other, p< 0.05.



Survival rate of the two copepod species was consistently high (> 80%) during the incubation period (Figure 2). In general, survival rates of Acartia sp. were relatively lower with larger variations (88% ± 10% fed on toxic diet, 86% ± 7% fed on non-toxic diet) when compared to Paracalanus sp. which showed consistently higher values (93% ± 4% fed on toxic A. tamarense, 98% ± 1% fed on non-toxic A. andersonii). Except for Acartia sp., which had a significant increase in survival rate when eating toxic dinoflagellate in day 2, the survival rates of other groups had no significant changes.




Figure 2 | Survival rate of two copepod species under different algal diets. (A, B) show the survival rate of Acartia sp. fed with toxic algae Alexandrium tamarense and non-toxic algae Alexandrium andersonii, respectively; (C, D) show the survival rate of Paracalanus sp. fed with Alexandrium tamarense and Alexandrium andersonii, respectively. Survival rate was measured in triplicated (each had 10 individuals of copepods) and shown by average value with error bar (standard deviation, SD). Significant differences between groups were analyzed by Kruskal-Wallis tests and marked with different letters. Histograms marked with the same letter have no significant change, while histograms marked with different letters are significantly different from each other, p< 0.05.






3.2 Copepod GMC composition and diversity

A total of 66 GMCs were constructed by 16S rDNA sequencing data (Figure 3). In general, at the class level, Alphaproteobacteria were the most dominant component across all communities (53.80%, on average). For Acartia sp. GMC, apart from Alphaproteobacteria, Actinobacteria (17.77%, on average) was the most abundant group in the field samples, while remarkable proportions of Campylobacteria (8.32%, on average) and Saccharimonadia (6.27%, on average) were found in the non-toxic and toxic diets, respectively. For Paracalanus sp. GMC, however, no apparently consistent change of bacterial class was observed between treatments, which was mainly due to the large heterogeneity of community composition among individuals, suggesting that the difference of GMC should be compared at finer taxonomic levels (i.e., lower than class level).




Figure 3 | Relative abundance of major bacterial groups in the copepod GMC. Community compositions of copepod gut microbes were shown at the class level, with a relative abundance of sequences of the most abundant ten classes. Each community was constructed from the gut of one individual copepod (Acartia sp. or Paracalanus sp.) that was treated differently (i.e., field sampled, toxic or non-toxic diet treatment). Alexandrium tamarense: toxic diet; Alexandrium andersonii: non-toxic diet.



Alpha diversity of copepod GMC was compared between different groups using the indices of species richness (i.e., observed ASV number in a sample) and Shannon diversity (Supplementary Figure 3). In general, no significant difference was found between groups by two-sample Wilcoxon tests, except the significantly higher richness observed in the toxic diet treatment for Acartia sp. compared with the non-toxic diet (Supplementary Figure 3C).

Beta diversity of copepod GMC was calculated by the Bray-Curtis distance between any two samples. While there were no significant differences between any two groups by Wilcoxon test, the average value of community dissimilarity for each group is high (> 0.8), suggesting that the GMC varied greatly among individuals and should be revealed at the individual level for copepods (Supplementary Figure 4).




3.3 Impacts of copepod species and algal diet on the composition of GMC

Effects of copepod species and algal diet type on GMC were shown and compared on the nMDS maps which were constructed based on community similarity (Bray Curtis distance) (Figure 4). A clear separation of GMC between Acartia sp. and Paracalanus sp. was observed (ANOSIM-R = 0.83, p< 0.001) (Figure 4A), suggesting the strong effects of copepod species on the structure of GMC. Significant effects of three treatments on GMC were shown for each copepod species separately (Figures 4B, C).




Figure 4 | Effects of copepod species and algal diet on GMC compositions based on community similarity analysis. Community similarity between any two samples was calculated by Bray-Curtis distance at the ASV level and visualized in non-metric multidimensional scaling (nMDS). (A) showed the effects of copepod species and diet on GMC compositions, using a 3D map. (B, C) showed the diet effects (field, toxic, and non-toxic algal diet) on the GMC of Acartia sp. and Paracalanus sp., respectively. Analysis of similarities (ANOSIM) was used to test the significant difference between different groups of GMCs (i.e., significant influence of factors on GMCs). A higher ANOSIM-R value indicates a larger difference between the two groups.






3.4 Changes of copepod GMC at ASV level in response to toxic algal diet

Compared to non-toxic dinoflagellate diet, GMC of Acartia sp. fed on toxic dinoflagellate diet had a total of 5 ASVs significantly increased (Log2FoldChange > 1, p< 0.05) and 2 ASVs significantly decreased (Log2FoldChange< -1, p< 0.05) (Figure 5A). Notably, all the increased ASVs had a large fold-change value over 4, which were from different classes including Actinobacteria, Alphaproteobacteria, Campylobacteria and Parcubacteria (Supplementary file 2).




Figure 5 | Gut bacteria with significant changes under a toxic diet. A similarity analysis (SIMPER) was conducted to identify all the distinct ASVs between two groups (i.e., toxic and non-toxic) of GMC with significance (p-value) for Acartia sp. (A) and Paracalanus sp. (B). Fold Changes of these distinct ASVs were calculated based on their relative abundance in each group (i.e., toxic and non-toxic diet) and log2 transformed. The two dashed lines on the x-axis were x = 1 and x = -1, representing the increasing (x > 1) and decreasing (x< -1) trend of gut microbes after feeding toxic algae (vs. non-toxic), respectively. The dashed line on the y-axis was y = 1.3, and ASV with a p-value< 0.05 (i.e., -lg(p-value) > 1.3) was considered as significantly changed and colored according to its taxonomy (Phylum, Class).



For Paracalanus sp., GMC under toxic diet, compared to non-toxic, had a large number of significantly increased ASVs (n = 38) which were mainly from Alphaproteobacteria (n = 23, mainly from the order Rhodobacterales), followed by Gammaproteobacteria (n = 8) (Figure 5B). Three ASVs belonged to Actinobacteria increased significantly with a high fold-change value over 6 (Supplementary file 2). Similar to Acartia sp., only 2 ASVs belonging to Alphaproteobacteria (order Rhodobacterales) were detected as significantly decreased in the toxic dinoflagellate diet treatment for the GMC of Paracalanus sp.




3.5 Effects of copepod species and algal diet on the functions of GMC

Functions of GMC were predicted in terms of KEGG Orthology (KO) and Enzyme Code (EC). Functional similarity of GMC was calculated by Bray-Curtis distance of the two indices between two communities and visualized by nMDS maps (Figure 6). Algal diet type had a more significant effect on copepod GMC (ANOSIM-R = 0.15 for both KO and EC, p< 0.001) than copepod host species (ANOSIM-R = 0.068 for KO, ANOSIM-R = 0.048 for EC, both p< 0.05) for both functional indices.




Figure 6 | Effects of copepod species and algal diet on the GMC functions. Copepod GMC functions were predicted by the QIIME2-Picrust2 plugin and represented by KEGG Orthology (KO) and enzyme code (EC). Similarity of the two GMCs was calculated by the Bray-Curtis distance between them and visualized by nMDS maps. Each dot represents one GMC, with color indicating algal diet type and shape representing copepod species. A significant difference between groups of GMCs was found, with a higher R-value indicating the greater difference between groups (i.e., higher impacts of the grouping factor on GMC functions).







4 Discussion



4.1 High survival rate of copepods under the toxic dinoflagellate diet

We observed that the ingestion rate of both copepods significantly decreased after two days of feeding on a toxic dinoflagellate diet. This finding is in accord with the reports of Acartia hudsonica feeding upon toxic Alexandrium fundyense, Euterpina acutifrons and Acartia grani feeding upon toxic Gymnodinium catenatum (Colin and Dam, 2003; da Costa et al., 2012), but different from the study of Calanus finarchicus feeding on toxic Alexandrium fundyense which showed no significant change of ingestion rate (Roncalli et al., 2016). Despite the reduced ingestion rate, both copepod species had consistently high survival rates (> 80% in all treatments), suggesting a compensatory mechanism in response to the algal toxins. It is supported by a previous study that showed copepod Acartia tonsa only consumed a few algae during an A. tamarense bloom, to maintain their basic metabolism and survive (Xu et al., 2018). The decrease in their grazing rate may be due to the reduced activity, as well as increased prey rejection and regurgitation of ingested toxic cells such as mouthpart twitching in Calanus pacificus, a passive filter-feeder (Landry, 1980; Sykes and Huntley, 1987; Guisande et al., 2002; Xu et al., 2018). This compensatory mechanism, by reducing the feeding rate of toxic algae to ensure survival, has also been reported in many other animals including arthropods (e.g., daphnids and insects) and mammals (e.g., rats) (Allen et al., 1995; Wheeler and Isman, 2001; Kohl et al., 2014).

In addition to the compensatory mechanism, detoxification by copepod GMCs may also play an important role in maintaining the high survival rate of copepods under the toxic diet. This is supported by the significant increase in the relative abundance of bacterial taxa at the ASV level in the toxic diet treatment when compared to the non-toxic group. In general, there was a relatively higher number of ASVs with an increased trend compared to those showing a decreased trend, suggesting the positive recruitment of beneficial bacterial taxa rather than the removal of harmful or functionally redundant ones. This finding is further supported by our results showing no significant change in bacterial richness among treatments, except for a significant increase of GMC richness in the toxic diet treatment of Acartia sp. (compared to the non-toxic diet, Supplementary Figure 3C).




4.2 Factors determining the GMC of copepods: host vs. diet

Our results showed that host difference had a much higher impact than diet on the composition (ASV relative abundance based) of copepod GMCs (Figure 4A). Previous studies reported that copepod GMCs may be affected by various host factors, such as differences in feeding behavior, feeding status, or sex (Wäge et al., 2019). Similarly, the two copepod species used in our experiment have different feeding modes, which could contribute to the variations in their GMCs. Acartia sp. acts as a feeding-current feeder or coarse-filter feeder when feeding on small phytoplankton cells and as an active ambush-feeder when feeding on motile prey, using its mechanosensory setae on the antennules to detect the prey (Behrends and Schneider, 1995; Saiz and Kiørboe, 1995). In contrast, Paracalanus sp. is a fine-filter feeder that uses its antennules as open rakes to filter whole parcels of water containing food particles from the water, not just single food particles on the basis of size (Turner, 1984; Hansen et al., 1994; Behrends and Schneider, 1995). Therefore, Paracalanus sp. may need to filter more ambient water than Acartia sp. to obtain adequate food, which may lead to variations in the GMC. Moreover, the two copepod species have different body sizes (Acartia sp.: ~ 1.2 mm, Paracalanus sp.: ~ 0.9 mm) and biomass, which may reflect their different metabolic rates, such as excretion rate of ammonium and phosphate, leading to variations in their gut GMC (Ikeda et al., 2001). Additionally, studies have shown that many of the bacterial sequences were found only in one of the two copepod species, suggesting host-specific affiliation of bacteria (Dziallas et al., 2013).

For each copepod species individually, we showed that diet type had significant effects on the composition of GMC, which is consistent with previous studies on Daphnia (Freese and Schink, 2011; Callens et al., 2016; Akbar et al., 2020). Shoemaker & Moisander (2017) also demonstrated that food sources varied due to seasonal change which brought copepod GMC differences. In our experiment, to eliminate the potential effects from other factors influencing GMC, such as different nutritional values between algal taxa, we utilized two species of dinoflagellates from the same genus and at the same growth stage. We measured their toxin productions during the experiment and showed that A. tamarense had a remarkable production of gonyautoxins which was not detected in A. andersonii. Therefore, we argue that the significant change in copepod GMC under the toxic diet compared to the non-toxic diet or field samples could be attributed to the response to the algal toxin. Similarly, Macke et al. (2017) showed that when exposed to toxic cyanobacteria, the gut bacteria of both tolerant and susceptible genotypes of Daphnia tended to be more diverse, with some bacteria having the ability to degrade microcystin (Dziga et al., 2013; Mou et al., 2013). These findings suggest that changes in GMC in response to toxic diets may reflect copepods’ adaptive strategies to cope with the toxic effects of HAB species.




4.3 How can GMC help copepods deal with a toxic algal diet?

For Acartia sp., when fed with a toxic diet, remarkably lower numbers of ASVs (n = 7) were found to show significant changes in the GMC, compared to that of Paracalanus sp. (n = 40), suggesting the host differences in the recruitment of specific bacterial taxa for detoxification. These enriched bacterial taxa were previously reported to have special or strong abilities in detoxification, especially for algal toxins. For instance, Brevibacterium (Micrococcales, Actinobacteria) species have highly active and multiple proteolytic enzymes, with the ability to completely degrade neurotoxins (e.g., neurotoxic ochratoxin A, a mycotoxin produced by fungi species) (Sørhaug, 1981; Fernández et al., 2000; Rodriguez et al., 2011; Hathout and Aly, 2014).

Notably, for Paracalanus sp. fed by a toxic diet, 20 ASVs belonging to the family Rhodobacteraceae (Rhodobacterales; Alphaproteobacteria) displayed significantly increased patterns, suggesting their crucial roles in copepods’ detoxification. While most of the Rhodobacteraceae ASVs detected in our study were previously reported to have detoxifying abilities on synthetic chemicals or heavy metals (i.e., methylmercury) (Pujalte et al., 2014; Lin et al., 2023), their roles in detoxifying algal toxins remain poorly understood and require further investigation.

In addition to Rhodobacteraceae, other bacteria taxa within Actinobacteria, Alphaproteobacteria, and Gammaproteobacteria also displayed increased patterns in the GMC of Paracalanus sp. under a toxic dinoflagellate diet. Specially, three ASVs belonging to Actinobacteria were strongly enriched (with more than 6-fold change values), together with Brevibacterium sp. that is mentioned above for Acartia sp., further highlighting the key roles of Actinobacteria in copepod detoxification of HAB algae. Within Gammaproteobacteria, the genus Pseudomonas can produce an enzyme responsible for the transformation into less toxic products (Škrinjar et al., 1996). A similar function was also reported in the genus Stenotrophomonas (Gammaproteobacteria) which can strongly degrade Aflatoxin B1 and completely degrade two microcystin variants simultaneously (Guan et al., 2008; Yang et al., 2014).

Our study also revealed that the unchanged survival rate of copepods under the toxic diet could be attributed to the increases of some bacterial groups, such as Rhodobacteraceae, Rhizobiaceae, and Parcubacteria, which have functions in maintaining host homeostasis through various mechanisms (Strompl et al., 2003; Dogs et al., 2017; Barak-Gavish et al., 2018). For instance, intestine bacteria from Rhodobacteraceae play an important role in the growth and health of arthropod hosts, such as shrimps (Wang et al., 2022). Species from Rhizobiaceae can supply auxiliary as well as essential metabolites to their host (Erlacher et al., 2015). Parcubacteria species have also been shown to play an important role in celiac disease-related pathology (Primec et al., 2019). Furthermore, researchers have demonstrated that the bacteria-free Daphnia were smaller, less fecund, and had higher mortality than those with microbiota (Sison-Mangus et al., 2015), and copepods with bacteria consumed more algae than those without bacteria (Gyllenberg, 1980). Similarly, microbiota has been shown to increase the host resistance to toxic environments, as evidenced by the insecticide resistance in the bean bug Riptortus pedestris and facilitated intake of plant toxins in herbivores (Kikuchi et al., 2012; Kohl et al., 2014). All these studies support our finding that gut bacteria play necessary roles in maintaining the homeostasis of copepods.

We acknowledge that functional prediction with 16S rDNA data using software, such as PICRUSt2 or Tax4Fun2, was widely used in the studies of GMCs (Sadaiappan et al., 2021; Chen et al., 2022; Guo et al., 2022; Luo et al., 2022; Xu et al., 2023), however, the results may suffer from the incomplete database of bacterial genomes, especially for field samples with diverse bacteria taxa (Douglas et al., 2020). We argue that this bias would be minor for the comparison of effects between host and diet on copepod GMC functions in our results, as the same method and database were used. We showed that GMCs, constructed by predicted functional data (i.e., Enzyme codes and KEGG Orthologs), were highly regulated by diet type compared to host effects, which is opposite to the pattern observed in the communities with ASV relative abundance data. We regard this as a functional convergence of GMC when exposed to toxic algae. This could be explained by the fact that different bacteria taxa can perform the same or similar functions. This was supported by the above-mentioned species enriched in the toxic diet treatment, most of which have the similar function of detoxification or maintaining the homeostasis of hosts. Further study combined with metatranscriptomics data will be conducted to provide a more comprehensive understanding of the mechanisms, such as gene regulation, underlying the detoxification of algal toxins by copepods, and the roles of specific bacterial groups in this process.




4.4 Copepod GMC should be studied at the individual level

GMC plays an important role in the physiology performance (e.g., fitness, growth, survival, and reproduction) of zooplankton host and greatly influences the biogeochemical cycles in the ocean (Roura et al., 2017; Callens et al., 2018; Li et al., 2021). Therefore, disentangling the major factors regulating the spatiotemporal dynamics of GMC in zooplankton remains a key issue in recent studies.

Our results found high variations in GMC among copepod individuals in the same treatment, as evident from the differences in community composition (at the class level) and beta diversity (Bray-Curtis dissimilarity, at the ASV level). This finding is in line with a previous study that reported significant variation in the GMCs of single samples of identified bacterial taxa at the order level in Temora sp. and Acartia sp., which indicated that copepods should be considered as individuals rather than a group when studying their GMC (Wäge et al., 2019).

Datta et al. (2018) also reported that the most abundant operational taxonomic units (OTUs), such as Flavobacteriaceae, Oceanospirillaceae, and Pseudoalteromonadaceae, were not consistently present in the gut of Calanus finmarchicus. These OTUs showed patchy distributions with relative abundances varying greatly among individual copepods. Similar observations were made in studies of other arthropod species, including Daphnia and black tiger shrimp (Penaeus monodon) (Rungrassamee et al., 2014; Hegg et al., 2021; Maszczyk et al., 2022; Rajarajan et al., 2023). Therefore, we suggest that using individual gut to do PCR amplification and analyze GMC composition is more accurate than using the bulk community of copepods.

Despite their small body size and even smaller gut compared to other animals, we successfully dissected the entire gut of each copepod and performed PCR amplification. This demonstrates the feasibility of examining copepod GMCs at the individual level. Moreover, with a high number of replicates (maximum of 15) used in the statistical analyses (e.g., ANOSIM tests), we showed that variations in GMC were relatively higher between treatments than within a certain treatment, reflecting the significant effects from either host or diet.

Overall, we provided the first study of copepod GMC at the individual level to disentangle the roles and mechanisms of gut microbes on the detoxification of copepods in response to toxic dinoflagellates. We showed that copepod species difference had a much greater impact than algal diet type on shaping copepod GMC compositions. However, from the functional aspect, the pattern was the opposite (i.e., diet type predominated). Under a toxic diet, the number and taxonomy of enriched bacteria were largely different between two copepod species, and most of these taxa were reported to have the function of degrading algal toxins (e.g., species from Brevibacterium, Pseudomonas, Stenotrophomonas and Alteromonadaceae) and maintaining the homeostasis of hosts (e.g., species from Rhodobacteraceae, Rhizobiaceae, and Parcubacteria). This indicates the potentially functional convergence of GMC under algal toxins for different copepod species. Our study highlights the key role of gut microbes in the detoxification of copepods, offering new insights into the food webs, biogeochemical cycles, and management of HABs. Further studies, such as transcriptomic analysis, will be performed to investigate the detailed gene and pathway regulation of copepod GMCs.
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