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The gut microbiota plays a crucial role in host physiology and the disruption of host–microbiota relationships caused by environmental stressors can impact host growth and survival. In this study, we used Daphnia galeata as a model organism to investigate the interactive effects of fish kairomones on the life-history traits and gut microbiota alterations of D. galeata, as well as the relationship between life-history traits and gut microbiota composition. The presence of fish kairomones enhanced fecundity, decreased growth, and altered gut microbiota, with significant changes in alpha diversity but not in beta diversity in the genotype KB5 of D. galeata. Statistical analysis revealed that the relative abundance of the Pseudomonadaceae family significantly increased upon exposure to fish kairomone, while the relative abundance of the Comamonadaceae family significantly decreased. The decreased growth in genotype KB5 may be associated with a significant increase in Pseudomonas, a member of the family Pseudomonadaceae, which is generally deficient in essential fatty acids, potentially negatively impacting growth. Meanwhile, it is speculated that the significant decrease in Limnohabitans belonging to the Comamonadaceae family is associated with the reduction of body size and increased fecundity of KB5 when exposed to fish kairomones. Furthermore, the genus Candidatus Protochlamydia was observed only under the fish kairomones-treated condition. These data suggest that variations in host life-history traits related to reproduction and growth are potentially associated with the relative abundance or presence of these microbial genera. Our research findings provide valuable insights into understanding the impact of biotic stress on the interaction between hosts and microbiota.
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1 Introduction

It is well known that complex microbial communities that reside in animal gastrointestinal tracts have crucial functions in various biological processes (Colston, 2017). The extent to which bacterial communities impact host life history, physiology, and behavior has been a long-standing subject of research, and there is currently a growing interest in understanding the variation in microbial communities associated with these changes (Akbar et al., 2020; Frankel-Bricker et al., 2020; Rajarajan et al., 2023). Understanding the feedback between hosts and their associated microbiomes and investigating whether environmental conditions affect microbe–host interactions is now widely considered to be an important area of study in ecology and evolution (Frankel-Bricker et al., 2020). Microbial communities, including symbiotic bacteria, fungi, protozoa, and others, are known as the microbiome. They can inhabit an animal’s digestive tract, skin, and other organs, playing a crucial role in host physiology and behavior (Frankel-Bricker et al., 2020). According to previous studies, variations in the gut microbiota have been shown to have various impacts, ranging from life-history traits to adaptation and ecological processes of the host, contributing to the general health of the host (Macke et al., 2017; Bang et al., 2018). Additionally, the gut bacteria of many arthropods have a preponderant impact on the reproduction, development, growth, and survival of the host (Akbar et al., 2020; Frankel-Bricker et al., 2020; Liu et al., 2022).

Predation risk may affect the diversity and composition of the host gut microbiome’s diversity and composition, which is critical for the fitness of individuals. A recent study has shown that the host–microbial composition varies under different stressors, including predation stress in Daphnia species (Sadeq et al., 2021; Liu et al., 2022; Rajarajan et al., 2023). Aquatic predators release kairomones into the water, which trigger various responses in the prey that can reduce the prey’s vulnerability to predators (Stibor and Lüning, 1994; Schoeppner and Relyea, 2009). These responses induced by predators represent typical instances of phenotypic plasticity and have been reported in various Daphnia species (Yin et al., 2011; Herzog et al., 2016). This genus links trophic levels from primary producers to consumers in freshwater ecosystems and is therefore vulnerable to a high risk of predation (Lampert, 2011). When Daphnia are exposed to fish kairomones, variations in life-history traits, morphological, physiological, and behavioral plasticity, as well as other effects, have been reported (Lampert, 1993; Carter et al., 2013). Among the Daphnia species, Daphnia galeata is a relatively large zooplankton found throughout the northern hemisphere and has been identified as a dominant plankton species in the Han River, Korea (Choi et al., 2023a). The freshwater crustacean D. galeata, which has a short life cycle, a rapid response to environmental stress, convenient clonal reproduction under laboratory conditions, and typical defense mechanisms induced by predators in life-history traits, is an appropriate organism for research in this field (Tams et al., 2018; Choi et al., 2023b).

The gut microbiota of Daphnia has been shown to influence its fitness and survival (Peerakietkhajorn et al., 2016; Callens et al., 2018). Recent advances in sequencing technology and other molecular techniques have revealed that the microbiota plays an essential role in host fitness, adaptation, and evolution (King et al., 2013; Foster et al., 2017). Metagenomic studies have utilized next-generation sequencing methods and bioinformatic workflows to survey these communities in various study systems (Frankel-Bricker et al., 2020). For example, when Daphnia pulex was exposed to two stressors, copper and predation, the composition of the D. pulex microbiome community exhibited distinct and unique patterns upon exposure to each stress factor or both (Sadeq et al., 2021). In a previous study that examined the impact of food ration and predation on the overall composition of the gut microbiota of Perca fluviatilis, it was found that Fusobacteria increased under conditions of low food ration and predation, indicating a preference for Fusobacteria in stressful situations (Zha et al., 2018). Here, we investigate the association between phenotypic variation and changes in the gut microbial community in response to fish kairomones in D. galeata. We used 16S rRNA gene amplicon sequencing to investigate the gut microbial communities of D. galeata. This is in line with the broader context of understanding the intricate relationships between host organisms and their associated microbiomes, shedding light on the impacts of environmental stressors on microbial communities and their implications for host fitness and survival.




2 Materials and methods



2.1 Sample collection and culture

D. galeata was collected from the Hoam Reservoir in Chungcheongbuk Province (36°42′48.70′′ N, 127°25′34.41′′ E), Korea, in March 2023, using a Kitahara Zooplankton net with a mesh size of 55 μm (Samjee-tech, Korea). Once the samples were transferred to the laboratory, each egg-bearing female was placed in a separate beaker for parthenogenetic reproduction. D. galeata individuals were cultured under laboratory conditions (20°C, a 16-h light/8-h dark cycle using ADaM (Aachener Daphnien medium)). The ADaM medium, composed of A (CaCl2 x 2H2O), B (NaHCO3), and C (SeO2) stocks, was prepared according to Klüttgen et al. (1994). D. galeata individuals were reared in 1 L beaker at densities of fewer than 30 neonates per beaker. We supplied 1 mL of Chlorella vulgaris per liter of D. galeata culture medium daily after diluting 1.0 mg of C L-1 Chlorella vulgaris cultured in the laboratory with 50 mL of distilled water. The genotype of D. galeata (KB5 clonal line) was identified through sequence analyses of mitochondrial cytochrome oxidase I (COX1) and NADH dehydrogenase subunit 2 (ND2) genes.




2.2 Experimental design and a life-history experiment

The study used D. galeata, which had been cultured for 6 months prior to the experiment and had formed an established clonal line. The ADaM medium was used as the control group medium. In order to mimic fish predation, D. galeata was exposed to a kairomone-enriched medium. The medium was obtained by cultivating approximately 20 freshwater mandarin fish (Siniperca scherzeri), which are known for consuming Daphnia species (Wang et al., 2022), in 100 L of water within the aquarium where the fish were raised. Furthermore, the medium containing kairomones was filtered using a 0.45-μm-pore-sized cellulose acetate membrane (Hyundai-Micro, Korea) and then mixed at a ratio of 1:2 by combining 600 mL of ADaM medium with 300 mL of the medium containing kairomones. The control (fish-kairomone-nonexposed) and experimental (fish-kairomone-exposed) groups were cultured in 1 L beakers with less than 30 neonates in each. After several trials, the ratio of fish kairomone medium was determined to be the optimal ratio for inducing changes in life-history traits while also ensuring the survival rate of D. galeata. The experimental design and procedures were based on a previous study (Choi et al., 2023b). To minimize interindividual variances, D. galeata was bred for two generations in a kairomone-free medium (control group) and a fish kairomone medium (experimental group) before the experiment (Tams et al., 2018). The D. galeata individuals used in this experiment are the same age. We recorded the life-history traits of each experimental individual for 21 days (t21) to examine the long-term effects of fish kairomones. To record life history traits, we used a total of 60 D. galeata individuals, with 20 individuals used in each of the three replicates. Life-history traits related to reproduction, such as “Age at First Reproduction”, “Number of Offspring First Brood”, “Total Number of Broods”, and “Total Number of Offspring” were estimated. The “Age at First Reproduction” refers to the day when the first neonates were released from the brood pouch. The “Number of Offspring First Brood” indicates the number of neonates on the day of the first reproduction. The “Total Number of Broods” represents the total number of times each individual reproduced during the experiment. The “Total Number of Offspring” was calculated by summing up the number of offspring produced by each individual during the experiment. Furthermore, life-history traits related to growth were recorded, such as the “Somatic Growth Rate” and the “Body Length”. The “Somatic Growth Rate” of D. galeata was determined by dividing the difference in body length between the neonates at the start (t0) and the adults at the end (t21) of the experiment by the total experimental duration. Body length of D. galeata was measured from the top of the head, through the middle of the eye, to the base of the spine excluding the spine itself (Tams et al., 2018). The individuals were observed with the CX22LED microscope (Olympus, Japan) and photographed with the eXcope T500 microscope camera (DIXI Science, Korea). In order to assess variations in life-history traits between the presence and absence of fish kairomones, we performed one-way analysis of variance (ANOVA) statistical analyses using the aov() function in R version 4.2.2 (R Core Team, 2017; MacFarland, 2014).




2.3 DNA preparation and high-throughput sequencing

At the end of the experiment, D. galeata individuals were pooled (n = 20), and three biological replicates per experimental condition (control and exposed fish kairomones) were used, resulting in 120 guts (20 individuals × 3 biological replicates × two conditions). Gut extraction from D. galeata was performed following the method of Akbar et al. (2021). The individuals cultured under both conditions were placed in fresh sterile ADaM medium for 24 h to remove food particles and nonsymbiotic bacteria from the gut (Akbar et al., 2020). Subsequently, individuals were gently washed with sterile water to remove external bacterial communities and then dissected under a stereoscopic microscope to isolate their guts. Next, DNA was immediately extracted from the guts of all experimental replicates. DNA extraction was performed using the Qiagen DNeasy blood and tissue kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Then, a polymerase chain reaction (PCR) was performed using total DNA samples as the template. The V3–V4 hypervariable regions of the partial 16S rRNA gene, with amplicons of approximately 459 base pairs, were amplified using the primer pairs S-D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-21 (Klindworth et al., 2013). In order to amplify sequences from various taxa, gradient PCR was performed by dividing the annealing temperature into 12 temperatures ranged from 40°C to 60°C with intervals of 1°C to 2.4°C set automatically by the PCR Thermal Cycler Dice® Gradient (TaKaRa, Tokyo, Japan). The PCR procedure included an initial denaturation at 95°C for 2 min, followed by 35 cycles consisting of 30 s at 95°C, 45 s in the temperature range of 40°C–60°C, and 45 s at 72°C and completed with a final extension step of 5 min at 72°C. Negative controls for PCR were included in each PCR run to assess the possibility of contamination. The amplified PCR products were visualized by gel electrophoresis, and the gradient PCR products were pooled in the same quantity. Sequencing libraries were prepared using the TruSeq Nano DNA High Throughput Library Prep Kit (Illumina, CA, USA). The library was measured for quality and quantity using the Agilent Technologies 4200 TapeStation D1000 screentape (Agilent Technologies, California, USA) and sequenced using an Illumina MiSeq sequencing platform with 300 base pair (bp) paired-end reads.




2.4 Bioinformatic analyses of 16S rRNA gene sequencing

Bioinformatics analyses were conducted using the QIIME2 version 2022.2.1 pipeline (Bolyen et al., 2019). Read quality scores were validated using FastQC version 0.11.9 (Andrews, 2010). Based on the read quality score, raw reads were trimmed for bases below Q30, which was implemented in QIIME2 to produce amplicon sequence variants (ASVs). Subsequent examinations were conducted using ASVs that allow for the preservation of biological sequence variation in the output reads, unlike traditional operational taxonomic unit (OTU) calling, which relies on similarity and may fail to capture subtle biological variations by grouping sequences (An et al., 2023). Low-quality base call-containing or chimera sequences were removed using DADA2 (Callahan et al., 2016). For the taxonomic assignment of the processed ASVs, the consensus-BLAST function of QIIME2 was used (Camacho et al., 2009; Bolyen et al., 2019). Taxonomies were assigned to the resulting ASV with a q2-feature-classifier plug-in using consensus-BLAST based on a 16S rRNA silva 138 SILVA SSU gene database with 80% similarity (Quast et al., 2012). ASVs were normalized to the total number of reads for each sample. After normalization, the ASVs were analyzed at the phylum level up to the lowest assignable taxonomic levels. Nonmicrobiome sequences were excluded from downstream analyses and unassigned ASVs were removed. The significance of relative abundance between the control and experimental groups is calculated using one-way ANOVA statistical analyses by the aov() function in R version 4.2.2 (R Core Team, 2017). Alpha diversity was determined for the control and experimental samples using the QIIME2 diversity function. Alpha diversity measures included Chao1 richness, number of ASVs, Shannon index, and Faith’s phylogenetic diversity. Pairwise comparisons between alpha diversity under experimental conditions were assessed using the Kruskal–Wallis test (Kruskal and Wallis, 1952). Beta diversity was determined using Bray–Curtis distance measures, which were represented by exporting the QIIME2 output to the R package Phyloseq (McMurdie and Holmes, 2013). QIIME2 was used to determine the depth of sequencing required to accurately represent the species present in the sample by calculating rarefaction curves for ASV in microbiome metabarcoding with 16S rRNA markers. Gut bacterial taxa that exhibited significantly different abundances between the control and experimental groups were identified using DESeq2 (Love et al., 2014). The results were filtered post hoc to decrease the false discovery rate using an adjusted p-value <0.05 (Benjamini and Hochberg, 1995). Furthermore, the results were filtered using a fold change ≥of 2 (log2FC ≤ −1 or log2FC ≥ 1).





3 Results



3.1 Effect of fish kairomone on life-history traits

Six life-history traits related to reproduction and growth were measured to compare variations in life-history traits under predator stress in the genotype KB5 of D. galeata. The reaction norms of the life-history traits in D. galeata demonstrate adaptation strategies in response to predator kairomones (Figure 1). The results of one-way ANOVA indicate a significant effect of the “fish kairomones” (P < 0.001) on the six life-history traits, except for the “Total Number of Broods” (Figure 1). In the life-history traits related to reproduction, in the presence of fish kairomones, D. galeata reproduced at a younger age (Figure 1A; P < 0.001). In contrast, in the presence of fish kairomones, D. galeata produced more offspring in their first brood (Figure 1B; P < 0.001). Furthermore, a significant increase (P < 0.001) was observed in the “Total Number of Offspring (Figure 1C),” but the “Total Number of Broods (Figure 1D)” did not show a significant change in the presence of fish kairomones. In the life-history traits related to growth, the “Somatic Growth Rate” and “Body Length” significantly decreased (P < 0.001) when exposed to fish kairomones (Figures 1E, F).




Figure 1 | Box plots show the reaction norms for selected life-history traits of (D) galeata (median +/− SD). The experimental individuals were exposed for 21 days to record their life-history traits. (A) Age at First Reproduction, (B) Number of Offspring First Brood, (C) Total Number of Broods, (D) Total Number of Offspring, (E) Somatic Growth Rate, (F) Body Length. KB5_Control and KB5_Fish indicate the control (the absence of fish kairomones) and experimental (exposed to fish kairomones) groups of the genotype KB5, respectively. The dots indicate all individual datapoints. The stars denote significant differences (P.adjust*** < 0.001 and N.S., no significance) between the fish kairomones exposed and not exposed to the fish kairomones in the genotype KB5 of (D) galeata.






3.2 Summary of 16S rRNA sequence data and diversity of the gut microbiota

Metabarcoding sequences were generated for all experimental samples to analyze the gut microbiome of D. galeata. These sequencing efforts produced a total of 876,955 raw unpaired sequence reads from all samples. After applying stringent quality filtering, the sequences of 16S rRNA were obtained for 396,844 unpaired sequence reads from control samples and 377,905 unpaired sequence reads from experimental samples. Of these, 337,369 unpaired sequence reads from control samples and 322,156 unpaired sequence reads from experiment samples pair-merge sequences (reflecting 85.01% and 85.25% of filtered sequences) were subjected to denoising and merging in the 16S rRNA samples. Sequence chimeras were successfully removed and ASVs were extracted from the remaining sequences. The summary results of sequence processing are shown in Supplementary Table 1. The rarefaction curves showed that all samples reached near-saturation in species richness (Supplementary Figure 1). Therefore, it was considered that the sample had sufficient sequencing depth for this study. The ASVs extracted through this process were used for further analyses to compare the control and experimental samples. Diversity indices were calculated using rarefied ASV data for samples across fish kairomone exposure (Table 1). Exposure to fish kairomones increased the alpha diversity of the gut microbiome. This increase was particularly evident in the Chao1 richness, which accounts for rare species, the number of ASVs representing different variants, and the Shannon index, which measures richness and evenness. However, Faith’s phylogenetic diversity, which measures richness weighted by phylogeny, did not show a significant change (Table 1). These results indicate that while there is a significant difference in richness and abundance between KB5_Control and KB5_Fish, the phylogenetic diversity of the microbiomes that consist KB5_Control and KB5_Fish are not significantly different. Additionally, the Bray–Curtis dissimilarity metric used to measure beta diversity, considering dissimilarities in presence/absence and relative abundance of microbial species in fish-kairomone-exposed D. galeata versus fish-kairomone-nonexposed D. galeata, was insignificant (Table 1).


Table 1 | Analysis of the alpha and beta diversity of the gut microbiome of the control (without fish kairomones) and experimental (exposed to fish kairomones) groups of D. galeata.






3.3 Composition of gut microbiome communities

There were no significant differences in beta diversity, but notable differences in alpha diversity. Based on this, we compared the relative abundance of gut microbial community compositions according to the exposure of fish kairomones between the control and experimental groups (Supplementary Table 2). We compared the community compositions between the control and experimental groups using all reads and those representing ≥0.1% to explore differences in the community compositions (Supplementary Tables 2, 3). The reads were removed about 1.2% of reads at the genus level and less than 1% at the family and phylum level when we removed reads with a relative abundance of less than 0.1% among all reads. Therefore, following the results, we consider the difference to be insignificant. As a result, we selected ASVs that assigned taxa comprising at least 0.1% of the reads in the average relative abundance across all samples following a previous study (Callens et al., 2020). We compared the relative abundances of the gut microbiota from the phylum level to the lowest assignable taxonomic level, the genus level (Figure 2; Supplementary Table 3). Specifically, we selected taxonomic levels, phylum, family, and genus that exhibited clear differences to compare the compositions of gut microbiome communities between both groups. At the phylum level, bacteria belonging to Proteobacteria dominated the gut microbiota in all samples, accounting for approximately 68.21% and 62.46% relative abundances in the fish-kairomone-nonexposed D. galeata and the fish-kairomone-exposed D. galeata, respectively (Figure 2; Supplementary Table 3). Additionally, Bacteroidota represented approximately 31.44% and 33.21% relative abundance in the control and treatment groups, respectively. However, the significance of relative abundance between the control group and the experimental group of Proteobacteria and Bacteroidota was observed to be as not significant (Supplementary Table 3). At the family level, Comamonadaceae, followed by Flavobacteriaceae, was the dominant family in both groups (Figure 2; Supplementary Table 3). The relative abundances of Flavobacteriaceae were similar, with 31.57% in KB5_Control and 33.31% in the KB5_Fish, with no significant differences (Supplementary Table 3). However, notable differences in relative abundances were observed when comparing the KB5_Control and KB5_Fish. Comamonadaceae’s distribution was approximately 66.94% in KB5_Control and 42.12% in KB5_Fish, representing a significant difference (P-value < 0.01) (Supplementary Table 3). Additionally, bacteria belonging to the Pseudomonadaceae, Burkholderiaceae, Moraxellaceae, and Parachlamydiaceae families were detected at 0.51%, 0.07%, 0.04%, and 0.02% in the KB5_Control, respectivley. However, these taxa were identified in KB5_Fish as approximately 6.98%, 6.73%, 5.28%, and 1.79% of the mapped reads, respectively. Pseudomonadaceae did not show significant differences between the relative abundance of KB5_Control and KB5_Fish, whereas these differences were significant (P-value < 0.001) (Supplementary Table 3) in Burkholderiaceae, Moraxellaceae, and Parachlamydiaceae. Meanwhile, at the genus level, Limnohabitans and Flavobacterium were found in both groups (Figure 2C; Supplementary Table 3). Limnohabitans had a relative abundance of approximately 64.19% in the KB5_Control, while the KB5_Fish had a relative abundance of approximately 40.76%, with a significant difference (P-value < 0.01). Flavobacterium was represented at 32.51% and 34.89% in KB5_Control and KB5_Fish, respectively, with no significance (Supplementary Table 3). Pseudomonas, Polynucleobacter, and Acinetobacter were also higher in KB5_Fish at 7.31%, 6.94%, and 5.49% compared to KB5_Control with abundances of less than 1%. Despite this, Pseudomonas did not demonstrate notable differences in relative abundance between KB5_Control and KB5_Fish, whereas Polynucleobacter and Acinetobacter showed significance (P-value < 0.001) (Supplementary Table 3).




Figure 2 | Relative abundance of the gut microbiota of (D) galeata under control and fish-kairomone-induced conditions at the levels of the phylum (A), family (B), and genus (C). KB5_Control indicates the control group (without fish kairomones), and KB5_Fish indicates the experimental group (exposed to fish kairomones).






3.4 Variations in the differential abundance of bacterial taxa in the gut of D. galeata

Based on the relative abundance of the compositions of the gut microbiome community, we identified specific ASVs that exhibited statistically significant differences concerning exposure to fish kairomones. Differentially abundant ASVs assigned to the SILVA database were found between the control and experimental groups (Figure 3). Differentially abundant ASVs were selected using DESeq2 with the criteria of p-value <0.05 and fold change ≥2. The complete taxonomic assignment results for all significantly differentially abundant ASVs are provided in Supplementary Table 4. Notably, a differential abundance of ASV was observed between the control and experimental groups at the family level (Figure 3; Table 2). Seventy-four differentially abundant ASVs were identified, with 59 ASVs showing a significant increase and 15 ASVs showing a significant decrease in the group exposed to fish kairomones compared to the group without fish kairomone treatment (Supplementary Table 4). Among the taxonomically assigned ASVs, Pseudomonadaceae (ASV14) and Comamonadaceae (ASV1) exhibited the highest log2 fold changes of 13.86 and −16.44, respectively, in the experimental group compared to the control group (Figure 3; Table 2). Furthermore, the relative abundances of Moraxellaceae (ASV24, log2 fold change: 12.63), Burkholderiaceae (ASV41, log2 fold change: 11.13), and Parachlamydiaceae (ASV44, log2 fold change: 11.06) increased in the experimental group compared to the control group (Figure 3; Table 2). Most of the ASVs that were significantly decreased between the control and experimental groups belong to the Comamonadaceae family (Figure 3; Table 2). In summary, exposure of fish kairomone to genotype KB5 had wide-ranging effects on the microbiota, leading to a decrease in the relative abundance of mainly Comamonadaceae, but an increase in relative abundances across multiple families.




Figure 3 | Gut bacterial taxa showing significant differences between the control group (without fish kairomones) and the experimental group (exposed to fish kairomones) in the genotype KB5 of D. galeata. Each bar represents an individual ASV identified at the family level, with the family name shown on the x axis. The presented ASVs are those with the highest or lowest log2FoldChange values among those belonging to the same family in Supplementary Table 3. Negative values of the log2-fold change exhibited a lower abundance of bacterial taxa in the experimental group compared to the control group, whereas positive values exhibited an increase in the abundance of a particular family in the experimental samples compared with the control group.




Table 2 | The representative gut bacterial taxa identified as differentially abundant between the control group (without fish kairomones) and the experimental group (exposed to fish kairomones) in genotype KB5.







4 Discussion

Evidence suggests that the gut microbiome is essential for influencing life-history traits and adapting to changing environmental conditions. There are increasing attempts to predict the gut microbiome’s impact on the host by understanding the microbiome community and investigating associations between variations in the gut microbiome and host phenotypes (Liu et al., 2021). Similar to numerous eukaryotes, Daphnia hosts a diverse community of microbes externally and internally (Qi et al., 2009). Previous research has demonstrated that the Daphnia microbiome influences various aspects of host fitness, including lifespan, fecundity, and body size, suggesting that specific members within the community may have significant effects (Sison-Mangus et al., 2015; Peerakietkhajorn et al., 2016). In addition, previous studies have shown that environmental factors, such as biotic and abiotic stress, can influence the gut microbial community of Daphnia (Akbar et al., 2022). For example, a recent study showed that predation pressure can induce antipredation defense traits in Daphnia magna and reconfigure the composition of the gut microbiota, highlighting a complex correlation between induced defense traits and altered gut microbiota (Liu et al., 2021). In this study, we examined changes in life-history traits induced by fish kairomones, the diversity and composition of the gut microbiota and the differential abundance of bacteria. These findings have significant implications for understanding the interactions between D. galeata and its microbiota under predation stress.

Prey species demonstrate diverse adaptations to predation, including alterations in life history, behavior, and morphological and physiological traits (Lima, 1998). Consistent with previous studies (Tams et al., 2018; Choi et al., 2023b), the presence of fish kairomones significantly affected variations in life-history traits related to reproduction and growth of the examined genotype of D. galeata (Figure 1). The KB5 genotype exhibited defensive strategies by improving fertility to sustain generations, producing a substantial number of offspring, and minimizing their “Body Length” (Figure 1). Other studies have demonstrated that Daphnia will prioritize reproduction when exposed to fish kairomones, resulting in a higher rate of neonate growth to adulthood and increased offspring production. Initiating reproduction early, before the onset of predation, confers an ecological advantage in sustaining population numbers (Lampert, 1993). Individuals that produce a larger number of lower-quality offsprings are expected to be more advantageous in predation situations than those that produce fewer high-quality offsprings. Furthermore, a previous study suggested that Daphnia decreases in body size in response to vertebrate predators (Lampert, 1993). Daphnia can reduce their body size in response to predator-induced stress, which improves their chances of evading detection and predation (Tams et al., 2018).

The gut microbiota of KB5_Fish exposed to fish kairomones exhibited significantly higher alpha diversity indices except Faith’s phylogenetic diversity that indicates phylogenetic biodiversity than that of KB5_Control, which was not exposed to fish kairomones (Table 1). These results may be attributed to the interaction between D. galeata and the fish kairomone-rich environment. Predator-induced stress can influence Daphnia to adjust their gut microbiota diversity as a survival strategy to respond to environmental changes (Liu et al., 2022). However, the results of this study differed from previous findings in that the alpha diversity of the gut microbiome decreased in response to predator-induced stress in D. magna (Liu et al., 2022). These differences may be due to differences in the species, genotype, and developmental stage of Daphnia (Akbar et al., 2022). Changes in gut microbiota diversity in response to hypoxic stress in D. magna have been shown to be genotype-dependent (Coone et al., 2023). Therefore, future studies should investigate changes in gut microbiome diversity in response to predator-induced stress in different genotypes of D. galeata. Additionally, the gut microbiota of KB5_Fish and KB5_Control did not exhibit significant differences in beta diversity (Table 1). These results suggest that the KB5_Fish and KB5_Control gut microbiota are similar in the presence and abundance of key species. Previous studies have suggested that some bacterial groups and strains are found in the gut microbiota of Daphnia and that environmental changes are characterized by differences in the presence/absence or abundance of relatively less abundant minor bacterial species rather than major bacterial species (Akbar et al., 2020, 2022). Similarly, the beta diversity of the present study assumed that the differences between the gut microbiota of KB5_Fish and KB5_Control were characterized by the influence of a few consistently found bacterial groups and strains, resulting in insignificant variances. The dominant bacterial community composition identified in this study is similar to previous investigations of Daphnia guts exposed to several environmental stresses (Akbar et al., 2020; Frankel-Bricker et al., 2020; Liu et al., 2022), and the relative abundance of various bacterial taxa changed in response to fish kairomones (Figure 2).

An earlier study indicated that certain bacterial strains can provide essential elements for host reproduction and growth, contributing to the benefit of the host (Motiei et al., 2020). At the family level, statistically significant differences in relative abundance between the control and experimental groups were observed in Pseudomonadaceae (mainly the genus Pseudomonas) and Comamonadaceae (mainly the genus Limnohabitans) (Figure 3). The genus Pseudomonas belonging to the Pseudomonadaceae family exhibited a significant increase in relative abundance after exposure to fish kairomones (Supplementary Table 4). According to a previous study, when high-quality food (the phytoplankton Rhodomonas) was diluted with Pseudomonas and supplied to D. galeata, an increase in the addition of Pseudomonas resulted in a decrease in the growth rate of D. galeata (Wenzel et al., 2021). Pseudomonas, as heterotrophic bacteria in general, lacks essential fatty acids (FAs) and sterols, which likely negatively affects the growth of D. galeata. Therefore, it is speculated that the observed increase in “Body Length” and “Somatic Growth Rate” in the genotype KB5 under fish kairomone exposure conditions is associated with a significant increase in Pseudomonas. Conversely, the relative abundance of the Comamonadaceae family significantly decreased (P < 0.05) following exposure to fish kairomones (Figure 3; Supplementary Table 4). A previous study also reported a significant decrease in the relative abundance of Comamonadaceae in D. magna caused by fish kairomones (Liu et al., 2022). The increase in body size of D. magna when exposed to fish kairomones has been attributed to the high relative abundance of Comamonadaceae (Liu et al., 2022). This suggests a potential association between the decrease in body size in KB5 exposed to fish kairomones and the significant reduction in the relative abundance of Comamonadaceae. Furthermore, it has been suggested that the reproduction of Daphnia is associated with the relative abundance of the genus Limnohabitans, which belongs to the family Comamonadaceae (Peerakietkhajorn et al., 2015, 2016). Limnohabitans, which are key components of the gut microbiota of Daphnia, have been linked to obtaining essential amino acids, polyunsaturated fatty acids, and sterols that positively affect the reproduction and growth of Daphnia (Peerakietkhajorn et al., 2015). Sterols and polyunsaturated fatty acids restrict the growth and reproduction of D. galeata (Peerakietkhajorn et al., 2015). In this study, it was speculated that the increased relative abundance of the genus Limnohabitans induced by exposure to fish kairomone would enhance the fecundity of D. galeata. However, among the ASVs assigned to the genus Limnohabitans, there were ASVs with decreased relative abundance, which appeared to contradict previous findings that bacteria in the genus Limnohabitans are associated with higher fecundity in Daphnia (Peerakietkhajorn et al., 2015, 2016; Liu et al., 2022). According to previous research, only specific strains within the genus Limnohabitans are known for their unique ability to recover the fitness of germ-free Daphnia individuals after reinoculation, highlighting the specificity of host–microbiota interactions (Peerakietkhajorn et al., 2016). Furthermore, a previous study revealed substantial variations within the genus Limnohabitans on associations between microbiome, diet quality, and life history (Akbar et al., 2020). Therefore, in future research, it will be necessary to classify the various ASVs identified within the genus Limnohabitans at the species and/or strain levels and investigate the interactions with hosts based on these variations. Moreover, Candidatus Protochlamydia, a member of the Parachlamydiaceae family, was detected only in the gut of D. galeata when exposed to fish kairomones (Figure 2). This indicates that Candidatus Protochlamydia may be used as an indicator of predation risk. The function of Candidatus Protochlamydia as a possible defense strategy against predation in D. galeata is not yet known, and more research is needed to analyze its association with life-history traits in future studies.

In conclusion, our results showed that D. galeata not only developed adaptive traits related to reproduction and growth but also changed the gut microbiota in response to fish kairomones. Alpha diversity was significantly increased under the influence of fish kairomones in three out of the four examined alpha-diversity metrics (Table 1), and the change in the relative abundance of the microbiota was mainly manifested in the Pseudomonadaceae and Comamonadaceae families (Figures 2, 3). In this study, variations in relative abundance and the presence of several bacterial communities were assumed to be associated with observed life-history traits induced by fish kairomones. Although we starved D. galeata for 24 hours to remove as much of the C. vulgaris used during culture as possible from their gut, some of the remaining C. vulgaris may have interacted with the gut microbiota of D. galeata. Comprehending the interactions between Daphnia and its microbiome is challenging due to the dynamic nature of microbiome composition and structure, influenced by genotype, environmental factors, microbe interactions, and developmental stage (Akbar et al., 2022). This study focused on a KB5 D. galeata genotype associated with fish kairomone exposure, but there is a potential for variations in life-history trait characteristics and gut microbiota composition across additional D. galeata populations and genotypes. Therefore, to elucidate the general changes in life-history traits of D. galeata induced by exposure to fish kairomones and to investigate a precise association with the gut microbiota, it is crucial to collect additional genotypes of D. galeata and analyze the gut microbiota at various stages of development. To mimic fish predation, we used two different mediums: one consisting of ADaM as a control, and the other consisting of a mixture of ADaM and fish-exposed water as the experimental medium. This means that the media differed not only in terms of the presence or absence of fish kairomones, but also in terms of the amount of ADaM trace elements. This difference could also lead to changes in observed life-history traits and alterations in microbiota composition. Therefore, in future studies, should aim to use a control medium consisting of a mixture of ADaM and non-fish-exposed water, in order to conduct both conditions as similarly as possible. Additionally, we plan to extract DNA from the gut microbiota of D. galeata, as well as the control and experimental media where D. galeata was cultured, perform metabarcoding, and analyze the association between the media and the gut microbiota. Furthermore, additional research is required to understand not only the variations in the gut microbiota in response to aquatic vertebrate kairomones but also the associations between changes in life-history trait characteristics and gut microbiota alterations in invertebrate kairomones. Ultimately, more research is required on the holobiont, which encompasses various symbiotic microorganisms such as bacteria, fungi, and viruses, extending beyond the classification of gut bacteria (Bordenstein and Theis, 2015; Theis et al., 2016). This study is the first to examine the gut microbiota in response to fish kairomone exposure in D. galeata, which suggests that gut microbiota may play an important role in the induction of adaptive traits against fish predators.
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diversity
Beta
Diversity Adjusted P Significance
metric
Bray-
Curtis 0.1000 Not significant
dissimilarity
KB5_Control and KB5_Fish indicate the control and experimental groups, respectively. The
stars indicate significant differences (adjusted P* < 0.05) between D. galeata exposed to fish
kairomones versus D. galeata not exposed to fish kairomones. The + values in brackets
represent the standard deviation.





