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Abstract: This mini-review discusses the importance of microorganisms in various biological pro-
cesses and the paradigm shift in researchers' perception of microorganisms' biology and genetics.
Microorganisms are now understood to interact with their associated microorganisms, and ad-
vanced sequencing technology is used to study these interactions. The article highlights the im-
portance of careful study design to efficiently generate and integrate data derived from meta-omics
approaches such as (meta)genomics, (meta)transcriptomics, (meta)proteomics, and (meta)metabo-
lomics to fully explore the extent of interactions between host organisms and their associated mi-
crobiota. The article also discusses the usefulness of metabarcoding and metagenomics in studying
coral holobiont diversity and composition. While metabarcoding can comprehensively explore the
genetic diversity of various biological taxa, it has limitations in classifying prokaryotes based on 165
rRNA amplicons. On the other hand, metagenomics generates vast amounts of short reads sequenc-
ing data that can be used to examine microbial diversity with greater precision and predict the pos-
sible functions of the gene set that is presented in the sample. However, the ability to link species to
their functional capabilities is challenging, especially for microbes with uncertain evolutionary re-
lationships, hidden microbes, and microeukaryotes. Finally, the article highlights the potential use-
fulness of these approaches in conservation biology and molecular and environmental science.
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1. Holo-Omics are the New Trend in Coral Studies

In recent years, there has been a paradigm shift in how researchers perceive the biology
and genetics of microorganisms, with a growing recognition of the crucial role of micro-
organisms in various biological processes. Previously, microorganisms were viewed as
isolated genetic entities, but now they are understood as interacting with their associated
microorganisms in complex ways. For instance, microorganisms associated with plants
and animals are essential for nutrient acquisition [1], immune response [2], development
[3], biomolecule synthesis [4], and behavior [5]. Advanced sequencing technology is used
to study microorganisms associated with hosts and their interactions, shaping complex
organisms' traits. Meta-omic data from both hosts and microbes can reveal these interac-
tions. However, to fully explore the extent of interactions between host organisms and
their associated microbiota, it is essential to carefully design studies that can efficiently
generate and integrate data derived from meta-omics approaches such as (meta)genomics,
(meta)transcriptomics, (meta)proteomics, and (meta)metabolomics [6]. It has become a
valuable tool in the study of marine microbes, as these microorganisms are notoriously
challenging to cultivate and sustain under laboratory conditions. By leveraging meta-om-
ics techniques, researchers can study marine microbial communities' genetic and func-
tional characteristics without the limitations of traditional culturing methods. This ap-
proach allows for a more comprehensive understanding of marine ecosystems and the
critical roles played by microbial communities in maintaining ecosystem health and func-
tion. The holo-omics approach integrates host and microbiota data to investigate their
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interactions. Despite its limitations, it offers opportunities for innovative research in con-
servation biology and molecular and environmental science.

2. The Promise of Meta-Omics in Unraveling the Coral Holobiont Complexities

Metabarcoding involves utilizing high-throughput sequencing (HTS) to extract sequence
information from a complex mixture of genetic material. This information is then com-
pared to a DNA barcode database, which is why it's called metabarcoding [7]. The taxo-
nomic breadth and depth of the detected diversity in a metabarcoding analysis are influ-
enced by the primers' specificity and the reference database used to match genetic se-
quences to morphological taxonomy [8]. Therefore, the choice of primers and database is
crucial for the accurate and comprehensive identification of the species present in the sam-
ple. For example, The Tara Oceans project [9-11] utilized advanced Illumina HiSeq tech-
nology to sequence a series of recently developed barcodes designed to investigate the
abundance and variety of holobiont components such as bacteria and archaea [V4-V5 re-
gion of the 165 rRNA] [12], eukaryotes [V9 region of the 185 rRNA] [9], Symbiodiniaceae
[ITS2 region of the rDNA] [13-15], and metazoan species [mitochondrial COX1 gene] [16].
This enabled the project to comprehensively explore the genetic diversity of these various
biological taxa in coral holobiont. However, the limitation of metabarcoding is that the
ability to classify prokaryotes based on 165 rRNA amplicons is mostly restricted to the
family or genus level, and it's difficult to classify the species or strain level [17].

Metagenomics is a technique used to examine the composition of biological organisms in
a specific habitat. In contrast, genomic studies focus on the genetic material of a particular
organism, while metagenomics studies the genetic material of entire communities of or-
ganisms. To achieve this, the extracted DNA is subjected to next-generation sequencing
(NGS), which generates a vast amount of short reads sequencing data. These short reads
can then be assembled to construct a microbial community profile or other valuable infor-
mation. Then these reads can be used to examine microbial diversity with greater preci-
sion than what is achievable through amplicon sequencing [18] by mapping SSU rRNA
genes, i.e., 16s and 18s rDNA, to reference databases [19,20] such as SILVA for Prokaryotic
[21] and PR2 [22] and Global Ocean DB [23] in addition to predicting the possible func-
tions of the genes set that is presented in the sample [24]. While Matsuo et al., 2021, suggest
that it is feasible to identify species using the complete 165 rRNA gene, Jaspers et al., 2019)
indicate that it is challenging to link these species to their functional capabilities. It has
been suggested that it is possible to predict gene function using 165 rRNA gene data with
the aid of available reference genomes [27-30]. Despite the potential usefulness of this
approach for well-studied and sequenced microorganisms, Sun et al., 2020, highlight its
limited effectiveness for microbes with uncertain evolutionary relationships, hidden mi-
crobes, and microeukaryotes. Research on microeukaryote diversity associated with cor-
als has mainly concentrated on disease dynamics, where researchers use microscopy to
identify microbes linked to corals. However, this technique has limitations due to its low
throughput and targeted nature [32]. The use of non-targeted, culture-independent tech-
niques such as high-throughput metabarcoding has enabled researchers to identify what
they were searching for and previously unknown microorganisms in the environment
[33]. However, the exploration of the entire micro eukaryotic community is still scarce
[34].

The coral meta-omics field is becoming more popular, and many studies have been pub-
lished using metagenomics approaches and have generated numerous significant hypoth-
eses regarding their roles in stress and bleaching, i.e., Rose et al., 2018, proposed that pol-
ygenic evolution is a major factor that influences the differences in ecology and resilience
to climate change among corals. However, these hypotheses are mainly based on correla-
tional data. Furthermore, the data are derived from complex datasets that comprise nu-
merous genes and pathways, often making it challenging to pinpoint and fully compre-
hend the essential constituents of the stress response. Another technical difficulty is
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generating data from diverse species without consistent experimental conditions, leading
to difficult datasets comparison. One potential way to overcome this technical difficulty
is to standardize data processing and analysis across datasets. This could involve devel-
oping common protocols for data normalization, quality control, and statistical analysis
that are applicable across different coral species and experimental conditions. In addition
to the challenge of multi-omics data, the presence of a significant number of genes with
unknown functions, or 'dark genes', in corals and algae further complicates the analysis
[36]. For instance, in dinoflagellates, approximately one-third of the genes are unanno-
tated, and only a small fraction of these uncharacterized proteins (about 1.4%) have a
known domain, making it even more difficult to infer their functions [37]. This lack of
functional annotations for these genes hinders our ability to understand the biological
processes and pathways that they are involved in and limits the accuracy of our predic-
tions.

Regardless of these limitations, metagenome assembly is a valuable tool for studying mi-
crobial populations associated with coral hosts at the genomic level. By generating meta-
genome-assembled genomes (MAGs) for different microbial species, researchers can in-
vestigate the genetic differences between populations of the same species and compare
genomes of different species at the amino acid level. This approach can provide insights
into the functional roles of coral-associated microbes, their interactions with the host, and
their potential contributions to coral health and resilience. Also, it opens doors to compare
different assembled genomes at the amino acid level and look for shared gene orthologs.
Although this method can be successful in analyzing organisms with small genomes, like
prokaryotes, it becomes challenging for eukaryotes because of the complexity of assem-
bling their comparatively larger genomes. Even though the metagenomes assembled from
coral samples may not encompass the complete microbial diversity, they offer significant
insights into the taxonomy and functional capabilities of many key members of the coral
microbiome. Another challenge is the relatively low density of microbial DNA in compar-
ison to the high volume of sequences produced by the coral host. A suggested way to
overcome this issue is sequencing deeper and generating more reads to gain more data
and consequently obtain more biological information about the coral-associated microor-
ganisms. Another way to avoid the massive read sequencing of the coral host is to design
specific metagenomic primers that could prevent or reduce the amplification of the coral
host DNA [38] or develop algorithms such as EukRep [39] that can separate the eukaryotic
from prokaryotic contigs in metagenomic samples.

3. Meta-Transcriptomics: A Powerful Tool for Studying Coral Holobiont Functional-
ity

Meta-transcriptomics is a powerful tool that not only allows for the analysis of the com-
position of the microbial community but also sheds light on the active functional profile
of the community by identifying the genes that are expressed [40]. It has provided a vast
amount of data in coral research, presenting an opportunity to conduct metagenomic in-
vestigations aimed at identifying crucial and essential pathways [36]. This information is
essential for understanding the role of the microbial community in the coral ecosystem
and their interactions with the coral host. The analysis of the holo-transcriptomes of coral
holobiont collected from various points along the transect is crucial for gaining genetic
insights into ecological and evolutionary queries about both the community and intraspe-
cific levels. Moreover, it gained popularity in the coral omics field, with the utilization of
tools such as microarrays and RNA-seq for profiling coral transcriptomes to uncover gene
expression patterns related to thermal stress [41].

The identification of differentially expressed genes (DEGs) is allowing researchers to in-
vestigate the response to various environmental conditions [42] such as heat stress [43,44]
and adaptation to mesophotic conditions [45]. Also, the creation of transcriptome data-
bases has facilitated progress in coral science [46]. Besides, using different protocols for
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each domain of the holobiont (Eukaryotic and Prokaryotic) would provide high-resolu-
tion results for each holobiont component. For example, use a poly A+ enrichment protocol
to obtain eukaryotic mRNA to analyze the coral and Symbiodiniaceae dual transcriptome
and remove rRNA from the remaining polyA- fraction to sequence microbial mRNA [47].
Moreover, it is possible to utilize various metatranscriptomics protocols to investigate the
gene expression of Cnidaria, Symbiodiniaceae, bacteria, archaea, other microorganisms,
and even viruses from the original tissue samples [48,49]. Additionally, researchers have
utilized Meta transcriptomics to investigate coral-algal symbiosis [45,50-52], natural
bleaching [53-55], and coral diseases [56-59]. This approach has significantly advanced
our understanding of coral biology and provided valuable insights into the mechanisms
underlying corals' response to thermal stress. [60].

Despite the potential of current meta-transcriptomic techniques, various challenges still
prevent their extensive use. One of these obstacles is the high proportion of ribosomal
RNA in the collected RNA, which can significantly decrease the quantity of mRNA, the
primary target of transcriptomic research. To address this issue, some attempts have been
made to efficiently eliminate ribosomal RNA [61]. Second, the instability of mRNA is a
well-known issue that can impact the sample's integrity before sequencing [62]. Addition-
ally, distinguishing between host and microbial RNA can be difficult despite the availa-
bility of different enrichment kits. However, if the host's reference genome is available,
this can also be accomplished computationally, as demonstrated by Pérez-Losada et al.,
2015 research on the human airway microbiome and its host-pathogen interactions.
Lastly, the coverage of transcriptome reference databases is restricted.

4. Understanding Coral Holobiont through Metabolomic and Proteomics

The field of metabolomics involves identifying all metabolites in a sample to understand
their relationship with cellular processes [64]. This approach, in combination with path-
ways information, can lead to the generation of new hypotheses. The metabolome is be-
lieved to be the most reliable indicator of the environment's health and any changes in
homeostasis, such as dysbiosis [65]. The production of specific metabolites varies with
changes in metabolic activity, making metabolomics a valuable tool for pathway analysis
[66]. Furthermore, metabolomics holds promise in drug discovery and phar-
macogenomics for personalized medicine [67]. Metabolomics studies have revealed new
insights into the interactions within the coral holobiont. For example, platelet activation
factors were found to increase at coral-algal interfaces, indicating their role in these inter-
actions [68]. Lipid classes such as betaine-lipids and diacyl-glycerides were correlated
with previous coral colonies' bleaching events and can also serve as disease markers
[69,70]. Moreover, dipeptides were identified as indicators of heat stress in corals [71].
Various chemical groups comprise these metabolites, and they may significantly impact
the microbiome of the surface mucopolysaccharide layer (SML) [72]. One of the metabo-
lites identified is estrogen, which regulates stress responses and modifies the microbiome
composition [73,74]. Although meta-transcriptomics has demonstrated its usefulness in
the limited cases where it has been utilized, its integration with other meta-omics meth-
odologies can provide additional validation of gene expression patterns, enable quantifi-
cation of their effects, and offer insight into novel metabolic and symbiotic interactions.
Mass-spectrometry-based techniques such as proteomics and metabolomics are revealing
groundbreaking discoveries in holobiont research [75].

Although metabolomics is a promising field with lower costs compared to sequencing, it
has several limitations [76]. It has been slow to progress due to significant challenges in
detecting metabolites present in low abundance and the high number of hidden metabo-
lites commonly found in biological systems [77]. The complexity of chemical formulae and
structures poses the biggest challenge in mass spectrometry-based metabolomics, where
annotations can only be confirmed reliably with comparisons to known standards [75].
Standardization is necessary for metabolomics due to the impact of extraction protocols
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on detected molecules. While some metabolites are prone to degradation, others are not
efficiently extracted [76,78]. A significant challenge in the study of the holobiont is con-
necting metabolites with their respective producing organisms. Although the statistical
correlation of metabolite and amplicon sequencing data can aid in this task [79], it is only
applicable to identifying unique secondary metabolites. Another key challenge is deter-
mining whether a metabolite was produced by the host or microbiome making their iden-
tification and assignment to specific organisms more difficult. Additionally, metabolom-
ics results must be combined with other omics data to determine the association between
specific genes, enzymes, or pathways with a particular metabolite. Therefore, new ap-
proaches that deal with integrated omics are needed to address these challenges [62].

5. Conclusions

The current data about complex ecosystems like coral holobiont is inconclusive, and more
investigations are needed. Interestingly, the application of meta-omics methods and ad-
vances in computational tools would give access to microbiome functions and help re-
searchers understand how microbiome taxa are interconnected. It is equally important to
comprehend the function of unannotated dark genes that may be host-specific innova-
tions or adaptations to environmental conditions. The understanding of coral responses
to various stressors is imperative for improving multi-omics protocols and databases for
coral studies. This will enable the development of effective conservation and management
strategies to protect these valuable ecosystems. In the realm of coral omics, a key objective
is to pinpoint the essential genes and species involved in responding to different types of
stresses and elucidate how variations in this response correlate with differences in stress
resilience. Despite the significant increase in research efforts in the field, the lack of con-
sistency in experimental design, methodologies, and the range of species investigated still
poses a considerable challenge in comparing results across studies. It is necessary to de-
velop multi-omics datasets that incorporate standardized protocols for a variety of model
coral species reflecting their diversity and create datasets with maximum comparability
to enable researchers to identify similarities and differences among the model corals.
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