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Abstract  

In southern Guam, rainfall and resulting river discharge leads to large sediment deposits into 
several bays, including Fouha Bay. These sediments originate from lateritic clay soils, exposed due to 
arson, development and poor land management. In the late 1980’s, Fouha Bay experienced high 
coral mortality due to sediment runoff following land clearing and road construction. The effects of 
road construction and subsequent anthropogenic influence have affected coral cover, composition, 
and diversity in Fouha Bay and adjacent bays. Following storms, coral is exposed to lowered salinity, 
reduced light-levels due to suspended particles, and tissue necrosis due to sediment settling on coral. 
While these factors can affect coral health and in turn shape coral community composition, effects 
on the microbial communities associated with corals living in these habitats are not fully understood. 
Porites lobata dominates Fouha Bay at the inner and outer sites that differ in sedimentation severity. 
Over the course of 8-month study, covering the wet and dry seasons, 8 coral samples from the inner 
and outer bay sites were collected monthly for DNA extraction and 16S rRNA metabarcoding of 
bacterial microbiomes. Two hypotheses were tested: 1) The coral-associated prokaryotic diversity of 
P. lobata will not be stable throughout the seasons and across the sites in Fouha Bay and 2) the coral 
associated prokaryotic metabolic functions of P. lobata will not shift between sites and seasons in 
Fouha Bay. A more stable coral microbiome was observed in the outer bay site due to year-round 
low levels of sedimentation while the largest microbial shift was observed in the inner bay site during 
the wet season. Key metabolic pathway shifts were observed at the inner site during the wet season 
driven by increased sedimentation and nutrient availability. A better understanding of the seasonal 
dynamics of P. lobata’s microbiome and metabolic functions will provide increased understanding of 
effects of river runoff and sedimentation on the coral holobiont.  
Key words: coral microbiome, microbial biodiversity, sedimentation  
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Background 
 
Anthropogenic Effects on Small Islands  

Increased eutrophication and sedimentation are affecting coastal coral reefs worldwide 

(Burke et al., 2011; Golbuu et al., 2008; Howarth et al., 2011). Soil erosion and nearshore 

sedimentation are one of the primary threats to marine ecosystems for islands across the Pacific, 

such as Guam (Abraham et al., 2004; Richmond, 1993). Guam experiences large tropical storms that 

can lead to high erosion rates and sediment loading onto nearshore reefs (Minton, 2005). In 

southern Guam, there are 14 watersheds that run along the mountain ridges on the western coast. 

Of the 100 named rivers and streams on Guam, 46 drain directly into the Pacific Ocean and onto 

the coral reefs surrounding the island (Figure 1A). River and stream runoff discharge not only fresh 

water, but erodible solids such as soil, pesticides, and debris. Observed changes in coral cover and 

composition from inshore to offshore coral reef systems are partially attributable to differences in 

sedimentation (DeVantier et al,. 2006; Golbuu et al., 2008; Sweatmanet al., 2011). Corals that are 

better adapted or acclimated to sedimentation are usually more abundant in reefs exposed to higher 

sediment loads (Done, 1982; Sweatman et al., 2007). Coastal coral reefs have adapted to natural 

erosion processes. However, increased sedimentation due to human activities leads to declines in 

community diversity and species abundance near river mouths (Macdonald et al., 1997; Ramos-

Scharrón & MacDonald, 2005; Rongo, 2004). 
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Figure 1 A-D. (A) Map of southern Guam depicting the drainage network of major rivers and 
streams. (B) The highly erodible badlands of southern Guam. (C) Map of southern Guam depicting 
soil types from the Soil Survey of the Territory of Guam in 1985. (D) Map of southern Guam 
depicting anthropogenic features (black) and natural land (gray) in 2011. (Digital Atlas of Southern 
Guam) 



   7 

One of Guam’s largest impacts on nearshore coral reefs is arson-derived fires. Prior to 

human arrival on Guam, wildland fires were none-existent due to Guam’s naturally high humidity 

and rare lightning storms (Minton, 2006). Now, almost all fires on Guam are intentionally set by 

humans. Farmers, homeowners, and hunters light fires to clear vegetation, burn trash, and clear land 

to hunt pig and deer (Minton, 2006). Fires have led to a replacement of forests by savannah (Athens 

and Ward, 2004) and highly exposed clay areas known as Badlands (Figure 1B). Young native trees 

are highly susceptible to fires, which allows fast-growing, non-native savannah grasslands to replace 

forests. In 1985, the Soil Survey of the Territory of Guam was conducted by the USDA Soil 

Conservation Service, Guam Department of Commerce, and the University of Guam (Figure 1C) to 

map the soil types across southern Guam. 

Badlands and burned savannah have the highest erosion rates with 35% topsoil loss (Minton, 

2006). Timing of burning events can affect erosion rates. Areas burned earlier in the dry season 

erode less than areas burned at the start of the wet season (Minton, 2006). The anthropogenically 

driven shift from forests to grasslands not only affects terrestrial ecosystems, but increased topsoil 

deposits into watersheds affect downstream coral reefs and can lead to mass coral mortality. 

Without anthropogenic influences, natural levels of suspended sediments on reefs are usually less 

than 5 mg/l and rarely exceed 40 mg/l (Kleypas, 1996; Larcombe et al., 1995), but on reefs adjacent 

to degraded watersheds, suspended sediments can reach 1,000 mg/l during periods of heavy rains 

(Rongo, 2004; Wolanski et al., 2003).  

Other territories of the United States face similar sedimentation impacts, notably the US 

Virgin Islands. Over the past few decades, development increased on the island of Saint John due to 

increased tourism and part-time inhabitants (MacDonald et al., 2001). From 1990 to 2000, the Coral 

Bay area of St. John saw a population increase of 80% (U.S. Census Bureau, 2000) that gave rise to 

increased infrastructure, including new roads, residential and commercial construction (Brooks et al., 
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2007). Reduction of natural vegetation and additional unpaved roads greatly increased erosion in the 

US Virgin Islands (Macdonald et al., 1997; Ramos-Scharrón and MacDonald, 2005) linked upslope 

sediment production with increased sediment impacts in the downstream marine environment 

(Nemeth and Sladek Nowlis, 2001).  

Similar to the US Virgin Islands, Guam’s population has doubled in the last 50 years (Guam 

Demographic Profile, 2019) leading to increased infrastructure and construction. While southern 

Guam remains less populated than the north (Figure 1D), construction and other human activities 

result in increased runoff and suspended sediment discharge into surrounding rivers and bays. In 

Fouha Bay, southern Guam, a large coral mortality event took place between 1988 and 1990 due to 

sediment runoff following land clearing and road construction (Richmond, 1993). The effects of this 

mortality event can still be seen today with lower coral diversity and abundance compared to 

baseline surveys (Randall and Birkeland, 1978). 

Sedimentation  

Terrestrial runoff or wave resuspension of deposits can expose corals to nutrient-rich 

sediment that can bleach or kill exposed tissues (Weber et al., 2006). Erosion and sediment runoff 

into coastal waters are natural processes, but anthropogenic effects have rapidly increased runoff  

(Rawlins et al. 1998). Areas exposed to coastal development are common zones with increased 

sedimentation, elevated in rich organic matter, that cover reef organisms after flood plumes and 

resuspension events (Nemeth and Sladek Nowlis, 2001). Across southern Guam, rainfall and 

resulting river discharge led to large sediment deposits into coastal habitats.  

High suspended sediment concentrations can smother corals leading to mortality (Loya, 

1976), decrease larval settlement by reducing available substrate, increase the energetic costs of 

corals to remove sediment (Stafford-Smith and Ormond, 1992), and reduce available energy for 

calcification (Bak, 1978; Walker and Ormond, 1982) and reproduction. These shifts in energetic 
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costs can promote tissue infection (Bruno et al., 2003; Fabricius, 2005; Nugues & Roberts, 2003) 

and leave corals exposed to pathogens and susceptible to disease. During acute sediment stress 

events, such as high river runoff during tropical storms, corals can experience lower light conditions 

that reduce photosynthesis while increasing energy expenditure leading to mortality (Erftemeijer et 

al., 2012).  

Increased turbidity and sedimentation can create a tissue barrier that prevents gas exchange 

and removal of metabolic waste products (Stafford-Smith and Ormond, 1992). The organic matter 

in sediment can lead to microbially induced anoxia and reduced pH, which can cause coral mortality 

within as little as 15-48 hours (Miriam Weber et al., 2012). Sediment and silt enriched with organic 

materials have been shown to kill juvenile coral within hours to days while silt without enrichment 

was removed by the organism (Fabricius et al., 2003; Fabricius and Wolanski, 2000). Coral’s 

sediment tolerance can be attributed to its efficiency in sediment removal and a timely shift from 

photo-autotrophy to heterotrophy (Anthony, 2000; Anthony and Fabricius, 2000). Corals that can 

acclimate to lower light conditions and quickly remove sediment may be more suited for reefs 

inundated with resuspended sediment. Nutrients in rivers from fertilizers, sewage, and eroding soils 

have increased globally compared to preindustrial times, affecting about 25% of coral reefs around 

the world (Burke et al., 2011). Sediment contains harmful substances such as pesticides and nutrients 

(Peters et al., 1997; Richmond, 1993), further exacerbating the impact of sedimentation. These 

nutrients and pollutants can attach to sediment particles and rapidly stimulate algal growth, creating 

a coral-to-algae phase shift (Minton, 2006).  

The Coral Microbiome 

A coral colony represents a complex holobiont comprised of the host coral and a microbial 

community including endosymbiotic algae and endolithic bacteria and archaea, viruses, and other 

protists (Bourne and Munn, 2005; Koren and Rosenberg, 2006; Rohwer et al., 2002; Sunagawa et al., 
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2010). These microorganisms and their genetic material represent the coral microbiome and facilitate 

metabolic adaptations of the coral holobiont to local environmental conditions (Ainsworth et al., 

2015; Kelly et al., 2014). The core microbiome is largely stable and associated with host microbiome  

interactions that are less sensitive to their environmental surroundings (Hester et al., 2016). 

However, there can be shifts during adaptation to environmental change (McFall-Ngai et al., 2013; 

Santos et al., 2014). Some coral-associated prokaryotes have been connected with beneficial 

functions in the coral holobiont (Grottoli et al., 2018) while others have shown deleterious effects 

on coral health and physiology (Peixoto et al., 2017).  

In locations with reduced coral cover and increased fleshy algae, the coral microbial 

community can show a higher abundance of microbial pathogens (Dinsdale et al., 2008). Increased 

abundance of pathogens is positively correlated with increased prevalence of coral diseases (Sandin 

et al., 2008), highlighting that coral-associated prokaryotic communities may be linked to coral 

health. A “healthy”, or beneficial (Peixoto et al., 2017) microbiome may guard coral from pathogens 

under stressful environmental conditions (Sweet and Bulling, 2017) and protect from further 

harmful processes (Webster and Reusch, 2017). Corals with a more diverse and stable microbiome 

tend to have higher resilience (Grottoli et al., 2018), a phenomenon linked to the insurance 

hypothesis. The insurance hypothesis posits that microbial diversity stabilizes microbial community 

function (Yachi and Loreau, 1999). Thus, the loss of diversity can lower microbial community 

function. However, sewage and sedimentation may bring microorganisms onto the reef microbial 

community which may destabilize microbiome function (Ziegler et al., 2016). Studies on the effects 

of sedimentation on corals have typically shown destabilization and decreased coral health 

(Fabricius, 2005; Goreau and Yonge, 1968; Rogers, 1990).  

 

The Core Microbiome: Identity or function? 
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The core microbiome is composed of host species-specific members that are common among 

two or more communities (Hamady and Knight, 2009; Hernandez-Agreda et al., 2016; Sweet and 

Bulling, 2017; Turnbaugh et al., 2007). Identifying the Operational Taxonomic Units (OTUs) in the 

core microbiome is imperative due to their ability to remain relatively stable during environmental 

changes, continuing to provide key metabolic functions (Chu and Vollmer, 2016; Ainsworth et al., 

2015; Shade and Handelsman, 2012; Shafquat et al. 2014). Central metabolic pathways associated 

with the core microbiome can aid in the understanding of how host-microbiome interactions are 

established and maintained (Ainsworth et al., 2015; Shafquat et al., 2014). Coral-associated 

prokaryotes can share core genes required to aid in the host’s metabolic functions and other 

metabolic genes that can aid in host fitness. The same specialized metabolic genes and pathways can 

occur in different coral-associated prokaryotes under similar environmental conditions, as such, 

different groups may provide the same core functional redundancy (Martiny et al., 2006; Martiny et 

al., 2009). The functions of the core coral microbiome may be more important than taxonomic 

composition due to the wide range of functions across complex microbial communities (Burke et al., 

2011). While taxonomic composition may shift across environmental conditions such as 

sedimentation gradients, microbiome function may be conserved across taxonomic groups.  

Along with core coral microbiome, there is a variable dynamic or accessory microbiome, that 

changes with seasonality and habitat (Hester et al., 2016). The dynamic microbiome has the ability to 

adapt or evolve when facing environmental changes through microbiome-mediated 

transgenerational acclimatization (MMTA) (Webster and Reusch, 2017). This transient microbiome 

can be associated with strategic changes to quickly acclimate the holobiont to changes in the 

environment. Understanding the dynamic coral microbiome has implications for coral restoration 

and resilience due to identification of corals capable of adaptation to environmental conditions 

(Singh et al., 2013; Ziegler et al., 2017). 
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Environmental Effects on the Coral Microbiome  

Coral reefs and their associated microbial communities are facing long-term, global 

disturbances such as rising temperatures. However, additional increases in chronic anthropogenic 

impacts are rapidly degrading reef conditions and shifting coral microbiomes (De’Ath et al., 2012; 

Pandolfi et al., 2003). Variations in the coral microbiome can be partially attributed to seasonal 

variability (Angly et al., 2016; Kimes et al., 2013; Meyer et al., 2014). Guam experiences a dry and 

wet season with increased rainfall and river discharge during the wet season. Increased river drainage 

from rain events directly relate to increased sedimentation and concentrations of pollutants (Angly et 

al., 2016; Brodie et al., 2010; Moreno-Madriñán et al., 2015). During high rainfall events, bacteria 

that are common among soil and plant root microbiomes can be found in near-shore marine waters 

(Angel et al., 2016), indicating runoff from nearby eroded areas.  

 Environmental stressors can directly or indirectly shift microbial communities, potentially 

leading to disease (Harvell et al., 2007; Mouchka et al., 2010), but the existing coral microbiome may 

play a role in limiting establishment of pathogenic microbes. Corals have the ability to acquire new 

symbionts to mitigate adverse environmental conditions that have led to the development of the 

coral probiotic hypothesis (Reshef et al., 2006; Rosenberg et al., 2007) . The hypothesis suggests that 

corals can shift their holobiont by selecting microbes to promote growth and persistence of the coral 

host under harsh environmental conditions (Rosenberg et al., 2007). One prominent bacterial genus 

in healthy corals is Endozoicomonas diseased or compromised corals often characterized by lower 

abundances of Endozoicomonas (Bayer et al., 2013; Glasl et al., 2016; Meyer et al., 2014; Morrow et al., 

2017; Neave et al., 2016; Vezzulli et al., 2013). Endozoicomonas belongs to the family 

Endozoicomonadaceae in the order Oceanospirallales, a group of heterotrophic aerobic marine 

bacteria (Peixoto et al., 2017). Though not fully understood, Endozoicomonas is a diverse and flexible 

symbiotic group (Neave et al., 2017) that exists worldwide across several marine hosts. Some strains 
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of Endozoicomonas have been shown to produce antimicrobial compounds (Ritchie, 2006; Rua et al., 

2014) that could act as a biological control for coral pathogens and prevent possible disease. A long-

term study found a positive correlation between Proteobacteria and Actinobacteria abundances in 

the coral microbiome when Actinobacteria abundance was low, opportunistic Proteobacteria were 

more common suggesting that antibiotic producing Actinobacteria suppress opportunistic bacteria 

(Zaneveld et al., 2016).  

The coral genus Porites has been a common study species for coral microbiome research 

across the globe (Glasl et al., 2016; Hadaidi et al., 2017; Meyer et al., 2014; Ziegler et al., 2019). 

Porites species have been shown to act as generalists with high variation in their microbial 

communities compared to the coral genus Acropora (Dunphy et al., 2019). In Fouha Bay, P. lobata is 

the dominant structure-building species that can persist near the mouth of the river and continuing 

to grow along a sediment gradient (Rongo 2004). The coral microbiome can show plasticity, 

adapting to habitat differences and available nutrients (Kelly et al., 2014). Corals can also provide 

specific host-derived nutrients that allow for bacterial colonization (Littman et al., 2010) that can 

promote coral growth through beneficial bacteria. My work aimed to elucidate these interactions in 

P. lobata across the strong environmental gradient of Fouha Bay.  

 

Objectives 
 

The goal of this study was to examine the effects of sedimentation on the coral microbiome 

of Porites lobata.  

 

Hypotheses  
 

H01: The coral-associated prokaryotic diversity of P. lobata will not be stable throughout the seasons 

and across the sites in Fouha Bay.  
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HA1: The coral-associated prokaryotic diversity of P. lobata will be stable throughout the seasons and 

across the sites in Fouha Bay.  

H02: The coral-associated prokaryotic metabolic functions of P. lobata will not shift between sites and 

seasons in Fouha Bay.   

HA2: The coral-associated prokaryotic metabolic functions of P. lobata will shift between sites and 

seasons in Fouha Bay.   

Materials and Methods 

Sampling Sites 
 

Coral samples were collected at two sites in Fouha Bay from September 2019 to May 2020 

that represent the extreme ends of a sedimentation gradient (Table 1 and Figure 2). The inner site 

(13.306, 144.657) was located closer to the mouth of the river than the outer site (13.305, 144.657). 

The inner and outer bay sites were chosen due to availability of past environmental data, which 

showcase stark differences in sedimentation, accessibility from land and boat, and the typical yearly 

transport of river discharge into Fouha Bay from the La Sa Fua River (Randall and Birkeland 1978, 

Rongo 2004). The 400-meter-wide bay has a coral reef bisected by a channel that starts at the mouth 

of the La Sa Fua River. The channel’s depth ranges from less than one meter near the river-mouth 

to 11 m depth at the mouth of the bay. Poor land management in the late 1980’s during nearby road 

construction led to high sediment runoff into the bay that buried and killed many corals 

(Richmond). This led to a shift in coral reef community composition. Prior to road construction, 

there were 155 coral species in Fouha Bay (Randall and Birkeland 1978). Two decades later, there 

were 92 recorded species in Fouha Bay (Rongo 2004). Fouha Bay’s high sedimentation rate stems 

from human induced fires, increased construction in undisturbed areas, and shifts from natural 

forests to invasive savannah grassland and badlands due to arson. The scorched earth exposes steep 

slopes with highly erodible lateritic soils (Rongo 2004). Between the wet and dry season, the La Sa 
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Fua watershed has an average annual rainfall of 2.5 m (United States Geological Survey). The dry 

season usually occurs from December to June and the wet season usually lasts from July to 

November with August to October as the wettest months.  

Table 1. Coral sample collection dates during the wet season (September 9 – October 22) and dry 
season (December 7 – May 10) with number of corals collected from each site that yielded 
sequenced data. 

 
 

Coral Sample Collection Dates Inner Coral Collected 

with Sequence Data 

Outer Coral Collected 

with Sequence Data 

September 9 7 7 
September 24 8 7 
October 22 8 7 
December 7 7 6 
December 27 6 6 
February 5 8 7 
February 26 7 7 
May 10 6 8 
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Figure 2. Inner (144°39’25.52E, 13°18’22.09N) and Outer (144°39’25.39E, 13°18’19.62N) Bay sites 
in Fouha Bay, Guam (Satellite imagery copyright 2014 DigitalGlobe Inc.; 2001 SHOALS Lidar 
bathymetry data provided by the U.S. Army Engineer Joint Airborne Lidar Bathymetry Technical 
Center of Expertise).  
 
Sample collection 

In Fouha Bay, Porites lobata is one of two species alongside Leptastrea purpurea that can survive the 

harshest conditions from river discharge such as high sedimentation rates, altered pH from 

freshwater runoff, and reduced salinity. Eight P. lobata specimens were collected at the Inner and 

Outer sites across the wet and dry seasons. Samples were collected across a 3-month period during 

the wet season and a 5-month period during the dry season. Each colony was marked with a 

numbered tag in nearby substrate to ensure replicate sampling of the same coral colonies through 

time. The parent colonies were located between 2-5 m depth at each site. A YSI 6-Series 

Inner 

Outer 
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Multiparameter Water Quality Sonde (Yellow Springs, Ohio) was deployed at each site to measure 

conductivity and temperature. Local watershed drainage and rainfall data were obtained from the 

U.S. Geological Survey (2019-2020) to analyze shifts in precipitation between the wet and dry 

season. Over the course of the 8-month study, 126 coral tissue samples were collected. The coral 

samples were collected from the center of the colonies with a hammer and chisel, placed individually 

in a pre-labeled whirley pack, and immediately frozen in liquid nitrogen. Upon return to the lab, 

samples were stored at -80°C. Each coral sample was grouped by month and location, ultimately 

categorized by site and season (Inner Wet, Inner Dry, Outer Wet, and Outer Dry).  

 

Bacterial 16S metabarcoding  

16S rRNA was extracted from tissue samples of 126 P. lobata using a DNeasy PowerSoil Kit 

(Qiagen, Hilden, Germany) in conjunction with a QIAcube Connect (Qiagen, Hilden, Germany) 

following the manufacturer’s protocol. The pure DNA extract was quantified with a Quibit (Qubit, 

Carlsbad, CA). DNA samples were sent to CD Genomics (Long Island, NY) for PCR amplification 

and for Illumina NovaSeq 6000 Sequencing (Illumina, San Diego, CA). The V4 hypervariable region 

of 16S ribosomal DNA was targeted for PCR with a 515F and 806R universal bacterial primers. 

Paired-end reads were assigned using samples’ unique barcodes and the primer and barcode 

sequences were removed. Paired-end reads were merged using Fast Length Adjustment of Short 

reads (FLASH)(Magoč and Salzberg, 2011). This tool was designed to merge paired-end reads. 

These assembled raw tags were quality filtered retaining sequences with a Phred score of 20 to 

obtain high-quality clean tags using the QIIME V1.9.1 quality control protocol (Caporaso et al., 

2012). Chimeras were detected using the UCHIME algorithm (Edgar et al., 2011) with the tags being 

compared to the reference database SILVA (https://www.arb-silva.de/). The final tags for analysis 

were obtained once the detected chimeras were removed.  
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Only sequences between 252 and 256 base pairs length were retained. Sequences were 

dereplicated using VSEARCH (Rognes et al., 2016) to improve downstream processing speeds. 

Operational Taxonomic Units (OTUs) were assigned at 99% similarity using de novo clustering 

(Westcott and Schloss, 2015). Chimeric sequences were identified and removed from the clustered 

sequences using VSEARCH (Rognes et al., 2016). The clustered sequences were rarefied at 60,000 

sequences based off a rarefaction curve to account for variation across samples. The taxonomy was 

assigned in QIIME using the RDP classifier (Wang, 2007) against the GreenGenes Database 

(DeSantis et al., 2006). Chloroplast, mitochondria, and taxa only present in one sample (singletons) 

were removed from the OTU table. A multiple sequence alignment was performed on these 

sequence sets using Mafft (Katoh et al., 2002). The alignment was masked, or filtered, to remove 

highly variable positions that could add noise to a downstream phylogenetic inference. The unrooted 

phylogenetic tree was created using the Fasttree program (Price MN, Dehal PS, and Arkin AP, 2009) 

and the tree rooted created midpoint rooting (Kinene et al., 2016).   

 

Bacterial diversity and function 

The non-normalized OTU abundance matrix of the microbial community was used to 

calculate the microbial diversity indices for each of the 112 coral samples that remained after quality 

filtering. The OTUs were visualized in a taxa barplot at the phylum and genera levels in QIIME 2.0 

(Bolyen et al., 2019). Taxonomic heat trees were created to show differences in taxonomic 

abundances across sites and seasons. Core microbial taxa that were present across 95% of samples 

were analyzed in QIIME across the site, season, site/season, and specific months. These core 

microbes were visualized as Venn Diagrams in R (Chen and Boutros, 2011). Alpha diversity was 

inferred using 7 unique analyses (Figure 3). However, the bacterial communities were analyzed using 

the Shannon Diversity Index for richness and evenness across site and season combinations. The 
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Shannon diversity scores were used in an ANOVA to test for differences amongst site/season 

combinations. An additional Tukey’s Honest Significant Difference Test was used to test if there 

were significant differences among the site/season groups. The bacterial communities were analyzed 

using the weighted and unweighted unifrac distances to compare relative relatedness while 

incorporating their phylogenetic distances. Unweighted unifrac distances were used for further 

analysis, as this metric considered presence and absence of taxonomic groups without the 

abundance being a factor as the dominance of specific taxa would skew the data. The unweighted 

unifrac distances and Shannon diversity indices were used to create a Principal Coordinate Analysis 

(PCoA) for visualization for the site/seasonal groups. A three-dimensional Emperor Plot was 

created in QIIME 2.0 with an additional Biplot created in QIIME 2.0 highlighting the 5 most 

influential taxa across all site/season groups. An additional Emperor plot and Biplot were created to 

visualize the inner site, wet season group against the other combined groups according to the Tukey 

Honest Significant Difference Test.   
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Figure 3. Coral microbiome alpha diversity indices for the inner and outer sites during the dry (red) and wet (blue) season.  
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Multivariate analyses tested the statistical difference of the microbial community structure in 

relation to site and seasonal. A Permutation Analysis of Variance (PERMANOVA) was conducted 

in QIIME with the default permutation settings (999) using the unweighted unifrac distance matrix. 

Analysis of Similarity (ANOSIM) and Adonis tests (Simpson et al., 2022) were used to evaluate the 

influence that site, season, and site/season have on the bacterial communities (Table 2 and Table 3).  

Table 2. PERMANOVA results for Analysis of Similarity (ANOSIM) across site/seasons.  
Method Name ANOSIM 
Test statistic name R 
Sample size 112 
Number of groups 4 
Test statistic 0.429949 
P-value 0.001 
Number of permutations 999 

 
Table 3: PERMANOVA results for Adonis Test with Season, Site, and Sit / Season.  
Adonis Test Results 
 R2 Pr(>F) 
Season 0.034359 0.001 
Site 0.057026 0.001 
Site / Season  0.130934 0.001 

 

PICRUSTV2 (Caicedo et al., 2020), was used to assess metabolic functions between the 

Inner Wet group and the combined grouping of Inner Dry, Outer Wet, and Outer Dry to test if 

specific functions were conserved despite changing microbial diversity. The EC number database 

was used to predict the copy numbers of gene families that the relative abundance of OTUs were 

weighted with. These weighted EC abundancies were used to infer MetaCyc pathway abundances. 

The R package aldex (Gloor et al., 2020) was then used to create a general linear model (GLM) for 

pathway enrichment comparisons across the site/season groups. The inferred MetaCyc pathway 

were tested for statistical significance (P<0.05) and for their effect sizes. The effect sizes were then 

transformed by 1.42 (Fernandes et al., 2018) to convert to a more conservative Cohen’s D score 
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with a large effect size considered 0.8. Significant metabolic functions that were overrepresented or 

underrepresented (P-value of <0.05) and had an effect size >1.12 and <-1.12. 

 

Results 

Environmental Data  

Temperature ranged from ~31.5°C to ~26°C and were consistent between sites. However, 

there was a ~2°C drop from the wet season ending in November to the dry season starting in 

December. The conductivity ranged from ~55 to ~40 mS/cm with a small shift from the wet to the 

dry season. During this time, monthly river discharge (m3/s) and monthly river gauge (m) height at 

the La Sa Fua River (U.S. Geological Survey) that showed consistent shifts from the wet season into 

the dry season (Figure 4). 
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Figure 4. Environmental Data in Fouha Bay from the YSI 6-Series Multiparameter Water Quality Sonde and U.S. Geological Survey.
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Bacterial Community Structure and Distribution across coral samples  

A total of 126 coral samples yielded an average of 71,00 sequences. 3 outliers were filtered 

from the analysis that were not a sequence length of 252 to 256 base pairs. Based off the rarefaction 

curve at 60,000 reads, 11 samples were removed from further analysis due to low sequence yield. 

The coral samples yielded 113,698 OTUs. After filtering the samples and sequence reads, there were 

112 total samples used to represent the Wet and Dry season at the Inner and Outer Bay Sites.  

Bacterial Community Diversity  

Across the 68 unique phyla in this study, each sample was largely dominated by the phylum 

Proteobacteria (93.3%) (Figure 5). Three groups allotted for 4.5% of non-rare taxa (above 1%), 

comprising of Firmicutes (1.7%), Cyanobacteria (1.4%), and Bacteroidetes (1.4%). At the genus 

level, the microbial communities showed to diversification across site/seasons (Figure 6). Across the 

1646 genera across all samples, an unknown genus of the family Endozoicomonadaceae dominated 

comprising an average of 81.0%. The other dominant genus was Herbaspirillium (5.2%) with all other 

genera remaining rare with less that 1% overall abundance. The Inner Wet group showed the highest 

taxonomic diversity while the Outer Dry group showed the lowest taxonomic diversity (Figure 7). 
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Figure 5. Taxonomic relative frequency percent at the phyla level across each site/season group (Inner Dry, Inner Wet, Outer Dry, Outer 
Wet) with the dominant phyla Proteobacteria. 
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Figure 6. Taxonomic relative frequency percent at the genus level across each site/season group (Inner Dry, Inner Wet, Outer Dry, Outer 
Wet) with the dominant unknown genus from Endozoicomonadaceae. 
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Figure 7. Heat tree based on taxonomic abundance for the Inner Wet, Outer Wet, Inner Dry, and Outer Dry groups. 
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Taxa that existed in 95% of a given microbiome were considered core microbes. Season and 

site showed no difference in their core microbiome (Figure 8), but the site/season groups and the 

Inner Wet group differed with 13 unique core microbes. The individual months in the Inner Wet 

group showed an increase in core microbes through time with the last time point of the dry season, 

October 22, consisting of 105 unique core microbes (Figure 8).  

 
Figure 8. Core microbial taxa with comparisons between site, season, site and season, and the 
months of the Inner Wet Season.  

 

Microbiome diversity at the Inner and Outer Sites follows seasonality (Figure 9). The Inner 

Wet group shows the highest diversity with a sharp decline entering the dry season (Figure 9). The 

Outer sites tend to display consistently low diversity across seasons (Figure 9). The Inner Wet 

groups high relative diversity is driven by the decrease in Proteobacteria (84.3%) and an increase in 

other groups such as Firmicutes (3.6%), Cyanobacteria (2.6%), Bacteroidetes (2.5%), and other rare 

taxa. At the genus level, a parallel increase of relative diversity with a decrease in the unknown genus 

of the family Endozoicomonadaceae (65.3%) and an increase in Herbaspirillium (8.4%) and 

Chroocaccales (1.7%) was observed. While the Inner Wet group was still dominated by Proteobacteria 
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and unknown genus of the family Endozoicomonadaceae at the phylum and genus level, there was a 

stark increase in rarer taxa that would revert to a lower relative diversity at the Inner Dry group and 

the Outer site during both seasons. An ANOVA of Shannon Diversity scores showed that the 

site/season groups were significantly different (P = 9.87e-09). A Tukey’s Honest Significant 

Difference Test showed that the Inner Wet group was significantly different from the Inner Dry, 

Outer Wet, and Outer Dry groups.  

 
Figure 9. Shannon Diversity of the Inner and Outer site through the Wet (Blue) and the Dry Season 
(Red).   

 

 In the PCoA, the Inner Wet group formed a cluster sharing the most overlap with the Inner 

Dry group while Outer Dry group and Outer Wet groups formed a separate cluster (Figure 10). The 

three-dimensional Emperor Plot (Axis 1=12.52%, Axis 2= 5.565%, Axis 3= 4.223%) highlighted the 

separate clustering of the Inner Wet group away from the other individual site/season groups 

(Figure 11 A). The second Emperor Plot highlighted the isolated Inner Wet group against the other 

clustered groups dictated by the Tukey’s Honest Significant Difference test (Figure 12A). The Biplot 

showcased the site/season groups overlayed with 5 most influential taxa indicated with arrows:  

Oceanospirallales Endozoicimonaceae, Oxalobacteraceae Herbaspirillum, Spirochaetaceae 

Spirochaeta, Photbacterium damselae, and Nostocales Nostocaceae (Figure 11B and 12B). It is worth 

noting that the unknown Endozoicomonadaceae (81.0%) and Herbaspirillium (5.2%) were the two 
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most abundant and influential taxa that separate the Inner Dry, Outer Wet, and Outer Dry groups 

away from the Inner Wet Group.  

 
 

  
Figure 10. Each circle represents a coral sample from the study based on the presence/absence of 
bacterial taxa groups and their phylogenic distances. The seasons are represented by color (red and 
blue), the filled in and outlined circles represent site location, and the size of circle represents the 
Shannon diversity score. 
 
 
 

   
 
Figure 11 A-B. Three-dimensional Emperor plot of unweighted unifrac distances and Biplot of 
unweighted unifrac distances with 5 most influential taxa across site/seasons (Axis 1=12.52%, Axis 
2= 5.565%, Axis 3= 4.223%).  
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Figure 12 A-B. Three-dimensional Emperor plot of unweighted unifrac distances and Biplot of 
unweighted unifrac distances with 5 most influential taxa of the Inner Wet and other combined 
groups (Axis 1=12.52%, Axis 2= 5.565%, Axis 3= 4.223%). 
 

The beta diversity of the site/season groups were tested via a PERMANOVA showing a 

significant difference across 999 permutations (Pseudo-F= 5.42, P-value=0.001). Further beta 

diversity tests showed a significant difference through the Analysis of Similarity (ANOSIM) and 

Adonis test. The ANOSIM showed the Inner Wet group’s distance within itself was significantly 

lower than compared to distances to the other groups across 999 permutations (P=0.001, R=0.43) 

(Figure 13). An R value of 0.43 indicated a difference between groups while still containing some 

overlap. An Adonis test showed which factor was most influential in driving overall microbial 

diversity of a given group. While site, season, and site/season were all significant (P=0.001), the 

season alone had the least influence (R2=0.034) and the site alone also had lower influence 

(R2=0.057). The site/season combination showed the largest influence (R2=0.13) likely driven by the 

Inner Wet group.  
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Figure 13. Analysis of Similarity (ANOSIM) visualizing distances between the Inner Wet Season 
against Inner Dry Season, Outer Dry Season, and the Outer Wet Season.  
 

Microbiome Functional Profile 

The bacterial functional metabolic pathways for each sample were inferred using 

PICRUSTV2 to identify the functional metabolic pathways that were overrepresented or 

underrepresented. The Inner Wet group was compared against a combined group of all others based 

on the Tukey Host Significant Difference Test. There were 175 significant functional pathways 

(P<0.05) with an effect size >1 (overrepresented) and <-1 (underrepresented) (Supplemental Figure 

1). After transforming effect sizes by 1.42 to the more widely accepted Cohen’s D, there were 26 

functional metabolic pathways considered significant (P<0.05) with a large effect size (>0.8) (Table 

4 and Figure 14). 5 overrepresented pathways were related to the TCA cycle IV, denitrification, and 

sulfate pathways. Of the 21 underrepresented pathways, the pathways were largely related to 

fermentation, carbohydrate synthesis, and amino acid pathways (Table 4).  
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Table 4. List of 26 significant metabolic functional pathways and their effect size. 
Pathway Effect size (D) 
TCA cycle IV (2-oxoglutarate decarboxylase) 1.35 
DENITRIFICATION-PWY 1.21 
thiamine diphosphate salvage II 1.13 

SULFATE-CYS-PWY 1.13 
UDPNAGSYN-PWY 1.13 
ARGORNPROST-PWY -1.13 

hexitol fermentation to lactate, formate, ethanol and acetate -1.15 
superpathway of N-acetylneuraminate degradation -1.17 

mevalonate pathway I (eukaryotes and bacteria) -1.18 
FOLSYN-PWY -1.19 

chondroitin sulfate degradation I (bacterial) -1.20 

mycothiol biosynthesis -1.20 

superpathway of geranylgeranyldiphosphate biosynthesis I (via mevalonate) -1.22 

4-deoxy-L-threo-hex-4-enopyranuronate degradation -1.23 
glycerol degradation to butanol -1.24 
RHAMCAT-PWY -1.30 

2-nitrobenzoate degradation I -1.31 

2-amino-3-carboxymuconate semialdehyde degradation to 2-
hydroxypentadienoate 

-1.33 

pyruvate fermentation to acetone -1.33 

L-tryptophan degradation to 2-amino-3-carboxymuconate semialdehyde -1.34 

LEU-DEG2-PWY -1.34 

reductive TCA cycle I -1.36 

mono-trans, poly-cis decaprenyl phosphate biosynthesis -1.36 
GALACT-GLUCUROCAT-PWY -1.40 

L-tryptophan degradation IX -1.44 
methyl ketone biosynthesis (engineered) -1.47 
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Figure 14. Z scores for the overrepresented or underrepresented functional metabolic pathways with large effect size (D) post 
transformation in coral samples (p<0.05).  
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Discussion 
 
Environmental Differences in Fouha Bay 

 From September of 2019 to May of 2020, Fouha Bay showed stark differences in 

environmental parameters and microbial diversity between the wet and dry season. The initial 

intention of the project was to sample Inner and Outer sites in Fouha Bay for two four-month 

periods that transitioned from the wet to the dry season. However, the wet season ended earlier than 

anticipated nearing the end of November 2019 that ultimately shifted to a 3-month period during 

the wet season and a 5-month period during the dry season (Figure 4). It is worth noting that there 

were two typhoons, Typhoon Francisco and Typhoon Krosa, that originated near the Marianas at 

the beginning of August 2019 and were severe enough to delay the start of this project. While 

increased sedimentation and runoff typically dissipate before reaching the Outer site, these large 

tropical disturbances largely smothered the bay in sediment and brackish water that could have 

influenced the microbial diversity at the first time point in the study.  

 

Microbiome Diversity  

 A previous study of P. lobata microbiomes along the Fouha Bay sediment gradient during 

one time point in the dry season showed no significant difference in microbiome along the gradient 

(Fifer et al., 2022). When compared, the relative microbial diversity among site and seasonal groups 

along the same gradient in this study were significantly different between the site/season groups. 

The Inner Wet group had the highest diversity and microbial instability of taxonomic groups (Figure 

7) attributed to the Inner site’s proximity to the river with increased river runoff, sedimentation, and 

available nutrients during the wet season. The Outer Dry group likely showed the highest microbial 

stability due to environmental stability between wet and dry seasons as well as the distance from the 

mouth of the La Sa Fua River that allowed for freshwater and sediment dissipation. The core 
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microbiome was influenced most at the site/season level, specifically the Inner Wet group. This 

group of rarer taxa unique to the Inner Wet group also increased through time within this 

site/season from 16 to 105. This shift was likely driven by chronic nutrient and sediment availability 

that increased influx of microbes, with coral microbiomes shifting to facilitate persistence of the 

host under harsh environmental conditions (Rosenberg et al., 2007). The correlation between the 

seasonal environmental shift and the drastic drop in core microbes unique to the Inner Dry group 

further indicates that the severe wet season conditions could drive the increase in core microbes. 

The harsh conditions experienced at the Inner Wet site may have allowed rarer taxa to outcompete 

Endozoicomonadaceae that decreased from 81.0% relative abundance across all samples to 65.3% in 

the Inner Wet group. Alternatively, the absolute number of bacteria in the microbiome may have 

increased.  

While the microbiome of P. lobata colonies were largely dominated by a single bacteria 

phylum, Proteobacteria (93.3%) (Figure 5), an unknown genus of the family Endozoicomonadaceae 

(81%), and the genus Herbaspirillium (5.2%) (Figure 6), each site/season were characterized by unique 

prokaryotes. The Inner Dry group was characterized by Endozoicomonadaceae, thought to 

contribute to coral health (Neave et al., 2016) through production of antimicrobial compounds 

(Ritchie, 2006; Rua et al., 2014), and a stark increase in Herbaspirillium, a common river bacterium 

found in soil and plant microbiomes (Angel et al., 2016). The Inner Dry group’s decreased exposure 

to rain events and reduced flushing of sediment load likely led to an accumulation of Herbaspirillium 

close to the mouth of the La Sa Fua River. The Inner Wet group was characterized by 

Endozoicomonadaceae and showed a significant increase in rarer taxa likely a result of the harsh 

environmental conditions and proximity to the river. Despite dominance by Endozoicomonadaceae, 

the Outer Dry group juxtaposed the Inner Wet group with the highest stability and lowest diversity 

of bacterial taxa. This can be explained by opposing sites and seasons with Inner Wet having the 
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harshest conditions near the river mouth and the Outer Dry having the least harsh environmental 

variation at the outer site. The Outer Wet group was dominated by Endozoicomonadaceae and an 

increase in Firmicutes that are largely seen in soils and sedimentation. This increase is likely driven 

by chronic dispersed sediment and nutrients affecting the inner and outer bay in the wet season. 

When comparing the Inner Wet group to the other groups, Endozoicomonadaceae and 

Herbaspirillium influenced the clustering of the Inner Dry, Outer Wet, and Outer Dry groups separate 

from the Inner Wet group (Figure 11A and 12B).  

The site/seasonal groups’ beta diversity was significantly different from the Inner Wet group 

(Figure 10) (Table 2). The Unweighted Unifrac distance matrix showed significance that site and 

season each played on the bacterial diversity and the effect that site/season played in conjunction. 

While the post hoc test indicated that the Inner Wet group’s diversity was higher compared to the 

other groups’ diversity, the outer sites highlighted the effect of seasonality. The Outer Dry group 

was encompassed within the Outer Wet group, suggesting that the wet season added diversity rather 

than having a compositional shift (Figure 10). The wet season is characterized by a compositional 

shift of the microbiome for inner and outer sites, as they are entirely separated (Figure 10). 

Importantly, the Inner Wet group showed the highest diversity during the harsh conditions of the 

wet season with likely highest nutrients. This increase in diversity is surprising considering that 

species of Porites are usually thought of as microbiome regulators (Li et al., 2014). 

 

Microbiome Function 

Underrepresented metabolic pathways in the Inner Wet group outnumbered 

overrepresented pathways when compared to the other groups (Table 4). The overrepresented 

functional pathways that were statistically significant and had a large effect size were related to the 

reverse tricarboxylic acid (TCA) cycle, denitrification, and sulfate assimilation and cysteine 
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biosynthesis. These enriched functional pathways were likely associated with the increase in 

sedimentation and available nutrients through the carbon, nitrogen, and sulfur cycles. The 

overrepresentation of the TCA cycle can be attributed to increased carbon fixation, as CO2 and the 

photosynthate translocate to the host (Fiore et al., 2020), often seen in Cyanobacteria, which were 

identified in the microbiome. With an increase in nutrients in river runoff, specifically nitrogen, the 

denitrification pathway may have been overrepresented to compensate for a shift in the N:P ratio. 

Denitrification may have also been overrepresented due to smothering of the corals with sediment, 

creating areas for anaerobic bacterial metabolism and nitrogen related byproducts (Shashar et al., 

1993). The sulfate assimilation and cysteine biosynthesis pathway may have been upregulated, as the 

sulfur-containing amino acid, cysteine, plays a key role in the synthesis of antioxidants and vitamins 

(Saito 2004). Acropora is believed to not possess an essential enzyme for cysteine biosynthesis and 

ultimately relies on its symbionts for survival during harsh environmental conditions (Shinzato et al., 

2011). By contrast, Porites can synthesize their own cysteine and rely on its symbionts during harsher 

conditions (Shinzato et al., 2014).Cysteine stabilizes proteins and is likely vital for mitigating the 

impacts of environmental disturbances in corals. The likely increase in sulfur and sulfate at the Inner 

site in Fouha Bay may have come from fires in the hills above the La Sa Fua River. Ash and organic 

matter may be swept downstream altering the sulfur levels in Fouha Bay.  

While the insurance hypothesis states microbial diversity stabilizes microbial community 

function (Grottoli et al., 2018), increased sedimentation and nutrient loads can destbilize microbial 

communities through influx of additional microbial diversity (Ziegler et al., 2016). The Inner Wet 

group shows a stark increase in prokaryotic diversity with significantly more underrepresented 

metabolic pathways than the overrepresented pathways, indicating microbial function instability. 

This microbial functional instability in the Inner Wet group can be attributed to the harsh 

environmental conditions and proximity to the river. When compared to the 5 overrepresented 
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functional pathways, the Inner Wet group had 21 underrepresented functional pathways. The 

pathways were largely related to fermentation, carbohydrate synthesis, and amino acid pathways 

attributable to Endozoicomonas that may aid in overall coral health, growth, and sexual reproduction 

(Bayer et al., 2013; Neave et al. 2016, 2017) under dry season conditions and become disrupted 

during harsh environmental conditions as seen in 2019. A reduction in fermentation-related 

pathways and increase in denitrification suggests a shift from aerobic to anaerobic bacterial 

metabolism, consistent with increased sediment and nutrient loads that likely reduce available 

oxygen. As the Inner site is inundated with river runoff, key microbial functions may become 

underrepresented, but function at sufficient levels to allow for coral holobiont persistence. While the 

coral may not be able to survive in this state indefinitely, the change of season with the emergence 

of the dry season may allow for a return to homeostasis.  

Conclusions  

In this study, the coral microbiome of Porites lobata was assessed for shifts in prokaryotic 

diversity across the wet and dry season at an inner and outer site in Fouha Bay. The data showed 

that site and season had the highest influence on the coral microbiome diversity in Fouha Bay. Site 

and season led to shifts in key metabolic functions of the microbiome at the inner site during the 

wet season. Following the wet season, microbiome diversity and function returned to a normal state.  

This study highlights the anthropogenic impacts on watersheds and the resulting shifts od coral 

microbiome communities. Interestingly, shifts in microbiome diversity and function were observed 

in P. lobata, a coral generally considered to tightly regulate its microbiome even when impacted by 

environmental changes.  
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Supplemental Figure 
 

 
Supplemental Figure 1. Z scores for the overrepresented or underrepresented functional metabolic 
pathways with large effect size in coral samples prior to Cohen transformation (p<0.05).  
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superpathway of pyrimidine ribonucleotides de novo biosynthesis

SER−GLYSYN−PWY

L−isoleucine biosynthesis II
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L−isoleucine biosynthesis III

PHOSLIPSYN−PWY

pyruvate fermentation to isobutanol (engineered)

CDP−diacylglycerol biosynthesis I

CDP−diacylglycerol biosynthesis II
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GDP−mannose biosynthesis

phosphatidylglycerol biosynthesis I (plastidic)

phosphatidylglycerol biosynthesis II (non−plastidic)

GLUTORN−PWY

NONOXIPENT−PWY

superpathway of GDP−mannose−derived O−antigen building blocks biosynthesis
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UDPNAGSYN−PWY

guanosine ribonucleotides de novo biosynthesis

superpathway of guanosine nucleotides de novo biosynthesis II

superpathway of guanosine nucleotides de novo biosynthesis I

PYRIDNUCSYN−PWY

UDP−N−acetylmuramoyl−pentapeptide biosynthesis II (lysine−containing)

ARGSYNBSUB−PWY
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L−arginine biosynthesis IV (archaea)

superpathway of geranylgeranyldiphosphate biosynthesis I (via mevalonate)

mevalonate pathway I (eukaryotes and bacteria)

glycerol degradation to butanol

CHLOROPHYLL−SYN

3,8−divinyl−chlorophyllide a biosynthesis II (anaerobic)

3,8−divinyl−chlorophyllide a biosynthesis III (aerobic, light independent)

ARGORNPROST−PWY

mycothiol biosynthesis

4−deoxy−L−threo−hex−4−enopyranuronate degradation

chondroitin sulfate degradation I (bacterial)

pyruvate fermentation to acetone

L−tryptophan degradation IX

2−nitrobenzoate degradation I

2−amino−3−carboxymuconate semialdehyde degradation to 2−hydroxypentadienoate

NADSYN−PWY

L−tryptophan degradation to 2−amino−3−carboxymuconate semialdehyde

hexitol fermentation to lactate, formate, ethanol and acetate

RHAMCAT−PWY

mono−trans, poly−cis decaprenyl phosphate biosynthesis

methyl ketone biosynthesis (engineered)

GALACT−GLUCUROCAT−PWY

GLCMANNANAUT−PWY

superpathway of N−acetylneuraminate degradation

isoprene biosynthesis II (engineered)

DENITRIFICATION−PWY

reductive TCA cycle I

1CMET2−PWY

FOLSYN−PWY

superpathway of tetrahydrofolate biosynthesis

pyrimidine deoxyribonucleotides de novo biosynthesis I

superpathway of pyrimidine deoxyribonucleotides de novo biosynthesis (E. coli)

DAPLYSINESYN−PWY

GLYOXYLATE−BYPASS

TCA−GLYOX−BYPASS

L−lysine biosynthesis VI

NONMEVIPP−PWY

methylerythritol phosphate pathway II

HEMESYN2−PWY

HEME−BIOSYNTHESIS−II

superpathway of heme b biosynthesis from glutamate

BIOTIN−BIOSYNTHESIS−PWY

8−amino−7−oxononanoate biosynthesis I

stearate biosynthesis II (bacteria and plants)

palmitoleate biosynthesis I (from (5Z)−dodec−5−enoate)

FASYN−ELONG−PWY

oleate biosynthesis IV (anaerobic)

(5Z)−dodecenoate biosynthesis I

mycolate biosynthesis

FERMENTATION−PWY

partial TCA cycle (obligate autotrophs)

thiamine diphosphate salvage II

tetrapyrrole biosynthesis I (from glutamate)

tetrapyrrole biosynthesis II (from glycine)

L−arginine biosynthesis III (via N−acetyl−L−citrulline)

TCA cycle V (2−oxoglutarate synthase)

TCA cycle IV (2−oxoglutarate decarboxylase)

TCA

HSERMETANA−PWY

PANTOSYN−PWY

superpathway of pyrimidine deoxyribonucleotides de novo biosynthesis

starch degradation V

COLANSYN−PWY

GLUCOSE1PMETAB−PWY

SO4ASSIM−PWY

SULFATE−CYS−PWY

FAO−PWY

fatty acid salvage

FASYN−INITIAL−PWY

LEU−DEG2−PWY

CMP−3−deoxy−D−manno−octulosonate biosynthesis

Kdo transfer to lipid IVA (Chlamydia)

NAGLIPASYN−PWY

UBISYN−PWY

ubiquinol−8 biosynthesis (early decarboxylation)

ubiquinol−10 biosynthesis (early decarboxylation)

ubiquinol−7 biosynthesis (early decarboxylation)

ubiquinol−9 biosynthesis (early decarboxylation)

RIBOSYN2−PWY

adenosine deoxyribonucleotides de novo biosynthesis II

guanosine deoxyribonucleotides de novo biosynthesis II

TRNA−CHARGING−PWY

L−lysine biosynthesis III

Superpathway of L−isoleucine biosynthesis I

TRPSYN−PWY

CALVIN−PWY

COA−PWY

peptidoglycan biosynthesis III (mycobacteria)

PEPTIDOGLYCANSYN−PWY

UDP−N−acetylmuramoyl−pentapeptide biosynthesis I (meso−diaminopimelate containing)

HISTSYN−PWY

superpathway of purine nucleotides de novo biosynthesis I

adenosine ribonucleotides de novo biosynthesis

POLYISOPRENSYN−PWY

superpathway of adenosine nucleotides de novo biosynthesis II

GLYCOGENSYNTH−PWY

cis−vaccenate biosynthesis

GLUCONEO−PWY

DENOVOPURINE2−PWY

THISYN−PWY

superpathway of L−methionine biosynthesis (by sulfhydrylation)

pyrimidine deoxyribonucleotides de novo biosynthesis II
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