
 

 

UNRAVELLING THE METABOLIC INTERACTIONS OF THE 

AIPTASIA-SYMBIODINIACEAE SYMBIOSIS 

 

 

Dissertation by 

 

Guoxin Cui 

 

 

 

In Partial Fulfillment of the Requirements 

For the Degree of 

Doctor of Philosophy 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

December, 2018  



2 
 
 

EXAMINATION COMMITTEE PAGE 

 

 

 

 

Committee Chair: Manuel Aranda 

Committee Members: Takashi Gojobori, Christian R. Voolstra 

External Committee Members: John R. Pringle 

External Examiner: Virginia M. Weis 

 

 

  



3 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© December 2018 

Guoxin Cui 

All Rights Reserved 

  



4 
 
 

ABSTRACT 

Unravelling the Metabolic Interactions of the Aiptasia-Symbiodiniaceae Symbiosis 

Guoxin Cui 

 

Many omics-level studies have been undertaken on Aiptasia, however, our understanding 

of the genes and processes associated with symbiosis regulation and maintenance is still 

limited. To gain deeper insights into the molecular processes underlying this association，

we investigated this relationship using multipronged approaches combining next 

generation sequencing with metabolomics and immunohistochemistry. 

We identified 731 high-confident symbiosis-associated genes using meta-analysis. 

Coupled with metabolomic profiling, we exposed that symbiont-derived carbon enables 

host recycling of ammonium into nonessential amino acids, which may serve as a 

regulatory mechanism to control symbiont growth through a carbon-dependent negative 

feedback of nitrogen availability to the symbiont. 

We then characterized two symbiosis-associated ammonium transporters (AMTs). Both of 

the proteins exhibit gastrodermis-specific localization in symbiotic anemones. Their tissue-

specific localization consistent with the higher ammonium assimilation rate in 

gastrodermis of symbiotic Aiptasia as shown by 15N labeling and nanoscale secondary ion 

mass spectrometry (NanoSIMS).  Inspired by the tissue-specific localization of AMTs, we 

investigated spatial expression of genes in Aiptasia. Our results suggested that symbiosis 

with Symbiodiniaceae is the main driver for transcriptional changes in Aiptasia. We 
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focused on the phagosome-associated genes and identified several key factors involved in 

phagocytosis and the formation of symbiosome. Our study provided the first insights into 

the tissue specific complexity of gene expression in Aiptasia. 

To investigate symbiosis-induced response in symbiont and to find further evidence for the 

hypotheses generated from our host-focused analyses, we explored the growth and gene 

expression changes of Symbiodiniaceae in response to the limitations of three essential 

nutrients: nitrogen, phosphate, and iron, respectively. Comparisons of the expression 

patterns of in hospite Symbiodiniaceae to these nutrient limiting conditions showed a 

strong and significant correlation of gene expression profiles to the nitrogen-limited culture 

condition. This confirmed the nitrogen-limited growing condition of Symbiodiniaceae in 

hospite, and further supported our hypothesis that the host limits the availability of nitrogen, 

possibly to regulate symbiont cell density. 

In summary, we investigated different molecular aspects of symbiosis from both the host’s 

and symbiont’s perspective. This dissertation provides novel insights into the function of 

nitrogen, and the potential underlying molecular mechanisms, in the metabolic interactions 

between Aiptasia and Symbiodiniaceae. 
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INTRODUCTION 

Coral reefs are three-dimensional shallow-water structures dominated by scleractinian 

corals. Like tropical rainforests on earth, coral reefs are among the most important 

ecosystems in the ocean. They support high biodiversity despite the oligotrophic 

surroundings, sustaining thousands of marine species and providing invaluable economic 

benefits to us (Blackall et al., 2015; Knowlton, 2001). Recently, coral reefs are in serious 

decline at a global scale, owing mainly to the increasing stresses caused by intensified 

human activities and accelerated climate change. The direct consequence of these threats 

is the breakdown of the symbiotic relationship between corals and photosynthetic 

dinoflagellates of the genus Symbiodiniaceae (previousely known as Symbiodinium, see 

LaJeunesse et al., 2018), which, when prolonged, leads to coral death (Sampayo et al., 

2016). 

The coral-Symbiodiniaceae symbiosis is the foundation of the coral reef ecosystem. The 

photosynthetic products provided by Symbiodiniaceae support coral host metabolism, 

growth, and reproduction. This allows corals to thrive in the nutrient-limited environment 

that characterizes many coral reefs. The loss of Symbiodiniaceae from corals, as indicated 

by the discoloring of the host tissue, can ultimately lead to the death of the coral and the 

destruction of the reef. It has been reported that coral bleaching has increased dramatically 

in the last several decades (Knowlton, 2001). 

Despite the importance of this relationship, little is known about the functional mechanisms 

underlying its establishment, maintenance, and breakdown. This is partially due to the 
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difficulty of studying corals in a lab setting, they grow slowly and are difficult to maintain 

in a typical laboratory environment. Their calcareous skeletons are resistant to many 

biochemical and cell biological techniques, and it is also very difficult to get enough 

biological materials for high-throughput experiments (Lehnert et al., 2012). 

To overcome these disadvantages, the sea anemone Aiptasia has emerged as a powerful 

model system in the study of the cnidarian-Symbiodiniaceae symbiosis. Like corals, 

Aiptasia belongs to the class Anthozoa and is also able to establish a symbiotic relationship 

with Symbiodiniaceae. It can be easily maintained and effectively manipulated under 

common laboratory conditions. It reproduces asexually fairly rapidly, which is good for 

providing a relatively large amount of experimental materials for high-throughput studies, 

while gametogenesis can be induced efficiently under well-designed conditions 

(Grawunder et al., 2015). Most importantly for the symbiosis-related studies, it can be 

maintained in an aposymbiotic state as long as it is being fed regularly (Kinzie et al., 2001; 

Perez and Weis, 2006), and be re-infected with a variety of Symbiodiniaceae strains 

(Belda-Baillie et al., 2002). 

In the past decades, many studies have utilized next generation sequencing (NGS) to study 

the Aiptasia-Symbiodiniaceae symbiosis. Most importantly, the assembly and analysis of 

the Aiptasia genome has revealed several features that may be key to understanding the 

evolution and function of this symbiotic relationship (Baumgarten et al., 2015). Proteomic 

and transcriptomic studies have also identified many genes differentially regulated in 

response to symbiosis, which also raised several hypotheses about the molecular 

interactions between hosts and symbionts (Lehnert et al., 2014; Oakley et al., 2016). 
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Despite the great progress made by -omics studies, a clear view of the molecular 

foundations of the symbiosis between Aiptasia and Symbiodiniaceae is still incomplete. In 

this proposal, we designed and conducted a series of experiments to unravel the underlying 

mechanisms from a transcriptomic perspective, find out the key factors tightly related to 

symbiosis, and increase the resolution of these information from a whole-organism level 

to a tissue-specific, or even subcellular, level. 

In Chapter I, we aimed to detect the common transcriptomic responses of Aiptasia to 

symbiosis. To achieve this purpose, we conducted differential expression analyses on four 

publicly available RNA-seq datasets. To increase the robustness of symbiosis-related gene 

calling, we performed a meta-analysis on these results and identified a core gene set tightly 

associated with symbiosis. Furthermore, we also identified and discussed the sources of 

batch effects observed in these analyses in order to help improve future transcriptomic 

studies in the field. In order to verify the physiological outputs of the expression changes 

of these core genes, we conducted metabolomic comparisons between Aiptasia from 

different symbiotic states. By combining information gathered from different layers, we 

proposed a molecular model that host utilizes symbiont-derived carbon to assimilate 

ammonium, which serves as a potential mechanism to regulated nitrogen availability and 

control symbiont cell density. 

In Chapter II, we intended to understand the molecular mechanism of ammonium 

transportation by characterizing two symbiosis-associated ammonium transporters. We 

amplified these two AMTs and updated their sequences, then validated their function of 

transporting ammonium in transformed yeast. Based on the corrected amino acid sequences, 
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we customized antibodies to specifically target each of the AMTs. Immunoblots using 

these antibodies verified the expression of these AMTs in Aiptasia at different symbiotic 

states, and further revealed the existence of potential post-translational modifications. 

Immunofluorescence staining disclosed the tissue-specificity of AMTs in symbiotic 

anemones. The potential tissue differences of ammonium assimilation indicated by AMT 

localizations was further validated by pulse-chase 15N labeling and quantitative ion 

microprobe isotopic imaging (NanoSIMS, nanoscale secondary-ion mass spectrometry). 

In Chapter III, our research objective was to analyze tissue specific changes in gene 

expression in response to symbiosis. We isolated epidermal and gastrodermal cells from 

both symbiotic and aposymbiotic Aiptasia using laser microdissection (LMD). We then 

isolated RNA from these samples and performed tissue-specific differential expression 

analyses. These analyses indicated that each cell layer expresses a distinct set of genes, and 

that symbiosis is the main driver of expression differences between tissues. We then 

specifically looked at the expression of the symbiosis-associated genes identified in 

previous studies, and found that most of these genes show tissue-specific expression 

patterns. These observations fit into the tissue-specific nature of this symbiotic relationship. 

The identification of phagosome-associated genes further shed light on the molecular 

mechanism of phagocytosis and the formation of symbiosome. 

In Chapter IV, we designed the experiments to investigate the potential nutritional status 

of Symbiodiniaceae in hospite by looking into connections between in hospite symbiont 

and free-living cells under various nutrient stresses. We focused on three essential nutrients 

(nitrogen, phosphate, and iron) based on an initial nutrient screening. We performed RNA-
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seq on cells at exponential phase from control and three nutrient-limited conditions. The 

comparisons of their transcriptomic profiles indicated that Symbiodiniaceae has different 

response mechanisms for different nutrient stresses. Moreover, the differential expression 

analyses indicated that Symbiodiniaceae in hospite is nitrogen-limited, since its expression 

changes show significant correlation with the free-living nitrogen-limited cells. This is 

consistent with the hypothesis that we proposed based on host-derived data, hence together 

represent the first investigation of molecular mechanism underlying this metabolically 

symbiotic interaction from both host and symbiont sides. 
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Chapter 1: Host-dependent nitrogen recycling as a mechanism of 

symbiont control in Aiptasia 
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1.1 Abstract 

The metabolic symbiosis with photosynthetic algae of the family Symbiodiniaceae allows 

corals to thrive in the oligotrophic environment of tropical seas. Many aspects of this 

relationship have been investigated using transcriptomic analyses in the emerging model 

organism Aiptasia. However, previous studies identified thousands of putatively 

symbiosis-related genes, making it difficult to disentangle symbiosis-induced responses 

from undesired experimental parameters. Using a meta-analysis approach, we identified a 

core set of 731 high-confidence symbiosis-associated genes that reveal host-dependent 

recycling of waste ammonium and amino acid synthesis as central processes in this 

relationship. Combining transcriptomic and metabolomic analyses, we show that 

symbiont-derived carbon enables host recycling of ammonium into nonessential amino 

acids. We propose that this provides a regulatory mechanism to control symbiont growth 

through a carbon-dependent negative feedback of nitrogen availability to the symbiont. 

The dependence of this mechanism on symbiont-derived carbon highlights the 

susceptibility of this symbiosis to changes in carbon translocation, as imposed by 

environmental stress. 

1.2 Introduction 

The symbiotic relationship between photosynthetic dinoflagellates of the family 

Symbiodiniaceae and corals is the foundation of the coral reef ecosystem. This metabolic 

symbiosis is thought to enable corals to thrive in the oligotrophic environment of tropical 

oceans by allowing efficient recycling of nitrogenous waste products in return for 

photosynthates from the symbionts (Roth, 2014). Despite the importance of this symbiotic 
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relationship, research has been hampered by the general difficulties associated with the 

maintenance of corals, their slow growth rates, and the infeasibility of maintaining them in 

an aposymbiotic state (Baumgarten et al., 2015).  

To overcome these disadvantages, the sea anemone Aiptasia (sensu Exaiptasia pallida) 

(Grajales and Rodríguez, 2014) has emerged as a powerful model system in the study of 

cnidarian-Symbiodiniaceae symbiosis. Aiptasia belongs to the same class (Anthozoa) as 

corals, and similarly establishes a symbiotic relationship with Symbiodiniaceae (Lehnert 

et al., 2012). In contrast to corals, it can be easily maintained and effectively manipulated 

under common laboratory conditions. Its rapid asexual reproduction provides relatively 

large amounts of experimental material for high-throughput studies (Clayton and Lasker, 

1985), while sexual reproduction can be induced efficiently under well-designed 

conditions (Grawunder et al., 2015). More importantly for symbiosis-related studies, 

Aiptasia can be maintained in an unstressed, aposymbiotic state as long as it is fed regularly 

(Kinzie et al., 2001; Perez and Weis, 2006). It can also be re-infected with a variety of 

Symbiodiniaceae strains (Belda-Baillie et al., 2002), which allows for comparative studies 

analyzing the effects of different symbionts on the host. The use of Aiptasia as a model 

organism has advanced our understanding of the metabolic aspects of symbiosis, in 

particular the identification of glucose as the main metabolite transferred from symbiont to 

host (Burriesci et al., 2012). However, the molecular mechanisms underlying host-

symbiont metabolic interactions are still largely unknown. Particularly the role of nitrogen 

recycling from waste ammonium is still debated. While it is generally assumed that 

ammonium assimilation is predominantly performed by the symbiont, some studies show 
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that symbiont-growth is nitrogen limited in hospite (Aranda et al., 2016; Muscatine et al., 

1989a; Pogoreutz et al., 2017; Rädecker et al., 2015), suggesting that the host might be able 

to control nitrogen availability. Consequently, it has been proposed that recycling of 

ammonium waste by the host might serve as a mechanism to control symbiont densities 

(Falkowski et al., 1993; Wang and Douglas, 1998). 

Many genomic, transcriptomic, and proteomic studies have been conducted on the topic of 

cnidarian-Symbiodiniaceae symbiosis in the last two decades to unravel the molecular 

underpinnings of this relationship (Barneah et al., 2006; deBoer et al., 2007; Kuo et al., 

2004; Rodriguez-Lanetty et al., 2006; Voolstra et al., 2009; Weis and Levine, 1996; 

Yuyama et al., 2011). Due to technical limitations, most of these studies did not have the 

sensitivity required to detect extensive changes of symbiosis-associated genes. However, 

these limitations are gradually being overcome by next-generation sequencing techniques. 

The first Aiptasia-centered whole transcriptome comparison between symbiotic and 

aposymbiotic animals was performed by (Lehnert et al., 2014). Since then, multiple studies 

on the Aiptasia-Symbiodiniaceae symbiosis have explored different aspects of this 

relationship and raised several interesting hypotheses (Baumgarten et al., 2015; Oakley et 

al., 2016). Despite this increasing wealth of information, our knowledge of underlying key 

genes associated with this relationship is still limited. While transcriptomic studies have 

provided valuable information, the resulting lists of putative candidate genes contain 

thousands of genes, making it difficult to disentangle true symbiosis-related signals from 

other experimental and technical factors. Furthermore, it was difficult to contrast results 

across studies due to the lack of a reference genome when most of the studies were carried 
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out. The recent availability of the Aiptasia genome (Baumgarten et al., 2015) provides a 

set of high-quality gene models as a reference for transcriptomic analyses. RNA-seq data 

can now be mapped directly to these gene models for quantification, thus allowing the 

comparison of results across different studies. 

Here, we carried out a meta-analysis of four RNA-seq datasets comparing expression 

differences between symbiotic and aposymbiotic Aiptasia (strain CC7) in order to discern 

sources of technical errors and experimental variations, and to identify a core set of genes 

and pathways involved in symbiosis establishment and maintenance. 

 

1.3 Results 

We conducted our meta-analysis on 3 previous RNA-seq studies that generated 4 separate 

datasets, encompassing 17 biological replicates per symbiosis state (i.e., aposymbiotic and 

symbiotic) (Baumgarten et al., 2015; Lehnert et al., 2014; Li et al., 2018).  

1.3.1 Batch effects 

In this study, we focused solely on the annotated genes of the previously published Aiptasia 

genome (Baumgarten et al., 2015). To investigate the relationship between samples from 

different studies, we first performed a principal component analysis (PCA) and a rank 

correlation analysis (RCA) on inter-sample normalized transcripts per million (TPM) 

values. Both the PCA (Fig. 1.1A) and RCA (Fig. 1.1B) showed clear grouping of samples 

by experiment rather than symbiotic state. However, PCA performed on samples from 

individual studies showed a clear separation of the samples by symbiotic condition (Fig. 
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1.2). This indicates that technical and/or experimental batch effects from each study exert 

stronger effects on gene expression profiles than the actual symbiotic state of the animals. 

 

 

FIG 1.1 Relationship between samples from different studies. (A) Principal component 

analysis of samples across all four studies. The symbiotic state (condition) of the animals 

was indicated by the color of the points, while the source studies were represented as 

different shapes. (B) Kendall rank correlation of all samples, with high-correlation as blue, 

and low-correlation as red. The pie chart in each cell also indicates the correlation of the 

two samples from the corresponding row and column. In both figures, Apo and Sym 

represent the symbiotic state of the anemones: aposymbiotic and symbiotic, respectively. 

YL, SB, EML, and EML-36 are the initials of the first authors whose papers we obtained 

the RNA-seq data (i.e. Yong Li, Sebastian Baumgarten, and Erik M. Lehnert, respectively) 

(Baumgarten et al., 2015; Lehnert et al., 2014; Li et al., 2018). 
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FIG 1.2 Relationship between symbiotic and aposymbiotic Aiptasia in different studies. 

(A) YL, (B) SB, (C) EML, and (D) EML-36. Colors represent symbiotic states of the 

samples with blue for animals at aposymbiotic state and orange for symbiotic anemones. 

 

1.3.2 Differential expression analyses 

Although the four datasets were distinct, there was still a clear separation of symbiotic and 

aposymbiotic replicates within each of the datasets. We hypothesized that this separation 

was due to the differential expression of core genes involved in symbiosis initiation and/or 

maintenance. To identify these genes, we performed four independent differential 

expression analyses using the exact same pipeline and parameters. These analyses 

identified between 2,398 to 11,959 differentially expressed genes (DEGs), corresponding 

to ~10–50% of all expressed genes in the respective studies (Table 1.1). Surprisingly, the 

overlap between these lists of DEGs was poor despite the large number of DEGs identified 

�

�

�

�

�

�

� �

� �

�

�

−0.2

0.0

0.2

0.4

0.6

−0.25 0.00 0.25
PC1 (27.8%)

P
C

2 
(2

3.
5%

)

Condition
�

�

Apo

Sym

�

�

�

� � �

��

−0.4

0.0

0.4

−0.4 −0.2 0.0 0.2
PC1 (53.2%)

P
C

2 
(1

0.
3%

)

�

�

�

�

�

�
�

�−0.4

−0.2

0.0

0.2

0.4

0.6

−0.4 −0.2 0.0 0.2
PC1 (48.8%)

P
C

2 
(2

4.
1%

)

�

� �
�

�

�

−0.2

0.0

0.2

0.4

−0.25 0.00 0.25
PC1 (33.8%)

P
C

2 
(2

8.
4%

)

A B

C D



29 
 
 

in the individual analyses: only 300 genes were consistently differentially expressed across 

all four studies. Out of these 300 genes, 166 were upregulated in symbiotic anemones in 

all comparisons, while 134 were found to be downregulated in symbiotic animals, relative 

to aposymbiotic controls (Table 1.1). Paradoxically, we also found 93 genes of 393 genes 

(23.7%) that were differentially expressed in all studies, but in different directions. At this 

point, we sought a better technique to identify the core genes involved in symbiosis. 

 

TABLE 1.1 Number of differentially expressed genes in different analyses. “Upregulated” 

and “downregulated” refers to the number of genes that are expressed at higher levels and 

lower levels respectively in symbiotic Aiptasia, relative to aposymbiotic ones. 

Study Expressed DEGs Upregulated Downregulated 

YL 27,684 3,058 1,552 1,506 

SB 24,013 11,959 6,072 5,887 

EML 24,511 9,613 4,758 4,855 

EML-36 24,246 2,398 1,241 1,157 

Overlap 22,394 393 166 134 

Meta-analysis 25,857 731 366 365 

 

1.3.3 Performing a meta-analysis across four datasets 

To obtain a more robust set of core genes involved in symbiosis, we performed a meta-

analysis with random effects across the four independent differential gene expression 

analyses. Using this approach, we identified 731 genes that exhibited a more consistent 

response to symbiosis. 
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To assess the robustness of these genes, we carried out a principal variance component 

analysis (PVCA) (Li et al., 2009) to detect the connections between the expression profiles 

and the different experimental parameters used in each study (Fig. 1.3, Table 1.2). For the 

four individual studies, we found that the symbiotic state of the anemone accounts for a 

relatively small fraction (6.5% in raw data, 8.4% in normalized data) of the observed 

variance. Most of the variance was introduced by differences in feeding frequency, days 

between feeding and sampling, water, light intensity, and temperature. We further noticed 

that a large proportion of the variance across these four datasets remained unaccountable, 

suggesting that technical variability, e.g. RNA extraction, library preparation and 

sequencing, also introduces substantial unwanted heterogeneity to gene expression profiles. 

When the PVCA was similarly applied to the 731 genes identified through our meta-

analysis, we observed that these genes had a significantly enhanced association with 

symbiosis. Symbiosis state accounted for 46.6% of the expression variance observed in 

these genes (Fig 1.3). 

 

TABLE 1.2 Experimental parameters used in each individual study 

Sample Condition Light* Feeding* Sampling* Water* Temperature* 

Apo-YL Apo 100 two 4 SW 25 

Sym-YL Sym 100 two 4 SW 25 

Apo-SB Apo 100 one NA SW 25 

Sym-SB Sym 100 one NA SW 25 

Apo-EML Apo 0 three 14 ASW 25 

Sym-EML Sym 20 three 14 ASW 25 
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Apo-EML-36 Apo 30 two 2 ASW 27 

Sym-EML-36 Sym 30 two 2 ASW 27 

* Light: µmol photons m-2 s-1; Feeding: times per week; Sampling: days after feeding; 

Water: seawater (SW) and artificial seawater (ASW); Temperature: °C 

 

We noticed that smaller gene lists tended to have variances that were better explained by 

symbiosis state, exemplified by DEG_YL and DEG_EML-36 having better association 

with symbiosis than DEG_SB and DEG_EML. Thus, one could argue that the meta-

analysis merely achieved better association with symbiosis as it had the fewest genes of 

interest. To assess this confounding factor, we performed PVCA on a set of randomly 

picked 731 genes from DEG_YL. This was repeated 10,000 times (i.e., a Monte-Carlo 

approach), and for other DEG lists (DEG_SB, DEG_EML and DEG_EML-36). These 

simulations allowed us to estimate that the likelihood of our meta-analysis producing the 

observed 46.6% by random chance was p < 10-4 (0 of 40,000 trials had symbiosis state 

accounting for > 46.6% of the variance). 
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FIG 1.3 Principal variance component analysis of DEGs from different analyses. The 

contribution of each factor to the overall variance in each analysis was estimated by PVCA. 

The variance explained by symbiotic state (blue) is highest in the set of DEGs from the 

meta-analysis (DEG_meta); the combined variation attributable to experimental factors 

(red) is lowest in DEG_meta as well. Unresolved variance is in gray. DEG_YL, _SB, 

_EML and _EML-36 represents the set of differentially expressed genes identified in four 

independent differential analyses. Raw and Normalized are the combined raw and inter-

sample normalized expression data across all Aiptasia genes, showing that < 10% of the 

variation in overall gene expression can be attributed to symbiotic state. DAF: days after 

feeding. 
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1.3.4 Functional interpretation 

To assess the impact of the previously identified experiment-specific biases, we conducted 

GO and KEGG pathway enrichment analyses on the DEGs identified using the four 

independent differential gene expression analyses, respectively. Across the analyses of four 

independent experiments, 283–645 GO terms and 9–55 KEGG pathways were enriched. 

However, the functional overlap across all studies was poor: a large proportion of the 

putatively enriched terms were only identified in a single dataset (~75% in GO, and ~65% 

in KEGG) (Fig. 1.4). Compared to these independent analyses, the GO and KEGG pathway 

enrichment of the 731 symbiosis-associated core genes contained fewer significant GO 

terms (204), but comparatively more significantly enriched KEGG pathways (31). Many 

of the enriched GO terms and KEGG pathways, as well as their associated genes, fit well 

with processes previously reported to be involved in symbiosis, including symbiont 

recognition and the establishment of symbiosis, host tolerance of symbiont, and nutrient 

exchange between partners and host metabolism which are discussed separately 

(Supplementary Results and Discussion). However, our analysis also identified several 

symbiosis-related processes that were previously overlooked; of these processes, pathways 

associated with amino acid metabolism exhibited the most extensive changes in response 

to symbiosis. 
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FIG 1.4 (A) Gene ontology and (B) KEGG pathway enrichment of differentially expressed 

genes identified from four individual experiments. 

 

1.3.5 Extensive changes of amino acid metabolism in response to symbiosis 

Amino acid and protein metabolism represented a major symbiosis-related aspect in our 

meta-analysis. 9 of 31 enriched KEGG pathways and 18 of 125 enriched biological process 

GO terms were associated with amino acid and/or protein metabolism (Fig. 1.5). A total of 

97 DEGs were involved in these processes, of which 43 were upregulated in symbiotic 

animals. Interestingly, the DEGs involved in most of the enriched biological processes 

exhibited consistent expression changes (Fig. 1.5A), i.e. the genes associated with the 

corresponding process were either exclusively upregulated or downregulated. 
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FIG 1.5 Amino acid metabolism biological processes (A) and pathways (B) enriched with 

DEGs identified in meta-analysis. For the two Circos plots, the height of each bar in the 

inner circle indicates statistical significance of the enriched GO terms (A) and KEGG 

pathways (B), while color of the bars represents the overall regulation effect of each 

process. The outer circle shows the differential expression of genes associated with each 

process, where each dot stands for a gene, red or blue represent its upregulation or 
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downregulation in symbiotic anemones, respectively. The table describes the annotation of 

each term or pathway. 

 

Further integration of these enriched biological processes and pathways revealed an amino 

acid metabolism hub in Aiptasia-Symbiodiniaceae symbiosis (Fig. 1.6). We observed that 

genes catalyzing glycine/serine biosynthesis from food-derived choline were 

systematically downregulated in symbiotic anemones. In contrast, the genes involved in de 

novo serine biosynthesis from 3-phosphoglycerate, one of the glycolysis intermediates, and 

glutamine/glutamate metabolism were generally upregulated (Fig. 1.6A). The resulting 

change in amino acid synthesis pathways suggested that symbiotic hosts utilize glucose 

and waste ammonium to synthesize serine and glycine, which are both main precursors for 

many other amino acids (Supplementary Results and Discussion 1.6.3.3). Based on these 

findings, we hypothesized that the host uses symbiont-derived glucose to assimilate waste 

ammonium to produce amino acids. 

To test this hypothesis, we further investigated metabolomes of symbiotic and 

aposymbiotic anemones using nuclear magnetic resonance (NMR) spectroscopy. Three 

metabolites in the de novo serine biosynthesis pathway were highly abundant in symbiotic 

Aiptasia (two of them significantly so, p < 0.05), while five out of the six intermediates in 

the alternative glycine/serine biosynthesis pathway using food-derived choline were 

significantly enriched in aposymbiotic anemones as predicted (Fig. 1.6B). However, as 

glucose produces multiple peaks in the 1H NMR spectrum, and most of these peaks overlap 

with many other potential metabolites in both symbiotic and aposymbiotic anemones, it 
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was not possible to precisely determine glucose concentrations via NMR. Consequently, 

we performed 13C bicarbonate labeling experiments and compared metabolite profiles of 

symbiotic and aposymbiotic anemones using gas chromatography-mass spectrometry (GC-

MS), in order to test if the glucose is indeed provided by the symbiont and if the 

downstream usage of symbiont derived organic carbon is in the host. Our experiments 

confirmed that symbionts provide large amounts of 13C-labeled glucose to the host (Fig. 

1.7) and that the 13C-labeling was significantly enriched in many amino acids and their 

precursors in symbiotic anemones compared to aposymbiotic ones (Table 1.3). Moreover, 

metabolite set enrichment analysis indicates that these 13C-enriched are associated mainly 

with several amino acid metabolism pathways (Fig. 1.8), which is consistent with the 

enrichment analysis of 731 differentially expressed genes. For the amino acids with good 

abundance in both symbiotic and aposymbiotic animals, we examined the proportion of 

13C in each of them, respectively. Interestingly, we observed relatively stable increases 

(~1.5-fold) of 13C levels in symbiotic animals compared with aposymbiotic ones (Fig. 

1.6C). This constant increase may indicate there is a unique carbon source (photosynthesis-

produced glucose) rather than multiple sources (glucose and symbiont-derived amino acids) 

in host amino acid biosynthesis.  
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FIG 1.6 Amino acid metabolism in Aiptasia-Symbiodiniaceae symbiosis. (A) Serine 

biosynthesis in Aiptasia with different symbiotic states. The pathway on the left indicates 

de novo serine biosynthesis from symbiont-produced glucose, while the right part 

represents glycine/serine biosynthesis from food-derived choline. Enzyme names are 

colored to indicate differential expression of the corresponding genes, where red and blue 

mean upregulation and downregulation in symbiotic anemones, respectively. (B) 

Metabolite abundance changes in response to symbiosis. Color represent abundance 

changes, with red for significant increases in symbiotic anemones, blue for significant 
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increase in aposymbiotic animals, and gray for non-significant changes. (C) Increasing 13C 

proportion of glucose and amino acids in symbiotic Aiptasia. Asterisks denote statistical 

significance of the changes (two-tail t test: * p < 0.05, ** p < 0.01, *** p < 0.001). 

Statistical testing of isoleucine and valine was not possible as they were detected in only 

one aposymbiotic replicate with reasonable concentration.  Error bar represents standard 

error of the mean. 

 

 

FIG 1.7 Glucose abundance in Aiptasia determined by GC-MS. Lines represent the GC-

MS spectrums of anemones at different symbiotic states, with blue for aposymbiotic, and 

red for symbiotic animals. The peak located between the dotted lines is for glucose. 
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FIG 1.8 Pathways associated with 13C-enriched metabolites in symbiotic Aiptasia. Size of 

the dot indicates the number of metabolites associated with the pathway, while color 

represents the statistical significance. 

 

TABLE 1.3 13C-enriched metabolites in symbiotic anemones compared to aposymbiotic 

animals 

Query Match HMDB PubChem KEGG 

Serine L-Serine HMDB00187 5951 C00065 

2-amino-Heptanedioic acid 2-Aminoheptanedioic acid HMDB34252 101122  

Siloxane Dimethicone HMDB32477 24762  
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Adenosine Adenosine HMDB00050 60961 C00212 

Sitosterol Beta-Sitosterol HMDB00852 222284 C01753 

Alanine L-Alanine HMDB00161 5950 C00041 

Sorbitol-6-phosphate Sorbitol-6-phosphate HMDB05831 618 C00644 

Citric acid Citric acid HMDB00094 311 C00158 

Daidzein Daidzein HMDB03312 5281708 C10208 

Taurine Taurine HMDB00251 1123 C00245 

Ethanolaminephosphate O-Phosphoethanolamine HMDB00224 1015 C00346 

Threonine L-Threonine HMDB00167 6288 C00188 

GLyceric acid Glyceric acid HMDB00139 439194 C00258 

Tyrosine L-Tyrosine HMDB00158 6057 C00082 

Glucose-6-phosphate Glucose 6-phosphate HMDB01401 5958 C00092 

Glutamic acid L-Glutamic acid HMDB00148 33032 C00025 

Glycolic acid Glycolic acid HMDB00115 757 C00160 

Guanine Guanine HMDB00132 764 C00242 

Hypotaurine Hypotaurine HMDB00965 107812 C00519 

Uracil Uracil HMDB00300 1174 C00106 

Inosine Inosine HMDB00195 6021 C00294 

Uric acid Uric acid HMDB00289 1175 C00366 

Myo-inositol Myoinositol HMDB00211  C00137 

Valine L-Valine HMDB00883 6287 C00183 

Isoleucine L-Isoleucine HMDB00172 6306 C00407 

beta-Alanine Beta-Alanine HMDB00056 239 C00099 

Malic acid L-Malic acid HMDB00156 222656 C00149 

N-Carboxyglycine Hexanoylglycine HMDB31348 98934  

Hydroxyproline 4-Hydroxyproline HMDB00725 5810 C01157 

glutamic acid L-Glutamic acid HMDB00148 33032 C00025 

Norleucine L-Norleucine HMDB01645 21236 C01933 
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myo-Inositol-1-phosphate Myo-inositol 1-phosphate HMDB00213  C04006 

Octadecanoic acid Stearic acid HMDB00827 5281 C01530 

myo-inositol-1-phosphate Myo-inositol 1-phosphate HMDB00213  C04006 

Phenylalanine L-Phenylalanine HMDB00159 6140 C00079 

1-TRIDECANOL Tridecanal HMDB15690 25295  

Pyroglutamic acid Pyroglutamic acid HMDB00267 7405 C01879 

 

1.4 Discussion 

1.4.1 Widespread of batch effects in Aiptasia transcriptomic data 

Batch effects, i.e. technical sources of variation introduced to the samples during 

experimentation, are known to introduce strong variation in high throughput sequencing 

studies (Leek et al., 2010; Peixoto et al., 2015). However, this is often overlooked in 

transcriptomic studies, and especially so in non-model organisms. Our analysis of RNA-

seq data from four independent experiments analyzing transcriptional changes between 

symbiotic and aposymbiotic Aiptasia highlighted that batch effects are indeed pervasive in 

published data, even among studies using the same genotype (clonal strain CC7). Analyses 

of the combined dataset from all four experiments showed clear grouping of samples by 

experiment rather than treatment. However, when each experiment was analyzed 

independently, replicates separated by symbiotic states as expected. Interestingly, we 

found that the observed batch effects were not restricted to technical biases. Our analyses 

showed that the specific experimental setups in each study were a greater source of variance 

than the symbiosis state, which was the actual factor of interest in these studies. 
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More importantly, we found that genes closely related to the processes involved in 

symbiosis, such as nutrient exchanges, may also respond significantly to various 

parameters of culture conditions, such as the feeding frequency, days between sampling 

and feeding, water, light intensity, and the temperature. Without careful design, such 

factors may exert effects on gene expression that mask the changes specific to the treatment 

of interest (symbiotic state). 

Based on our findings, we suggest two potential avenues to reduce the high signal-to-noise 

ratio in differential expression studies. Firstly, future transcriptomic efforts should take 

extreme care to standardize all experimental conditions save for the one under study. For 

example, culture conditions should be identical, treatments should be performed on 

multiple independent batches, RNA extractions and library preparation should be carried 

out on all samples simultaneously. The prepared libraries should also be sequenced in the 

same run to further minimize technical variations. Secondly, one should not dogmatically 

adhere to the convention of using p = 0.05 as the cutoff for statistical significance. If a 

study considers one in every three genes as significantly differentially expressed, to a 

careful reader, the proclaimed significance of those genes is diminished. As the number of 

DEGs increase, the rate of type I errors would also increase, which would make the 

discovery of meaningful biological processes more difficult.  

1.4.2 Metabolic interactions between Aiptasia and Symbiodiniaceae 

From the functional interpretation of DEGs associated with enriched GO terms and KEGG 

pathways, we found that many processes in the host were significantly induced or 

suppressed in response to symbiosis. One of the key features that has been overlooked in 
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previous studies is the switch of serine biosynthesis pathways in Aiptasia in response to 

symbiosis. 

The downregulation of choline transport indicates a decrease of the host’s demand on 

dietary choline during symbiosis. Correspondingly, genes involved in the downstream 

conversion of choline to betaine and the production of glycine from betaine are also 

downregulated. The decrease of glycine caused by this downregulation is likely 

compensated by the metabolism of serine, which can be achieved by the observed 

upregulation of serine hydroxymethyltransferase (SHMT, AIPGENE4781), which 

catalyzes the interconversions between glycine and serine. Interestingly, our results suggest 

that serine is one of the key components in the amino acid interconversions, as the genes 

involved in its de novo biosynthesis from 3-phosphoglycerate (one of the intermediates of 

glycolysis) were consistently upregulated. The conversion from glutamate to 2-

oxoglutarate, catalyzed by the upregulated phosphoserine aminotransferase (PSAT, 

AIPGENE17104), may serve as the main reaction to provide amino groups for the 

biosynthesis of amino acids. Since 2-oxoglutarate is also one of the intermediates in the 

citrate acid cycle, an increase of glucose provided by the symbionts may also increase the 

overall activity of the cycle, hence raising the relative abundance of 2-oxoglutarate in 

symbiotic animals. High levels of 2-oxoglutarate have been reported to induce ammonium 

assimilation through glutamine synthetase / glutamate synthase cycle (Cabello et al., 2004). 

Consistent with this finding, we observe all the genes involved in this pathway to be 

upregulated in symbiotic anemones. 
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Metabolomic analyses of symbiotic and aposymbiotic anemones confirm the predictions 

derived from our transcriptomic meta-analysis. Most of the intermediates in the de novo 

serine biosynthesis using symbiont-derived glucose were highly enriched in symbiotic 

anemones and showed increased 13C-labeling. whereas many of the metabolites from 

choline-betaine-glycine-serine conversion have decreased abundance in symbiotic animals. 

Furthermore, we also identified many other amino acids showing significantly increased 

abundance and 13C-labeling signals, suggesting that serine may serves as metabolic 

intermediate for the production of other amino acids. Taken together, these results highlight 

that symbiont-derived glucose fuels ammonium assimilation and amino acid production in 

the host and that serine biosynthesis acts as a main metabolic hub in symbiotic hosts.  

The strong shifts in host amino acids metabolic pathways induced by symbiont-provided 

glucose described here indicate the major nitrogen and carbon sources of the anemone host, 

and their interactions in the Aiptasia-Symbiodiniaceae symbiosis. The catabolism of 

glucose through pathways such as glycolysis, pentose phosphate pathway, and citric acid 

cycle, not only generates more energy (in forms of ATP, NADH, and NADPH), which is 

critical to ammonium assimilation, but also produces more intermediate metabolites that 

can serve as carbon backbones in many biosynthetic pathways such as amino acid synthesis. 

Our findings thus highlight nitrogen conservation, i.e. the host driven assimilation of waste 

ammonium using symbiont-derived carbon, as a central mechanism of the cnidarian-algal 

endosymbiosis (Wang and Douglas, 1998). This metabolic interaction might serve as a 

self-regulating mechanism for the host to control symbiont density through the regulation 

of nitrogen availability (Falkowski et al., 1993) in a carbon dependent manner. This allows 
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for higher nitrogen availability in early stages of infection (few symbionts translocating 

little carbon) and gradual reduction of nitrogen availability with increasing symbiont 

densities (many symbionts translocating more carbon). The strict dependence of this 

mechanism on symbiont-derived carbon highlights the sensitivity of this relationship to 

changes in carbon translocation as imposed by stress-induced retention of photosynthates 

by symbionts (Baker et al., 2018; Matthews et al., 2017). 

 

1.5 Materials and Methods 

1.5.1 Data collection and pre-processing 

Based on literature review of recently published Aiptasia genome and transcriptome studies, 

four datasets generated from three previous publications were obtained (Table 1.4) 

(Baumgarten et al., 2015; Lehnert et al., 2014; Li et al., 2018). All RNA-seq experiments 

were performed on the clonal Aiptasia strain (CC7) and sequenced on the same platform 

(Illumina HiSeq 2000). Three of the datasets contained 101 bp paired-end reads, while the 

last one contained 36 bp single-end reads. Samples were labeled based on the initials of the 

first author of published papers and ongoing project. 

As all raw data from Lehnert et al. was provided as a monolithic FASTQ file, a custom 

Python script was written to split the reads into its constituent replicates, as inferred from 

the FASTQ annotation lines. 

 

TABLE 1.4 Summary of the NGS data sources used in this study 
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Sample Source Project Symbiont Accession 
Number Refercences 

Apo-YL 
Aiptasia 
epigenome, 
PRJNA415358 

None  (Li et al., 2018) 

Sym-YL 
Aiptasia 
epigenome, 
PRJNA415358 

 Breviolum minutum 
strain SSB01  (Li et al., 2018) 

Apo-SB 
Aiptasia 
genome, 
PRJNA261862 

None 

SRR1648359, 
SRR1648360, 
SRR1648361, 
SRR1648362 

(Baumgarten et al., 2015) 

Sym-SB 
Aiptasia 
genome, 
PRJNA261862 

Breviolum minutum 
strain SSB01 

SRR1648369, 
SRR1648370, 
SRR1648371, 
SRR1648372 

(Baumgarten et al., 2015) 

Apo-EML 
Aiptasia pallida 
Transcriptome, 
PRJNA159215 

None SRR696732 (Lehnert et al., 2014) 

Sym-EML 
Aiptasia pallida 
Transcriptome, 
PRJNA159215 

Native 
Symbiodiniaceae 
strain 

SRR612165 (Lehnert et al., 2014) 

Apo-EML-36 
Aiptasia pallida 
Transcriptome, 
PRJNA159215 

None SRR612167 (Lehnert et al., 2014) 

Sym-EML-36 
Aiptasia pallida 
Transcriptome, 
PRJNA159215 

Native 
Symbiodiniaceae 
strain 

SRR612166 (Lehnert et al., 2014) 

 

1.5.2 Identification of DEGs 

To avoid biases stemming from the use of disparate bioinformatics tools in calling DEGs, 

data from the four datasets were processed with identical analytical pipelines. 

Gene expressions were quantified (in TPM, transcripts per million) based on the published 

Aiptasia gene models2 using kallisto v0.42.4 (Bray et al., 2016). DEGs were independently 

identified in the four datasets using sleuth v0.28.0 (Pimentel et al., 2017). Genes with 

corrected p values < 0.05 were considered differentially expressed. 
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To enable direct comparisons of gene expression values between datasets, another 

normalization with sleuth was carried out on all samples (n = 17 aposymbiotic and n = 17 

symbiotic). Principal component analysis (PCA) and ranked correlation analysis (RCA) 

were carried out on these normalized expression values to assess the relationship between 

samples and reproducibility of these studies. 

1.5.3 Profiling sources of batch effects 

Principal variance components analysis (PVCA), a technique that was developed to 

estimate the extent of batch effects in microarray experiments (Li et al., 2009), was used 

several times in our study. A PVCA was carried out on raw data to estimate the batch 

effects in the combined dataset and their possible source in the original experimental 

designs; similarly, the normalized data was also assessed for the reduction of batch effects 

post-normalization. We also performed PVCA on normalized expression values of the 

differentially expressed genes (DEG) identified in each independent analysis or the final 

meta-analysis to detect the robustness of DEG calling. 

1.5.4 Meta-analysis across studies 

For every gene with at least two studies with significant differential expression values, a 

meta-analysis was performed to determine the overall effect size and associated standard 

error. Effect sizes from each study 𝑖 (represented as 𝑤' ) were calculated as the natural 

logarithm of its expression ratio (ln 𝑅'), i.e. geometric means of all expression values in 

the aposymbiotic state divided by the geometric means of all expression values in the 

symbiotic state. Conveniently, this value is approximately equal to the 𝛽' value provided 

by sleuth. As sleuth also calculates the standard error of 𝛽', the variance of ln 𝑅' was not 
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calculated via the typical approximation—instead, the variance 𝑣' was directly calculated 

as 

𝑣' = 𝑆𝐸./
0 ∙ 𝑛' 

where 𝑛' represents the number of replicates in study 𝑖. 

To combine the studies, a random-effects model was used. While the use of this model is 

somewhat discouraged for meta-analyses with few studies as it is prone to produce type I 

errors (Guolo and Varin, 2017), we still opted for its use over the fixed-effects model due 

to the substantial inter-study variation evident in the PCAs performed previously. Also, the 

type I error rate could be controlled by setting a more conservative p threshold, if required. 

The DerSimonian and Laird method (DerSimonian and Laird, 1986) was implemented as 

described below. Studies with individual effect sizes mi were weighted (𝑤∗ ) by a 

combination of the between-study variation (𝜏0) and within-study variation (𝑣'), according 

to the formula 

𝑤'∗ =
1

𝑣' + 𝜏0
 

The between-study variation (𝜏0) across all k studies was calculated as 

𝜏0 = max 7
𝑄 − 𝑑𝑓
𝐶 , 0? 

where 

𝑄 =@𝑤'(𝑇' − 𝑇C)0 

𝐶 =@𝑤' −
∑𝑤'0

∑𝑤'
 

The weighted mean (𝑚∗) was calculated as 
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𝑚∗ =
∑𝑤'∗𝑇'
∑𝑤'∗

 

while the standard error of the combined effect was 

𝑆𝐸(𝑚∗) =
1

G∑𝑤'∗
 

The two-tailed p-value was calculated using 

𝑝 = 2 J1 − ΦLM
𝑚∗

𝑆𝐸(𝑚∗)MNO 

and then subsequently corrected for multiple hypothesis testing with the Benjamini-

Hochberg-Yekutieli procedure (Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 

2001) using a Python script. Genes with corrected p < 0.05 were considered differentially 

expressed. For transparency, calculations for all equations were implemented manually in 

Microsoft Excel (Table S1.1) following established guidelines (Borenstein et al., 2009). 

1.5.5 Functional interpretation of DEGs 

Gene ontology (GO) and KEGG pathway enrichment analyses were both conducted on 

five DEG lists: one each from the four independent datasets, and one from the results of 

the meta-analysis. 

Identification of enriched GO terms were conducted using topGO (Alexa et al., 2006) by a 

self-developed R script (https://github.com/lyijin/topGO_pipeline). A GO term was 

considered enriched only when its p value was less than 0.05. 

KEGG pathway enrichment analyses were performed using Fisher’s exact and subsequent 

multiple testing correction via false discovery rate (FDR) estimation. A KEGG pathway 
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was deemed enriched (or depleted) only when its FDR less than 0.05. The results of 

enrichment analyses were visualized using GOplot (Walter et al., 2015). 

1.5.6 Metabolomic profiling of symbiotic and aposymbiotic anemones 

Aposymbiotic Aiptasia strain CC7 and the same strain in symbiosis with Breviolum 

minutum strain SSB01 (formerly Symbiodinium minutum, see LaJeunesse et al., 2018) 

were used for metabolic profiling. All the symbiotic and aposymbiotic anemones were 

maintained in the laboratory in autoclaved seawater (ASW) at 25 °C in 12-hour light/12-

hour dark cycle with light intensity of ~30 µmol photons m-2s-1 for over three years. 

Anemones were fed three times a week with freshly hatched Artemia nauplii, and water 

change was done on the day after feeding. 

Anemones were rinsed extensively to remove any external contaminations and starved for 

two days in ASW and transferred into ASW with 10 mM 13C-labelled sodium bicarbonate 

(Sigma-Aldrich, USA) for another two days before sampling. The four-day starvation 

period ensured all Artemia had been digested and consumed, hence there was no 

contamination from Artemia in the samples for NMR and GC-MS. The samples were 

drained completely on clean tissues to remove any water on surface, then snap frozen in 

liquid nitrogen to avoid any further metabolite changes in downstream processing. 

To compare metabolomic profiles of anemones at different symbiotic states, four replicates 

of each state (n = 30 individuals per replicate), were processed for metabolite extraction 

using a previously reported methanol/chloroform method (Lin et al., 2007). The free amino 

acid-containing methanol phase was dried using CentriVap Complete Vacuum 

Concentrators (Labconco, USA). 
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For NMR metabolite profiling, samples were dissolved in 600 µl of deuterated water (D2O), 

and vortexed vigorously for at least 30 seconds. Subsequently, 550 µL of the solution was 

transferred to 5 mm NMR tubes. NMR spectrum was recorded using 700 MHz AVANCE 

III NMR spectrometer equipped with Bruker CP TCI multinuclear CryoProbe 

(BrukerBioSpin, Germany). To suppress any residual HDO peak, the 1H NMR spectrum 

were recorded using excitation sculpting pulse sequence (zgesgp) program from Bruker 

pulse library. To achieve a good signal-to-noise ratio, each spectrum was recorded by 

collecting 512 scans with a recycle delay time of 5 seconds digitized into 64 K complex 

data points over a spectral width of 16 ppm. Chemical shifts were adjusted using 3-

trimethylsilylpropane-1-sulfonic acid as internal chemical shift reference. Before Fourier 

transformations, the FID values were multiplied by an exponential function equivalent to 

a 0.3 Hz line broadening factor. The data was collected and quantified using Bruker 

Topspin 3.0 software (Bruker BioSpin, Germany), with metabolite-peak assignment using 

Chenomx NMR Suite v8.3, with an up-to-date reference library (Chenomx Inc., Canada). 

For 13C-labelling investigation using GC-MS, dried samples were re-dissolved in 50 µl of 

Methoxamine (MOX) reagent (Pierce, USA) at room temperature and derivatized at 60 °C 

for one hour. 100 µl of N,O-bis-(trimethylsilyl) trifluoroacetamide (BSTFA) was added 

and incubated at 60 °C for further 30 min. 2 µl of the internal standard solution of fatty 

acid methyl ester (FAME) were then spiked in each sample and centrifuged for 5 min at 

10,000 rpm. 1 µl of the derivatized solution was analyzed using single quadrupole GC-MS 

system (Agilent 7890 GC/5975C MSD) equipped with EI source at ionization energy of 

70 eV.  The temperature of the ion source and mass analyzer was set to 230 °C and 150 °C, 
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respectively, and a solvent delay of 9.0 min. The mass analyzer was automatically tuned 

according to manufacturer’s instructions, and the scan was set from 35 to 700 with scan 

speed 2 scans/s. Chromatography separation was performed using DB-5MS fused silica 

capillary column (30m x 0.25 mm I.D., 0.25 µm film thickness; Agilent J&W Scientific, 

USA), chemically bonded with 5% phenyl 95% methylpolysiloxane cross-linked stationary 

phase. Helium was used as the carrier gas with constant flow rate of 1.0 ml min-1. The 

initial oven temperature was held at 80ᵒC for 4 min, then ramped to 300 °C at a rate of 

6.0 °C min-1, and held at 300 °C for 10 min. The temperature of the GC inlet port and the 

transfer line to the MS source was kept at 200 °C and 320 °C, respectively. 1 µl of the 

derivatized solution of the sample was injected into split/splitless inlet using an auto 

sampler equipped with 10 µl syringe. The GC inlet was operated under splitless mode. 

Metabolites in all samples were identified using Automated Mass Spectral Deconvolution 

and Identification System software (AMDIS) with the NIST special database 14 (National 

Institute of Standards and Technology, USA). The mass isotopomer distributions (MIDs) 

of all compounds were detected and their 13C-labelling enrichment in symbiotic Aiptasia 

were investigated using MIA (Weindl et al., 2016). Pathways associated with these 13C-

enriched metabolites were explored using MetaboAnalyst v3.0 (Xia et al., 2015). 

 

1.6 Supplementary Results and Discussion 

To disentangle the gene expression information associated with Aiptasia-Symbiodiniaceae 

symbiosis, we collected the published symbiosis-centered Aiptasia RNA-seq data, 

performed differential expression analysis on each of the collected datasets using the exact 
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same pipeline, then applied random-effects meta-analysis on the outputs of the independent 

differential analyses. Eventually, we identified a total of 731 genes differentially expressed 

across the published data. Functional interpretation of these genes reveals tight association 

with many symbiosis-related processes, as previously reported over the last two decades 

(Barneah et al., 2006; deBoer et al., 2007; Kuo et al., 2004; Oakley et al., 2016; Qiu et al., 

2017; Rodriguez-Lanetty et al., 2006; Voolstra et al., 2009; Weis and Levine, 1996; 

Yuyama et al., 2011). However, we have narrowed the genes associated with these 

processes down to a smaller number of high potential candidates compared to previous 

publications. Here, we provide a summary of the functions of these genes based on the 

pathways they engage in. 

1.6.1 Host-symbiont recognition and symbiosis establishment 

The establishment of the endosymbiosis requires several key steps that involve the 

recognition of the symbiont by host immune system, the phagocytic uptake of the symbiont, 

and the likely suppression of host apoptotic responses. We identified several GO terms and 

KEGG pathways involved in these processes that were significantly enriched. 

The recognition of symbionts by the host cell is thought to be the initial step of symbiosis 

establishment (Davy et al., 2012; Poole et al., 2016). In line with that, we found that many 

genes related to cell recognition and cell adhesion during phagocytosis were differentially 

expressed in response to symbiosis (Table 1.5). The interaction between host pattern-

recognition receptors and symbiont microbe-associated molecular patterns is believed to 

be the first step of the recognition process which triggers the activation of the host innate 

immune system and subsequent phagocytosis (Davy et al., 2012; Eberl, 2010; Poole et al., 
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2016). Consistently, we found that a secreted lectin, ficolin-1, was significantly 

upregulated in symbiotic animals, while a gene from another type of lectin, techylectin-5B, 

and a gene encoding fibrinogen C domain-containing protein 1 (FIBCD1) were 

downregulated. These proteins were previously reported to be involved in interactions with 

the acetylated compounds on microbial cell surface, and endocytosis (Gokudan et al., 1999; 

Gout et al., 2010; Schlosser et al., 2009; Thomsen et al., 2010; Zhang et al., 2010). 

Interestingly, glycans containing N-acetyl groups have been detected on the cell surface of 

a broad range of Symbiodiniaceae strains (Bay et al., 2011; Logan et al., 2010). This may 

indicate that the interactions between these differentially expressed genes and acetylated 

microbe-associated molecular patterns on Symbiodiniaceae cell surface are the potential 

initial recognitions. The involvement of ficolin-1, or techylectin-5B and FIBCD1 may lead, 

respectively, to accept competent symbionts, or to reject non-competent strains. Moreover, 

the upregulation of genes associated with cell adhesion, collagen alpha-2(VI) chain 

(COL6A2) (Koller et al., 1989), and integrin alpha-8 (ITGA8) (Lu et al., 2002), may also 

indicate the genes involved in the downstream engulfment of symbiont after host-symbiont 

recognition. 

Following the activation of the innate immune system, programmed cell death has been 

observed as a common response to pathogen infection in a wide range of animals and plants 

(Coll et al., 2011; Weinrauch and Zychlinsky, 1999). The large number of differentially 

expressed apoptosis-related genes in our study indicates that apoptosis is actively involved 

in the establishment and maintenance of symbiosis. Apoptosis-inducing factor 2 (AIF2) 

(Ohiro et al., 2002), cleft lip and palate transmembrane protein 1 (CLPTM1) (Yamamoto 
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et al., 2001), and tumor necrosis factor ligand superfamily member 10 (TNFSF10) (Pitti et 

al., 1996; Wiley et al., 1995), which encode proteins that induce apoptosis when they are 

highly expressed, were all downregulated in the symbiotic animals. Correspondingly, the 

apoptosis inhibition genes, hypoxia upregulated protein 1 (HYOU1) (Ozawa et al., 1999), 

fibroblast growth factor receptor 3 (FGFR3) (Trudel et al., 2004; Zhu et al., 2005), and 

serine/threonine-protein phosphatase 5 (PPP5C) (Kutuzov et al., 2005; Morita et al., 2001; 

Ollendorff and Donoghue, 1997), were all upregulated in response to symbiosis. This 

suggests that the apoptotic response is actively suppressed in symbiotic animals, and may 

only be activated in response to the breakdown of symbiosis. Consistently, we also find 

several key genes in sphingolipid rheostat, sphingomyelin phosphodiesterase and 

sphingosine-1-phosphate phosphatase (Rodriguez-Lanetty et al., 2006), to be 

downregulated in the symbiotic animals. The two components in this rheostat, ceramide 

and sphingosine, favor anti-proliferation and cell death pathways such as senescence and 

apoptosis, whereas another product, sphingosine-1-phosphate (S1P), has been shown to 

suppress apoptosis (Hait et al., 2006; Maceyka et al., 2012), enhance cell survival 

(Rutherford et al., 2013), and promote symbiosis stability (Detournay and Weis, 2011; 

Kitchen and Weis, 2017). These gene expression changes imbalance the rheostat and direct 

the metabolite flux to the production of S1P, which may also indicate that apoptosis is 

repressed in symbiosis. However, there is some conflicting evidence: two anti-apoptotic 

genes from the BCL-2 family, BCL2L1 and BCL2L2 (Ayllón et al., 2002), were 

differentially expressed in different directions. Further investigation is needed to fully 

elucidate the functions of these genes in symbiosis. 
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TABLE 1.5 Differential expression of genes associated with establishment and 

maintenance of symbiosis. Fold change represents the relative expression change in 

symbiotic anemones over aposymbiotic animals. 

Gene ID Annotation ln (fold change) 

Genes related to cell recognition: 

AIPGENE607 Galectin-3-binding protein 0.74 

AIPGENE13930 Collagen alpha-2(VI) chain 0.73 

AIPGENE7322 Ficolin-1 0.64 

AIPGENE6165 Integrin alpha-8 0.44 

AIPGENE2084 von Willebrand factor A domain-containing protein 5A -0.97 

AIPGENE13762 Fibrinogen C domain-containing protein 1 -1.06 

AIPGENE29161 Techylectin-5B -1.11 

Genes associated with apoptosis: 

AIPGENE651 Hypoxia up-regulated protein 1 1.02 

AIPGENE12986 Bcl-2-like protein 1 0.77 

AIPGENE1561 Fibroblast growth factor receptor 3 0.76 

AIPGENE1216 Transmembrane protein 214-A 0.66 

AIPGENE14070 Importin subunit beta-1 0.64 

AIPGENE20804 Serine/threonine-protein phosphatase 5 0.48 

AIPGENE18864 Cleft lip and palate transmembrane protein 1 homolog -0.51 

AIPGENE4512 Bcl-2-like protein 2 -0.57 

AIPGENE2150 Sphingosine-1-phosphate phosphatase 2 -0.62 

AIPGENE10332 Sphingomyelin phosphodiesterase -0.71 

AIPGENE9932 Apoptosis-inducing factor 2 -0.73 

AIPGENE11859 Organic cation transporter protein -0.85 
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AIPGENE13889 Tumor necrosis factor ligand superfamily member 10 -1.02 

Genes involved in oxidation response: 

AIPGENE163 Protein BTG1 -0.98 

AIPGENE19125 Superoxide dismutase [Cu-Zn] -1.01 

AIPGENE21344 Catalase -1.20 

AIPGENE3800 Probable phenylalanine-4-hydroxylase 1 -1.31 

AIPGENE21459 Catalase -1.33 

 

1.6.2 Host tolerance of symbiont 

Cnidarians in symbiosis with photosynthetic symbionts have to mitigate the toxic effects 

of molecular oxygen (Dykens and Shick, 1982; Richier et al., 2005). However, genes 

involved in the conventional reactive oxygen species (ROS) responses, e.g., superoxide 

dismutase (SOD) and catalase, were previously reported as generally downregulated in 

various symbiotic sea anemone species, including Anemonia viridis (Ganot et al., 2011), 

Anthopleura elegantissima (Rodriguez-Lanetty et al., 2006), and Aiptasia sp (Lehnert et 

al., 2014; Oakley et al., 2016). Similar observations were made in our study (Table 1.5), 

suggesting the presence of an alternative ROS defense mechanism in symbiotic cnidarians. 

Our results indicate that tyrosine, iodide, and a molecular oxygen sensor (Gyc88E) may be 

part of the mechanism. 

The systematic downregulation of genes involved in tyrosine degradation (Fig. 1.9A) 

suggests the possible accumulation of tyrosine in symbiotic animals. Tyrosine, together 

with iodide, has been proposed to play a role in protection of the moon jelly, Aurelia aurita, 

from oxidative stress by reacting with ROS-oxidized iodine to form monoiodotyrosine, 
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diiodytyrosine, and thyroxin which can be removed from animal cells (Berking et al., 2005). 

Consistently, pendrin, a robust iodide transporter that facilitates both iodide influx and 

efflux in different tissues and cells (Kim et al., 2009; Rillema and Hill, 2003), was 

upregulated ~2-fold in symbiotic animals. Moreover, Gyc88E, a gene that codes for an 

atypical soluble guanylate cyclase, was upregulated ~1.9-fold in symbiotic anemones. This 

protein was firstly reported to function as a molecular oxygen sensor in Drosophila 

melanogaster (Morton, 2004). The differential expression of these genes may indicate that 

Aiptasia is able to detect the oxygen concentration changes and actively remove ROS to 

overcome the oxidative stress caused by photosynthetic symbionts. 
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FIG 1.9 Amino acid metabolic pathways affected by symbiosis-associated genes: (A) 

metabolism of sulfur-containing amino acids; (B) catabolic process of phenylalanine and 

tyrosine. Colors of the genes indicate their differential expression, with red indicating 

A

B
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upregulation and blue downregulation in symbiotic anemones, relative to aposymbiotic 

ones, respectively. 

 

1.6.3 Nutrient exchange and metabolism 

The nature of metabolic interactions in the cnidarian-Symbiodiniaceae symbiosis makes 

the exchange of various nutrients especially important. Accordingly, we find the genes 

involved in the transport and processing of certain metabolites to be highly affected by 

symbiosis. 

1.6.3.1 Lipid transport and metabolism 

Lipids are among the most important metabolites and play major roles in the functional 

symbiosis of cnidarians and Symbiodiniaceae (Hillyer et al., 2016). They have effects not 

only on the primary metabolism pathways in both host and symbiont, but also on the 

nutrient exchange between partners (Dunn et al., 2012; Hillyer et al., 2016, 2017, Imbs et 

al., 2014, 2015). Consistently, we found a large number of genes differentially expressed 

in response to symbiosis. 

NPC2-coding genes showed the highest expression changes between symbiotic and 

aposymbiotic animals (Table 1.6). NPC2, together with NPC1, facilitate the intracellular 

transport of sterols (Liou et al., 2006; Xu et al., 2008). However, unlike NPC2, NPC1-

coding genes were not differentially expressed in most of the studies; rather, it showed 

decreased expression in symbiotic animals in a few cases. These results indicated, on one 

hand, that the sterols acquired from symbionts might be especially important to the host, 

which is consistent with the fact that Aiptasia cannot synthesize cholesterol by itself 
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(Baumgarten et al., 2015). Because of the important roles of cholesterol, its demand has to 

be met either from food or by special supply from symbionts. On another hand, it is also 

possible that the symbiont-derived NPC1, rather than host-originated, functions together 

with the upregulated NPC2 in cholesterol transport under symbiotic conditions. Also, the 

consistent downregulation of the enzyme that produces lathosterol, 3-beta-hydroxysteroid-

Delta(8),Delta(7)-isomerase, and the upregulation of two enzymes converting lathosterol 

to cholesterol, lathosterol oxidase and 7-dehydrocholesterol reductase, may indicate that 

lathosterol instead of cholesterol is the actual molecule being supplied by Symbiodiniaceae 

(Table 1.6). Further chromatography and mass spectrometry analyses may be needed to 

test this hypothesis. 

Another enriched lipid-related process is the beta-oxidation of long chain fatty acids. Two 

of the mitochondrial L-carnitine shuttle components, carnitine O-palmitoyltransferase 1 

and carnitine O-palmitoyltransferase 2, were upregulated in symbiotic anemones (Table 

1.6). The shuttle system is an essential step for mitochondria to uptake long-chain fatty 

acids for their followed beta-oxidation (van Rossum et al., 2016; Sharma and Black, 2009). 

Most of the genes involved in the downstream beta-oxidation were upregulated, which may 

indicate that the whole process is generally upregulated in response to symbiosis.  

Furthermore, it seems that symbiotic animals have distinct lipid pools, since they express 

different sets of lipid transporters under different symbiotic states. Two nose resistant to 

fluoxetine (NRF) proteins and a steroidogenic acute regulatory-related lipid transfer 

protein (START) were upregulated in symbiotic animals. NRF-6 is involved in lipid 

binding and transport in C. elegans (Choy and Thomas, 1999; Watts and Browse, 2006). 
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The START protein has been reported as a lipid exchange and/or lipid sensing protein in 

mammalian cells (Alpy, 2005). In addition, a putative lipid-droplet surface binding protein 

was also upregulated in symbiotic animals, which suggests that the animals acquire lipids 

secreted by symbionts and store them as lipid bodies. This is also consistent with a previous 

report showing that both host and endosymbiont play important roles in the regulation of 

lipid biogenesis in coral Euphyllia glabrescens (Peng et al., 2011). On the other hand, the 

lipid transporter genes upregulated in aposymbiotic animals, such as the spinster homolog 

protein, cubilin, long chain fatty acids transporter, and nonspecific lipid-transfer protein, 

showed low cargo specificity or was associated with starvation-induced lysosomal 

activities in mammalian cells (Christensen and Birn, 2002; Rong et al., 2011). This may 

suggest that the major lipid supplies of aposymbiotic anemones are from nonspecific 

endocytosis and/or lysosomal degradation of microbial particles. 

 

TABLE 1.6 Differential expression of genes associated with lipid metabolism. Fold 

change represents the relative expression change in symbiotic anemones over aposymbiotic 

animals. 

Gene ID Annotation ln (fold change) 

AIPGENE22527 Protein NPC2 homolog 6.57 

AIPGENE22473 Epididymal secretory protein E1 4.31 

AIPGENE21619 Aldehyde dehydrogenase family 3 member B1 3.42 

AIPGENE23673 Lathosterol oxidase 3.41 

AIPGENE12723 Aldehyde dehydrogenase family 3 member B1 2.44 

AIPGENE762 Putative phospholipase B-like 2 2.10 
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AIPGENE11799 Putative diacyglycerol O-acyltransferase Rv1760 2.01 

AIPGENE16407 Nose resistant to fluoxetine protein 6 1.63 

AIPGENE13786 Lipid storage droplets surface-binding protein 2 1.62 

AIPGENE13828 Long chain acyl-CoA synthetase 8 1.61 

AIPGENE6490 7-dehydrocholesterol reductase 1.38 

AIPGENE25676 Inositol-3-phosphate synthase 1-A 1.28 

AIPGENE14819 Delta(5) fatty acid desaturase 1.27 

AIPGENE11861 StAR-related lipid transfer protein 9 1.14 

AIPGENE16386 Nose resistant to fluoxetine protein 6 1.12 

AIPGENE19729 Delta(8)-fatty-acid desaturase 1.03 

AIPGENE19728 Delta(8)-fatty-acid desaturase 0.98 

AIPGENE17789 Probable fatty acid methyltransferase 0.88 

AIPGENE11862 StAR-related lipid transfer protein 9 0.85 

AIPGENE28492 Hepatocyte nuclear factor 4-gamma 0.84 

AIPGENE21331 Carnitine O-palmitoyltransferase 1, liver isoform 0.77 

AIPGENE18576 Carnitine O-acetyltransferase 0.76 

AIPGENE28928 Probable ethanolamine kinase 0.73 

AIPGENE28493 Hepatocyte nuclear factor 4-gamma 0.72 

AIPGENE10201 Carnitine O-palmitoyltransferase 1, liver isoform 0.62 

AIPGENE5658 Carnitine O-palmitoyltransferase 2, mitochondrial 0.59 

AIPGENE10200 Carnitine O-palmitoyltransferase 1, muscle isoform 0.59 

AIPGENE27247 Cholesterol 24-hydroxylase -0.43 

AIPGENE9114 Protein spinster homolog 1 -0.49 

AIPGENE16898 Cholesterol 24-hydroxylase -0.49 

AIPGENE19794 Non-specific lipid-transfer protein -0.62 

AIPGENE10177 Long-chain fatty acid transport protein 1 -0.64 

AIPGENE18368 15-hydroxyprostaglandin dehydrogenase [NAD(+)] -0.65 

AIPGENE3461 Enoyl-[acyl-carrier-protein] reductase [NADPH] FabL -0.78 
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AIPGENE24793 Gastric triacylglycerol lipase -0.89 

AIPGENE8352 Methyltransferase-like protein 7A -0.94 

AIPGENE9039 Rhamnosyl O-methyltransferase -0.95 

AIPGENE24036 Cubilin -1.06 

AIPGENE27122 Ethanolamine-phosphate cytidylyltransferase -1.12 

AIPGENE11660 Patatin-like phospholipase domain-containing protein 2 -1.13 

AIPGENE21474 Putative lysosomal acid lipase/cholesteryl ester hydrolase -1.18 

AIPGENE10967 Probable 3-beta-hydroxysteroid-Delta(8),Delta(7)-isomerase -1.41 

 

1.6.3.2 Transport of inorganic and photosynthetically fixed carbon 

The photosynthetic substrate CO2 can diffuse freely across cellular membranes between 

host and symbionts. However, to maintain efficient photosynthesis, high concentration of 

inorganic carbon in the symbiosome is required that cannot be satisfied by diffusion. The 

carbonic anhydrase (CA), catalyzing the conversion between CO2 and bicarbonate, is 

believed to play an important role to meet this requirement (Bertucci et al., 2013). A total 

of ten CA coding genes were identified in Aiptasia genome, but only one of them, 

AIPGENE2901, was upregulated ~2.3-fold in symbiotic animals. The differential 

expression of this CA indicates that the host may actively regulate the uptake of inorganic 

carbon in response to symbiosis. 

It has been proposed that glucose is the major photosynthates transferred from 

Symbiodiniaceae to the cnidarian host (Burriesci et al., 2012; Whitehead and Douglas, 

2003). However, the genes annotated as glucose transport were not upregulated in our study. 

Instead, a gene annotated as facilitating trehalose transport (TRET1, AIPGENE18406) was 

upregulated ~10.52-fold in symbiotic anemones. It is possible that trehalose is the major 
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form of fixed carbon being transferred from symbiont into host. This would be consistent 

with the report that Symbiodiniaceae release trehalose into environment as a 

chemoattractant for coral larvae (Hagedorn et al., 2015). However, when we tried to search 

for AIPGENE18406 homologs in another previously published de novo assembled 

Aiptasia transcriptome (Lehnert et al., 2014), the best match appeared to be a glucose 

transporter upregulated in symbiotic anemones. This suggests that the gene model of this 

gene may represent a truncated or incomplete genome sequence or gene model and, hence, 

produce an incorrect annotation. In any case, further experiments are needed to 

unequivocally determine the specificity of the transporter. 

1.6.3.3 Amino acid metabolism 

Among amino acid interconversion pathways, the genes associated with the S-Adenosyl 

methionine (SAM) cycle, which functions in the conversions of sulfur-containing amino 

acids, were systematically upregulated, as previously reported (Lehnert et al., 2014). In 

contrast to the general upregulation of the genes involved in the SAM cycle, the genes 

coding cystathionine beta-synthase (CBS, AIPGENE25097) and cystathionine gamma-

lyase (CTH, AIPGENE510), which together catalyze the biosynthesis of cysteine from 

homocysteine, was downregulated in symbiotic animals (Fig. 1.9B). This indicates that 

unlike the complete dependency of Acropora digitifera on its symbionts for cysteine 

(Shinzato et al., 2011), Aiptasia expresses CBS regardless of symbiotic state. However, the 

significant downregulation of CBS in symbiotic animals suggests that cysteine pools might 

be replenished either directly by symbionts through upregulated SLC7A9 (AIPGENE1716, 

AIPGENE15008), which was reported to be responsible for high-affinity reabsorption of 
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cystine in human kidney tubule (Feliubadaló et al., 1999), or by the conversion from serine 

via the upregulated serine-O-acetyltransferase (cys2, AIPGENE556). Interestingly, the 

possible provision of cysteine or intermediate metabolites by the symbiont would provide 

the basis for an evolutionary scenario leading to the suggested loss of central proteins in 

the cysteine biosynthesis process of the zooxanthellate coral A. digitifera (Shinzato et al., 

2011). 
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Chapter 2: Characterization of ammonium transporters associated with 

Aiptasia-Symbiodiniaceae symbiosis 
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2.1 Introduction 

It has been shown that the nutritional exchange between host and symbiont is the most 

important feature of cnidarian-dinoflagellate symbiosis. The cnidarian host gains 

carbohydrates, lipids, amino acids, and small peptides from the symbionts; in return, it 

provides nutrients in the form of carbon dioxide, phosphate, and ammonium to the 

symbionts (Furla et al., 2000; Muscatine et al., 1989b, 1989a; Venn et al., 2009; Whitehead 

and Douglas, 2003). The carbon-concentrating mechanisms that enable the enrichment of 

inorganic carbon by both host and symbiont to support the photosynthesis of 

Symbiodiniaceae have been well-explored (Furla et al., 2000; Le Goff et al., 2016; Isa and 

Yamazato, 1984; Leggat et al., 2002; Venn et al., 2009; Weis and Reynolds, 1999; Weis et 

al., 1989). However, compared to the carbon cycling, the molecular mechanism underlying 

ammonium assimilation and regulation in this symbiotic relationship is still largely 

unknown. 

It has been suggested that the coral holobiont can utilize several types of nitrogen, including 

ammonium, nitrate, urea, and dissolved free amino acids, with ammonium being the 

preferred nitrogen source (D’Elia et al., 1983; Grover et al., 2002, 2003, 2006, 2008; 

Yellowlees et al., 2008). It is widely accepted that the symbiont is the primary site for 

ammonium assimilation (Kopp et al., 2013; Pernice et al., 2012; Roberts et al., 1999), 

however, the role of the host in this process is still under debate. The nitrogen-recycling 

hypothesis postulates that the host utilizes the symbionts to recycle waste ammonium into 

amino acids that are subsequently released back to the host (Rahav et al., 1989; Wang and 

Douglas, 1999). Conversely, the nitrogen-conservation hypothesis suggests that symbiont-
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derived photosynthates reduce host catabolism of nitrogenous compounds (Lipschultz and 

Cook, 2002) and promote its capability to assimilate ammonium (Falkowski et al., 1993; 

Wang and Douglas, 1998). As a consequence, the host gains the ability to regulate and 

limit the availability of ammonium to Symbiodiniaceae to achieve the purpose of symbiont 

population control (Falkowski et al., 1993). 

In either case, the host needs to adjust the expression of a series of genes to regulate the 

transportation and assimilation of ammonium. It has been reported that ammonium is 

assimilated mainly, in most of the organisms, through the combinational enzymatic 

reactions of three key enzymes: glutamine synthetase (GS), glutamate synthase (GOGAT), 

and glutamate dehydrogenase (GDH) (Fig. 2.1A). Consistently, in the analyses we 

conducted in the first chapter, we have identified that multiple ammonium transporters 

(AMTs) and all the genes involved in ammonium assimilation i.e. GS/GOGAT/GDH 

circuit, are upregulated in symbiotic Aiptasia (Fig. 2.1B) (Cui et al., 2018).  
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FIG 2.1 Genes involved in ammonium transport and assimilation and their expression 

patterns in Aiptasia. (A) Ammonium transport and assimilation pathways in Aiptasia. (B) 

The expression pattern of AMTs, GS, GOGAT, and GDHs in Aiptasia at different 

symbiotic states. Asterisks indicates statistically significant differences (p < 0.05), where 

n.s. indicates non-significance.  

 

The GS/GOGAT cycle is commonly believed as the fastest way for assimilating 

ammonium into amino acids via glutamate (Fig. 2.1A), and has been proposed as the major 

contributor for rapid fixation of seawater-derived ammonium in the coral Acropora aspera 

(Pernice et al., 2012). GDH, which catalyzes a reversible amination reaction to assimilate 

ammonium into glutamate using 2-oxoglutarate as substrate (Fig. 2.1A), has been 

described as an important enzyme to maintain ammonia homeostasis in animals (Spanaki 

and Plaitakis, 2012). Its biochemical property and subcellular localization have been 

characterized in Acropora formosa (Catmull et al., 1987) and Acropora latistella (Dudler 

et al., 1987), respectively. 

Unlike the good understanding of genes involved in ammonium assimilation, until recently, 

little was known about the genes involved in ammonium transport. Although several AMTs 

have been identified as symbiosis-associated genes in recent Aiptasia omics studies (Cui 

et al., 2018; Lehnert et al., 2014; Li et al., 2018; Oakley et al., 2016), thorough investigation 

is still needed to characterize their biochemical features, identify their subcellular locations, 

and understand their functions in symbiosis. To achieve this purpose, we cloned the two 

symbiosis-associated AMTs (AIPGENE17420: AMT-like protein 1, and AIPGENE18105: 
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Rh-type AMT like protein 1, abbreviated as AMTL1 and RhL1, respectively) from 

Aiptasia, tested their ammonium-transporting function in transformed yeast cells, checked 

their expression patterns in different tissue layer at different symbiotic states, inspected 

their subcellular localizations, and correlated their expression patterns with the subcellular 

distribution of assimilated ammonium. By doing so, we highlight the importance of AMTs 

in the regulation of nitrogen availability, which may further pave the way to better 

understand the Aiptasia-Symbiodiniaceae symbiosis at the molecular level.  

 

2.2 Results and Discussion 

2.2.1 Ammonium transporter amplification 

Symbiosis-associated AMTL1 and RhL1 were cloned using cDNA derived from symbiotic 

Aiptasia. RhL1 exhibited the same sequence as predicted gene in the Aiptasia genome. 

However, we found 18 mismatches in the amplified AMTL1 compared with its gene model 

sequence (Fig. 2.2). High error rate has been a well-known issue for shotgun sequencing 

(Shendure and Ji, 2008). While the impact of this issue tends to be minimal due to the high 

genome coverages generated from next-generation sequencing, this is clearly not the case 

for AMTL1 in our study. This suggests cloning the target gene would still be necessary as 

a confirmatory first step in future molecular studies that focuses on few candidates. 
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FIG 2.2 Corrected AMTL1 nucleotide sequence and its deduced amino acids. Nucleotides 

/ amino acids in uppercase and red denote mismatched bases between Sanger sequencing 

and gene model. 

 

After amplification, we calculated their hydropathicity based on the corrected amino acid 

sequences. Together with transmembrane helix (TMH) prediction, we propose that 

AMTL1 and RhL1 have 11- and 12 putative transmembrane helices, respectively (Fig. 2.3). 

This is consistent with what has been reported for prokaryote / plant-derived AMTs 

(Khademi et al., 2004; De Michele et al., 2013; Zheng et al., 2004) and animal-originated 

Rhs (Gruswitz et al., 2010). 

 

 

FIG 2.3 Hydropathicity calculation and transmembrane helix prediction of AMTL1 and 

RhL1. The amino acid position is shown on the x axes; hydropathicity score (top panel) 

and transmembrane helix (THM) probability (bottom panel) on the y axes were calculated 
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using ProtScale (Wilkins et al., 1999) and TMHMM (Krogh et al., 2001), respectively. In 

the top panel, dark green indicates high hydrophobicity, which may represent the 

transmembrane region. Light green indicates low hydrophobicity, which may represent 

extracellular or cytosolic domains. In the bottom panel, blue line represents the probability 

of cytosolic location, while the red line indicates the probability of extracellular location. 

The yellow highlighted regions indicate the presence of transmembrane domain. 

 

2.2.2 Function of AMTL1 and RhL1 in transformed yeast 

To test the function of AMTL1 and RhL1 in transporting ammonium, we cloned AMTL1 

and RhL1 into the yeast expression vector pYES2.1, then transformed the pYES2.1-

AMTL1/RhL1 constructs into an AMT-deficient yeast mutant strain (31019b). This is a 

strain lacking all three yeast ammonium transporter genes (mep1, mep2, and mep3) which 

are essential for yeast to grow using ammonium as sole nitrogen source (Marini et al., 

1997). The transformed yeast cells together with the mutant strain were grown on YNB 

medium containing 20 mM ammonium and 2% galactose but with no uracil (Fig. 2.4). To 

verify the growth feature of initial mutant strain, we also tested it on YNB medium 

containing 20 mM ammonium, 2% galactose, and 40 µg/ml uracil. Transformation either 

AMTL1 or RhL1 can sufficiently complemented the growth-deficiency caused by the 

∆𝑚𝑒𝑝  mutations. The growth rates of AMTL1- and RhL1-transformed cells were 

comparable, but both of them were growing slower than yeast transformed with its original 

MEP1 or MEP2 genes. These results confirmed that both AMTL1 and RhL1 have the 

activity to transport ammonium. 
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FIG 2.4 Growth of yeast ∆𝑚𝑒𝑝  strain (31019b) and mutant strain complemented by 

different AMTs. To test the function of Aiptasia AMTs, 31019b cells transformed with 

different AMT genes, either Aiptasia-originated AMTL1/RhL1, or original yeast 

MEP1/MEP3, were grown on YNB plate containing 20 mM NH4+ and 2% Galactose but 

with no uracil supply. Together, the non-transformed 31019b cells were grown on the same 

plates with or without uracil to verify their growth features. 

 

2.2.3 Expression of AMTL1 and RhL1 in apo/symbiotic Aiptasia  

To explore the expression pattern of AMTL1 and RhL1 in Aiptasia at different symbiotic 

states, we generated polyclonal antibodies in rabbit against AMTL1- and RhL1-specific 
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antigen peptides, respectively. The titer of these antibodies was determined by the 

producing company GenScript using ELISA (Table 2.1). 

 

TABLE 2.1 ELISA results of pre-immune serum and purified antibodies 

 Dilution 
(from 1 mg/ml) 

Concentration 
(ng/ml) anti-AMTL1 anti-RhL1 

NCa 1:1,000 N/A 0.059 0.059 

1 1:1,000 1,000.00 2.561 3.134 

2 1:2,000 500.00 2.509 2.934 

3 1:4,000 250.00 2.499 2.669 

4 1:8,000 125.00 2.496 2.090 

5 1:16,000 62.50 2.401 1.606 

6 1:32,000 31.25 2.298 1.037 

7 1:64,000 15.63 2.025 0.635 

8 1:128,000 7.81 1.652 0.387 

9 1:256,000 3.91 1.185 0.255 

10 1:512,000 1.95 0.762 0.229 

11 Blank Blank 0.047 0.053 

12 Blank Blank 0.047 0.053 

 Titerb  >1:512,000 1:512,000 
a negative control, pre-immune serum 

b determined by the highest dilution with signal/blank >=2.1 

 

These high-titer antibodies were assessed upon arrival by western blot on cell lysate of 

symbiotic and aposymbiotic anemones, respectively (Fig. 2.5A). Because of the lack of an 

internal standard in our experiments, the results cannot be directly used to compare the 
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AMT abundance between anemones at different symbiotic states. Regardless, the western 

blot results indicate that the antibodies have high specificity and affinity binding to their 

targets. We also noticed that an extra band appeared on the gel for anti-RhL1, which might 

be caused by the glycosylation of the target protein as previously reported for human Rh 

proteins (Liu et al., 2000; Marini et al., 2000). The double-band pattern may further indicate 

that the Aiptasia RhL1 protein might be heterogeneously glycosylated in Aiptasia. 

 

 

FIG 2.5 Expression pattern of AMTL1 and RhL1. (A) Initial test of antibodies anti-

AMTL1 and anti-RhL1. The western blot was conducted on aposymbiotic and symbiotic 

Aiptasia, respectively. (B) The expression of AMTL1 and RhL1 in the transformed yeast, 

Aiptasia at different symbiotic states, and free-living Symbiodiniaceae. Yeast cells were 

treated with either glucose or galactose to suppress or induce the expression of transformed 

gene. Yeast cells transformed with empty vector (pYES2.1) were pooled after different 

sugar treatments, since there was no difference in their growth rates and the sample was 

aimed to be used as negative control. Cell lysates from Aiptasia and Symbiodiniaceae were 
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also treated with PNGase F. (C) Glycosylation pattern of RhL1 in aposymbiotic and 

symbiotic Aiptasia, and partially enriched symbiosome. Apo: aposymbiotic anemones; 

Sym: symbiotic anemones.  

 

To test this possibility, and further verify the specificity of the antibodies, we performed 

another western blot on cell lysates of aposymbiotic or symbiotic Aiptasia, free-living B. 

minutum SSB01, and yeast 31019b transformed with pYES2.1 vector, AMTL1, or RhL1 

(Fig. 2.5B). Prior to gel electrophoresis, cell lysates from Aiptasia and B. minutum were 

treated with or without peptide-N-glycosidase F (PNGase F) which is the most effective 

enzyme to remove almost all N-linked oligosaccharides from glycoproteins (Tarentino et 

al., 1985). From the results, we confirmed that both AMTL1 and RhL1 can be induced by 

galactose in the transformed yeast (Fig. 2.5B). Although the specificity of the two 

antibodies was low against yeast total cell lysates, we can still find a specific band in the 

yeast transformed with Aiptasia AMTs compared to the ones transformed with empty 

vector. A moderate signal was also found in AMTL1-transformed yeast treated with glucose 

that was supposed to suppress the expression of AMTL1 (Fig. 2.5B). This may result from 

the basal expression of the transformed AMTL1 construct, which accumulated because of 

the large cell population obtained from glucose treatment. The PNGase F digestion resulted 

in a single band for RhL1 in Aiptasia, which confirmed that RhL1 is heterogeneously 

glycosylated in anemones (Fig. 2.5B). Moreover, there was no signal from the free-living 

B. minutum cells for both anti-AMTL1 and anti-RhL1, which verified their specificity 

against host AMTs (Fig. 2.5B). 
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N-glycosylation has been reported to have a variety of effects on the folding, stability, 

localization, and ligand recognition and binding of the modified transmembrane proteins 

(Cai et al., 2005; Dorn et al., 2009; Martı ́nez-Maza et al., 2001; Tanaka et al., 2004). We 

were interested to see if N-glycosylation would cause any localization changes of RhL1 in 

response to symbiosis, hence we repeated the western blot on aposymbiotic and symbiotic 

animals together with samples from partially enriched symbiosome. Surprisingly, we did 

find a slower shifting speed for RhL1 from symbiosome in the gel electrophoresis; however, 

this retardation could not be rescued by PNGase F treatment (Fig. 2.5C). This may indicate 

that RhL1 localized to symbiosome membrane was either modified with a different post-

translation modification mechanism, such as phosphorylation, acylation, alkylation, etc., 

or, that there might be a different isoform of RhL1 specifically localized to symbiosome. 

2.2.4 Tissue-specific localizations of AMTL1 and RhL1 in symbiotic Aiptasia 

To investigate the cellular localization of AMTL1 and RhL1 in Aiptasia, we performed 

immunofluorescence staining with our previously validated antibodies. It appears that both 

AMTL1 and RhL1 are expressed in aposymbiotic Aiptasia at very low levels, and show 

similar fluorescent signals in gastrodermal and epidermal cells. However, in symbiotic 

anemones, these two transporters were strongly enriched in gastrodermal cells, which 

indicated a symbiosis-induced, tissue-specific localization (Fig. 2.6). Interestingly, it seems 

that AMTL1 is exclusively localized in gastrodermal cells, while RhL1 may have weak 

expression in epidermis. Moreover, AMTL1 may be present only on the host plasma 

membrane since its fluorescence is distributed evenly, and follows a cell-surface-like 

pattern. In contrast, RhL1 shows a more complicated fluorescence pattern, which may 
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indicate that it localized to both cell surface and symbiosome membrane as also observed 

in the western blots. However, this hypothesis will need to be verified by further 

immunolabelling studies, such as immunofluorescence staining with isolated cells and 

symbiosomes, or immunogold labeling. 

 

 

FIG 2.6 Cellular localization of AMTL1 and RhL1 in symbiotic Aiptasia. Nuclei in blue 

with DAPI staining. The target ammonium transporters are in yellow, which were 

visualized by Alexa Fluor 555 conjugated with goat anti-rabbit secondary antibody. Gas: 

gastrodermis, Epi: epidermis. Scale bars, 10 µm. 
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2.2.5 Ammonium assimilation in different tissue layers 

In our previous study, we proposed that symbiosis would induce host-dependent 

ammonium assimilation to regulate nitrogen availability to symbiont (Cui et al., 2018). The 

tissue-specific localization of these two symbiosis-associated AMTs may indicate that they 

are involved in the host nitrogen regulation system. In such a system, these transporters 

would transport ammonium into host cells that are responsible for ammonium assimilation. 

Together with the downstream GS/GOGAT/GDH genes, most of the ammonium would be 

integrated into amino acids in the host cell. Based on this assumption, we predicted that 

symbiosis with Symbiodiniaceae would stimulate higher levels of ammonium assimilation 

in gastrodermal cells, as the gastrodermis was enriched with AMTL1 and RhL1. 

To validate our hypothesis physiologically, we conducted quantitative ion microprobe 

isotopic imaging on both symbiotic and aposymbiotic anemones treated with 15N-enriched 

ammonium. The results confirmed a significantly higher rate of ammonium assimilation in 

the gastrodermal tissue of symbiotic anemones, which is consistent with what we predicted 

based on transcriptomic and immunofluorescence results. Furthermore, imaging carried 

out on aposymbiotic anemones, showed some 15N hot spots only in the epidermal cells, 

which may indicate loci of ammonium assimilation in aposymbiotic animals (Fig. 2.7). 
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FIG 2.7 15N-ammonium assimilation within Aiptasia-Symbiodiniaceae symbiosis. The 

rainbow scale indicates the distribution of 15N/14N ratio with a scale factor of 10,000 in (A) 

symbiotic and (B) aposymbiotic Aiptasia. (C) The bar chart shows the comparisons of 

15N/14N ratio in different tissue layers, where the Greek letters represent statistical 
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significance of pairwise differences: αβ and αγ for p < 9 x 10-9, while βγ for p < 0.05. Apo: 

aposymbiotic anemones; Sym: symbiotic anemones. 

 

Taken together, our data revealed that specific AMTs are involved in the symbiosis-

induced ammonium transport between Aiptasia and Symbiodiniaceae. The distinct 

subcellular localization patterns of these AMTs suggest a tissue-specific response of 

ammonium assimilation to symbiosis, which is also supported by the 15N labelling 

experiment using NanoSIMS. More broadly, our study highlights the importance of 

nitrogen in cnidarian-Symbiodiniaceae symbiosis, and sheds light on the potential 

molecular regulation of nitrogen equilibrium between symbiotic paterners. 

 

2.3 Materials and Methods 

2.3.1 Aiptasia maintenance and RNA extraction 

Diuron / cold shock bleached aposymbiotic Aiptasia CC7 and B. minutum strain SSB01 re-

infected symbiotic anemones CC7/SSB01 were maintained in autoclaved seawater at 25 °C 

on a 12-hour light / 12-hour dark cycle under 20-40 µmol photons m-2 s-1 light intensity. 

The animals were fed with hatched Artemia nauplii three times a week, followed with water 

change on the next day of feeding. 

RNA extraction was done on whole anemone homogenates using AllPrep DNA/RNA Mini 

Kit (Qiagen, Germany) following manufacturer’s protocol. 
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2.3.2 Amplification of symbiosis-related AMTs 

We synthesized cDNA from freshly isolated RNA using TeloPrime full-length cDNA 

amplification kit (Lexogen, Austria). Symbiosis-associated AMTs were amplified from 

full-length cDNA using specific primers designed based on their gene model sequences 

(Table 2.2). Their actual sequences were validated using Sanger sequencing. To check the 

key biochemical features of these putative AMTs as being real transmembrane proteins, 

we then performed transmembrane helix prediction using TMHMM (Krogh et al., 2001) 

and hydropathicity calculation with ProtScale (Wilkins et al., 1999) by following the Kyte-

Doolittle scale (Kyte and Doolittle, 1982). 

 

TABLE 2.2 Primers used in the amplification of AMTs from symbiotic Aiptasia 

Target gene AMTs Primers  

AIPGENE17420 AMTL1 Forward: ATGATGAACGTAACTACAGAACAGAC 
Reverse: TTACAATTTTTCATCAAGAGCTCCGTG 

AIPGENE18105 RhL1 Forward: ATGTGCTCGGCAATCATAACAACACGC 
Reverse: TTAATCACTCTTGATGGAATTGATGGAATGTCC 

 

2.3.3 Generation of antibodies anti-AMTL1 and anti-RhL1 

To generate Aiptasia AMT-specific antibodies, we designed two specific antigen peptides 

(Table 2.3) based on four principals: strong antigenicity, high surface-location probability, 

ease of synthesis, and low similarity to rabbit proteins (Oryctolagus cuniculus). An extra 

cysteine was added to N-terminus of each peptide during synthesis. The cysteine was 

served as the site of conjugation with keyhole limpet hemocyanin (KLH). The peptides 
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were then used to immunize rabbits to raise primary antibodies. KLH served as a carrier 

for relatively small antigen peptide to stimulate stronger immune response against the 

antigen. 

 

TABLE 2.3 Antigen peptides used to generate antibodies against AMTs 

Target protein Antigen peptide  

AMTL1 CSLGRTNHGALDEKL 

RhL1 CIDQESGHSINSIKS 

 

2.3.4 Protein extraction 

Protein extraction was followed two protocols: antibody specificity tests as shown in Fig 

2.5A, and AMTL1/RhL1 characterization as shown in Fig 2.5B, C.  

For antibody specificity test, 8 symbiotic or 20 aposymbiotic anemones were pooled 

respectively, snap-frozen in liquid N2, mixed with ~5 2-mm steel beads, then homogenized 

using TissueLyser II (Qiagen, Germany) in a cell lysis buffer (50 mM Tris HCl pH 7.5, 

150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM Na2MoO4, 1 mM NaF, 1.5 mM 

Na3VO4, 2 mM DTT) that was optimized for protein extraction from plants. 

For the experiments aiming to characterize AMTs, similar numbers of anemones or 30 ml 

B. minutum SSB01 were collected for protein extractions. The samples were then 

homogenized with a 7-ml Dounce tissue grinder (Sigma-Aldrich, USA) in an extracting 

solution containing phosphate-buffered saline (PBS) buffer (Thermo Fisher Scientific, 

USA) and SMGAFAST protease inhibitor cocktail (Sigma-Aldrich, USA). To partially 

enrich the symbiosome, homogenates from symbiotic Aiptasia were centrifuged at 1,500g 
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for 5 min. The pellet was then washed with extracting solution three times, passed ten times 

through a 23-gauge needle fitted to a 5-ml syringe, then centrifuged at 4,000g for 5 min to 

further remove animal cell debris. While the final pellet mainly consisted of intact or 

damaged symbiosomes, we cannot exclude that it also contained few host cell membrane 

debris and some isolated symbionts. To obtain proteins from animals, algae cells, and 

enriched symbiosome samples, all homogenates were sonicated on ice following a cycle 

with 3-second sonication at 60% power and 2-second pause for 10 times, then rested on ice 

for 2 min to cool down. The whole procedure was repeated for 3 times for each sample. 

The final total protein was collected by centrifugation at 15,000g for 10 min. 

2.3.5 Western blot 

The concentration of freshly extracted protein was determined by DC protein assay kit 

(Bio-Rad, USA) immediately after extraction. 10 µg total protein for each sample was 

separated by SDS-PAGE on a 10% gel, then transferred onto a 0.45-µm PVDF membrane 

using a wet/tank blotting system (Bio-Rad, USA). The membrane was then blocked in 5% 

non-fat milk for 2 hours, and incubated with anti-AMT antibody (1:1000 in 5% non-fat 

milk) at 4 °C overnight afterwards. The hybridized membrane was then washed for 10 min 

with TBST (20 mM Tris, 150 mM NaCl, 0.1% Tween 20) three times and incubated with 

HRP-conjugated goat anti-rabbit IgG secondary antibody (1:5,000, Sigma) for one hour. 

The immunoblots were visualized by chemiluminescence via ECL western blotting 

substrate kit (Bio-Rad, USA) on ChemiDoc XRS+ system (Bio-Rad, USA). 
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2.3.6 Immunofluorescence staining 

Aposymbiotic and symbiotic anemones (~ 10 mm oral disc diameter) were relaxed in 

autoclaved sea water containing 3.75% (w/v) MgCl2 for one hour, then fixed overnight in 

freshly prepared 4% paraformaldehyde at 4 °C. The fixed specimens were dehydrated with 

a series of washes: PBS, 5 min; 50% ethanol, 5 min, twice; 70% ethanol, 5 min, twice; 80% 

ethanol, 5 min, twice; 90% ethanol, 5 min, twice; 100% ethanol, 10 min, twice; xylene, 15 

min, twice. The dehydrated specimens were then embedded in paraffin and cut into 5 µm 

sections using a microtome (Leica Biosystems, Germany). The sections were collected on 

glass slides, dewaxed and rehydrated with seven steps of reversed washes with 0.1% Triton 

X-100 included in the last PBS wash to permeabilize the samples. We blocked the samples 

at room temperature for one hour using a blocking buffer that contains 5% normal goat 

serum, 1% BSA, and 0.3% Triton X-100 in PBS. The sections were then incubated with 

anti-AMT primary antibodies (1:50, diluted with PBS, 1% BSA, 0.3% Triton X-100) at 

4 °C overnight. Alexa Flour 555 conjugated Goat anti-rabbit secondary antibody (1:500, 

diluted with PBS, 1% BSA, 0.3% Triton X-100) was applied on the sections for one hour 

at room temperature. The slides were briefly washed with PBS thrice. The sections were 

then mounted with VECTASHIELD mounting medium with DAPI (Vector Laboratories, 

USA) and sealed with nail polish.  

The immunofluorescence staining was visualized under Zeiss LSM 710 confocal 

microscope (ZEISS, Germany), and analyzed using Fiji (Schindelin et al., 2012). 
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2.3.7 Pulse-chase Isotope labeling and NanoSIMS imaging 

To verify ammonium assimilation rates in both tissue layers, an isotopic labeling 

experiment was conducted for subsequent NanoSIMS analysis. Anemones with different 

symbiotic states were incubated for 24 h (12h:12 light dark cycle) in 25 ml incubation 

chambers containing isotopically enriched artificial sea water which was supplemented 

with 15NH4Cl (isotopic abundance of 99%) at a final concentration of 5 µM. Following 

incubation, all samples were immediately transferred to a fixative solution (2.5% 

glutaraldehyde, 1 M cacodylate) and stored at 4˚C until further processing. 

Individual tentacles were collected from each anemone under a stereomicroscope for 

further sample preparation. First, samples were post-fixed for one hour at room temperature 

with 1% OsO4 in Sörensen phosphate buffer (0.1 M). Samples were dehydrated in a series 

of increasing ethanol concentrations (50%, 70%, 90%, 100%) followed by 100% acetone. 

Tissues were then gradually infiltrated with SPURR resin of increasing concentrations 

(25%, 50%, 75%, 100%). Subsequently, tissues were embedded in SPURR resin and cut 

into 100 nm sections using an Ultracut E microtome (Leica Microsystems, Germany) and 

mounted on silicon wafer. 

Gold-coated sections were imaged with the NanoSIMS 50 ion probe at the Center for 

Microscopy, Characterisation and Analysis at the University of Western Australia. 

Samples surfaces were bombarded with a 16 keV primary Cs+ beam focused to a spot size 

of about 100 nm, with a current of approximately 2 pA. Images of 25 - 45 µm square with 

256 × 256 pixels were recorded for all targeted secondary molecular ions by rastering the 

primary beam across the sample with a dwell-time of 10-20 ms per pixel. After drift 
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correction, the 15N/14N maps were expressed as a hue saturation intensity (HSI) image, 

where the color scale represents the isotope ratio. Image processing was performed using 

the ImageJ plugin OpenMIMS (Gormanns et al., 2012).  
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Chapter 3: Tissue-Specific Transcriptome Analysis of Aiptasia 
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3.1 Introduction 
Multicellular organisms are composed of distinct cell types of different morphology and 

function. This specialization allows organisms to compartmentalize their physiological 

processes, ensuring an efficient response to different environmental conditions. A given 

environmental stimulus evokes different changes in gene activity within distinct cell types. 

Changes in gene expression in different situations modify the function of the cells, and 

eventually determine the fate of the whole organism. Since most of the cells within a given 

organism have the same genomic sequence, a key challenge in a transcriptomic study is to 

understand how genes are expressed in the right place, at the right time, and at the right 

level (Handley et al., 2015). 

Current NGS technologies allow us to measure even subtle changes in gene expression. As 

mentioned in Chapter I, many studies have applied NGS technologies to study several 

different aspects of the cnidarian-dinoflagellate symbiosis, with some of them focusing on 

Aiptasia (Baumgarten et al., 2015; Cui et al., 2018; Lehnert et al., 2014; Li et al., 2018; 

Oakley et al., 2016). However, a common feature of these studies is that they were all 

performed at the whole organism level, even though symbiosis is constrained to the 

gastrodermal cell layer. Moreover, advanced molecular studies on few symbiosis-

associated genes indicated that the genes usually respond to symbiosis in a tissue-specific 

manner (Dani et al., 2017). Thus, the results from the studies focusing on whole organisms 

are less informative as they do not allow separating the responses in the different tissues. 

To achieve tissue level resolution in our transcriptomic study, we optimized several key 

steps to apply laser microdissection on Aiptasia. We successfully isolated epidermal 
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(subsequently labelled as “Epi”) and gastrodermal (“Gas”) tissue, from four biological 

replicates each of symbiotic (“Sym”) and aposymbiotic (“Apo”) individuals. Pairwise 

differential gene expression analysis highlighted symbiosis as the main driving factor of 

gene expression changes in our study. Moreover, most of the symbiosis-associated genes 

identified in the earlier meta-analysis show tissue-specific expression patterns. Using gene 

ontology (GO) enrichment analysis and KEGG-assisted functional interpretation, we found 

that many previously reported symbiosis-associated GO terms and KEGG pathways are 

enriched by differentially expressed genes identified from inter-gastrodermis comparison. 

We further focused on the genes involved in phagocytosis and lysosomal activities, and 

propose the potential molecular mechanism underlying symbiont engulfment and the 

formation of the symbiosome. We have made the data and current results available to the 

whole Aiptasia research community, and more detailed analyses and interpretations are 

still ongoing.  

 

3.2 Results and Discussion 

3.2.1 Isolation of tissue layers and their corresponding mRNA populations 

To identify the tissue specific gene expression changes in response to symbiosis, we used 

LMD to separately isolate the gastrodermal and epidermal layers of both symbiotic and 

aposymbiotic anemones (Fig. 3.1). Total RNA from four biological replicates of each tissue 

layer was purified in 22 µl RNase-free water as described below. As shown in a previous 

study on human pancreatic islets (Sturm et al., 2013), we did not find a direct relationship 

between the amount of microdissected tissue and the RNA yield. However, we have 
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noticed that the time spent on sample preparation and the following manipulation and the 

time intervals between embedding, cryosectioning, microdissection, and RNA extraction 

were partially responsible for the variable quality and quantity of the recovered RNA. 

Hence, we optimized our protocol accordingly to minimize the time taken to process 

samples to reduce RNA degradation.  

 

 

FIG 3.1 Laser microdissection of cryosections of symbiotic and aposymbiotic Aiptasia. 

Symbiotic samples were imaged under normal light, while aposymbiotic sample were 

visualized using fluorescence which helped identifying the epidermal cell layer of 
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aposymbiotic animals. Sym: symbiotic state; Apo: aposymbiotic state; Gas: gastrodermis; 

Epi: epidermis. 

 

3.2.2 Different types of tissues exhibit distinct mRNA populations 

We obtained a total of ~682 million read-pairs ranging from ~34.7 million to ~54.9 million 

per library. To inspect the reproducibility of the experiment and the relationships between 

the mRNA populations isolated from the individual cell layers, we performed a PCA of 

normalized expression levels for the 24,755 genes expressed in at least one cell layer. In 

such analyses, samples with similar function tend to be more closely associated because of 

the overlap in their mRNA populations. Our analysis indicated that the 16 samples were 

separated into gastrodermal and epidermal origin by PC1, which explained 23.9% of 

variance in the overall expression profile. Furthermore, the samples clustered based on the 

symbiotic state of their source organism by PC2, which represented 17.7% of the overall 

variance (Fig. 3.2). This indicated that different cell layers have distinct gene expression 

profiles in line with the assumption that they perform different functions. It also implies 

that the laser microdissections and the downstream sequencing experiments were carried 

out successfully. 
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FIG 3.2 Principal component analysis of Aiptasia LMD RNA-seq data. Shape represents 

the source cell layer of the RNA, while color represents the symbiotic state of the animal: 

Apo, aposymbiotic anemone; Sym, symbiotic anemone. 

 

3.2.3 Identification of differentially expressed genes 

Given the nature of our experiment, the comparisons of DEGs can be divided into two 

groups: inter-tissue and inter-state. Inter-tissue analyses, i.e. ApoGas vs ApoEpi and 

SymGas vs SymEpi, are the comparisons between two tissue layers within the same 

organism; while inter-state analyses, i.e. SymEpi vs ApoEpi and SymGas vs ApoGas, are 

the comparisons of the same layer between organism in two different symbiotic states. The 

number of DEGs identified from these comparisons was the lowest between the epidermis 
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of symbiotic and aposymbiotic anemones (239), and the highest between the gastrodermis 

of symbiotic and aposymbiotic anemones (3901) (Fig. 3.3). This suggests that each tissue 

layer has a specific gene expression profile and that symbiosis is a strong driver of 

expression differences. 
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FIG 3.3 DEGs identified in tissue-specific differential analyses. Sym represents the 

symbiotic state, while Apo stands for the aposymbiotic state. “Gas” indicates gastrodermis, 

the inner cell layer, and “Epi” means epidermis, the outer cell layer. 
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GO- and KEGG-assisted functional analyses revealed several symbiosis-associated GO 

terms and KEGG pathways to be enriched in differentially expressed genes identified by 

inter-gastrodermis but not inter-epidermis comparisons. Among these terms/pathways, 

phagosome-related processes are consistently enriched with relatively lower p values. We 

further focused our functional interpretation on the phagocytosis-associated genes. 

It is generally believed that phagocytosis is the first step for symbionts entering host cells 

after host-symbiont recognition (Davy et al., 2012). The conversion from phagosome to 

symbiosome, which avoids the intracellular attack from host lysosomal activities, has been 

of interest for decades (Davy et al., 2012). The phagosome-associated DEGs (Table 3.1) 

we identified can simply fall into two groups: the ones involved in host engulfment of 

symbiont, and the others engaged in the arrest of phagosome maturation. 

3.2.4 Expression of genes involved in phagocytosis 

Scavenger receptors (SRs) are a group of pattern recognition receptors (PRRs) that 

recognize a broad range of ligands displayed on the surface of microbes, and trigger the 

phagocytosis of pathogens (Zani et al., 2015). It has been reported that SRs are involved in 

Aiptasia-Symbiodiniaceae symbiosis and that blocking of the ligand binding site on SR 

with the inhibitor fucoidan suppresses the establishment of symbiosis (Neubauer et al., 

2016). Consistently, we found five SRs, including CD36 which is the most well studied 

type-B SR (Silverstein and Febbraio, 2009), to be upregulated in symbiotic gastrodermal 

cells. Moreover, we also identified three mannose receptors (MRs), another large subgroup 

of PRRs (Stahl and Ezekowitz, 1998), showing relatively moderate upregulation in 
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gastrodermis from symbiotic animals. This may indicate crucial roles of these PRRs in the 

recognition of microbe-associated molecular patterns on symbiont cell surface.  

Consistent with the upregulation of SRs, many SR-interacting proteins show increased 

expression in symbiotic gastrodermal tissues. It has been shown that the binding of type-B 

SR (CD36) with thrombospondin-type-1-repeat (TSR) domain-containing proteins, such 

as brain-specific angiogenesis inhibitor (Mathema and Na-Bangchang, 2017) and 

thrombospondin (Neubauer et al., 2017), would induce the initiation of phagocytosis. 

Moreover, it has been elucidated that TSR proteins play important roles in the 

establishment of cnidarian-dinoflagellate symbiosis. Blocking TSR domains significantly 

inhibits host colonization by B. minutum, while addition of human- or Aiptasia-derived 

TSR proteins significantly increase the success rate of colonization (Neubauer et al., 2017). 

Interestingly, we also identified several genes encoding laminins and type VI collagen, two 

major components of basement membranes (BMs) surrounding most animal tissues 

(Jayadev and Sherwood, 2017), to be upregulated in gastrodermal cells in response to 

symbiosis. BMs are specialized fibrous extracellular matrices that usually function in cell 

adhesion, diffusion barrier, and regulation of cell growth (Jayadev and Sherwood, 2017). 

Integrin, one of the main anchors between BMs and cell surfaces that can bind with both 

laminin and collagen (Jayadev and Sherwood, 2017; Luo et al., 2007), was also upregulated 

in symbiotic gastrodermis. There was also evidence that certain type of integrins promotes 

angiogenesis by interacting with TSR proteins (Staniszewska et al., 2007). Hence, these 

symbiosis-induced PRRs, TSR proteins, BM components, and integrins may function 
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together as a signaling network in host-symbiont recognition which triggers the 

reorganization of BMs and leads to the following engulfment of symbionts. 

 

TABLE 3.1 Differential expression of phagosome-associated genes in gastrodermal cells 

at different symbiotic states. Fold change represents the relative expression change in 

symbiotic gastrodermal cells over aposymbiotic gastrodermal cells. 

Gene ID Annotation ln(fold-change) 

Host engulfment of symbiont: 

AIPGENE13622 Macrophage scavenger receptor types I and II  1.61 

AIPGENE991 Brain-specific angiogenesis inhibitor 3  1.45 

AIPGENE25617 Scavenger receptor class B member 1  1.39 

AIPGENE24439 Laminin subunit gamma-1  1.28 

AIPGENE6165 Integrin alpha-8  1.27 

AIPGENE2115 Macrophage scavenger receptor types I and II  1.00 

AIPGENE23656 C-type mannose receptor 2  0.95 

AIPGENE15090 Collagen alpha-4(VI) chain  0.91 

AIPGENE355 Macrophage mannose receptor 1  0.86 

AIPGENE26580 Thrombospondin-4  0.78 

AIPGENE26587 Thrombospondin-4  0.75 

AIPGENE19494 Macrophage scavenger receptor types I and II  0.75 

AIPGENE13459 Platelet glycoprotein 4 (CD36) 0.70 

AIPGENE15997 Laminin subunit beta-2  0.68 

AIPGENE2368 Laminin subunit gamma-1  0.60 

AIPGENE5806 Integrin beta-PS  0.58 

AIPGENE365 C-type mannose receptor 2  0.54 

AIPGENE27817 Thrombospondin-3  -0.36 
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AIPGENE17639 Semaphorin-5B  -0.60 

AIPGENE17591 Hemicentin-1  -0.88 

AIPGENE2380 Laminin subunit gamma-1  -1.04 

AIPGENE8649 CD209 antigen-like protein E  -2.19 

AIPGENE11754 Thrombospondin-1  -2.23 

Arrest of phagosome maturation: 

AIPGENE6003 Cathepsin L  1.56 

AIPGENE26156 Cathepsin L  1.02 

AIPGENE17951 Tubulin alpha-8 chain  0.69 

AIPGENE16161 V-type proton ATPase  0.65 

AIPGENE840 V-type proton ATPase subunit H  0.60 

AIPGENE21682 Actin, plasmodial isoform  0.55 

AIPGENE27760 Early endosome antigen 1  0.47 

AIPGENE23360 Cytoplasmic dynein 2 heavy chain 1  -0.47 

AIPGENE27192 Lysosome-associated membrane glycoprotein 1  -0.54 

AIPGENE2846 Tubulin alpha-1D chain  -0.57 

AIPGENE2869 Tubulin alpha-1 chain -0.60 

AIPGENE28879 Tubulin alpha-2/alpha-4 chain -0.63 

AIPGENE26157 Cathepsin L  -0.75 

AIPGENE20512 Tubulin beta chain  -0.79 

AIPGENE5165 Ras-related protein Rab-7a  -0.99 

AIPGENE8252 Actin, cytoplasmic  -1.17 

AIPGENE10493 Tubulin beta chain  -1.30 

AIPGENE12816 Actin, cytoplasmic 1  -1.71 

AIPGENE12775 Actin, cytoplasmic  -1.72 

AIPGENE9142 Actin, cytoplasmic  -2.28 

AIPGENE9147 Actin, cytoplasmic  -2.32 
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AIPGENE24599 Tubulin alpha-1C chain  -3.14 

 

3.2.5 Potential mechanism of phagosome maturation arrest 

Molecular mechanism underlying phagosome maturation arrest that blocks the conversion 

of phagosome to lysosome has been a long-lived question in cnidarian-dinoflagellate 

symbiosis (Davy et al., 2012). Based on the phagosome-associated genes identified from 

our tissue-specific data, we can try to infer the potential mechanism based on three aspects: 

recruitment of endosomal markers, removal of key lysosomal factors, and stabilization of 

phagosomes. 

Early endosome antigen 1 (EEA1) is a Rab5 effector protein which is exclusively 

associated with the cytoplasmic face of the early endosome membrane (Mu et al., 1995). It 

has important function in endosomal trafficking via interaction with GTP-bound Rab5 

(Jovic et al., 2010; Wilson et al., 2000). The upregulation of EEA1 may indicate an 

important role in recruiting Rab5 to symbiont-containing phagosomes. Rab5 has been 

shown to be specifically associated with the symbiosomes containing healthy 

Symbiodiniaceae cells (Chen et al., 2004). It has been proposed that Rab5 functions as 

signaling factor that is continuously associated with the symbiosome to prevent its 

degradation (Chen et al., 2004). Rab5 may competitively exclude Rab7, a protein localized 

to symbiosomes containing impaired symbionts (Chen et al., 2003). Rab7 has been well 

known for its function in endosomal migration along microtubules and early-to-late 

endosomal maturation (Cantalupo et al., 2001; Harrison et al., 2003). Symbiosis-induced 

downregulation of Rab7 indicates the suppression of the maturation process. 
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Cathepsin L is a lysosome-localized cysteine protease (Mohamed and Sloane, 2006). It has 

been reported that cathepsin L destabilizes lysosomes by enhancing the proteolysis of 

lysosome-associated membrane proteins 1 and 2 (LAMP-1 and LAMP-2) (Fehrenbacher 

et al., 2008; Kallunki et al., 2013). LAMPs are delivered to phagosomes during the 

maturation process which is required for fusion of lysosomes with phagosomes (Huynh et 

al., 2007). The upregulation of cathepsin L and downregulation of LAMP suggests hints 

towards an equilibrium between lysosomal activity and symbiosome formation which 

allows the establishment and maintenance of symbiosis. 

 The formation and maturation of phagosomes requires active remodeling of both actin and 

microtubule cytoskeletons (Harrison and Grinstein, 2002; May and Machesky, 2001). 

Actin cytoskeleton functions mainly in the internalization process of phagosome (May and 

Machesky, 2001), while the maturation of phagosome requires dynein-mediated trafficking 

along microtubule towards center of the cell and fusion with lysosome (Harrison and 

Grinstein, 2002). Actin may also be involved in the movement of phagosomes within the 

cells (Merrifield et al., 1999). Taken together, the downregulation of these phagosome 

maturation-required cytoskeleton proteins may suggest a potential mechanism of 

phagosome stabilization, which further enables its conversion to symbiosome. 

 

Using a combination of LMD and RNA-seq, we were able to explore the RNA profiles of 

different tissues in Aiptasia, and provided the first insight into the tissue-specific 

complexity of gene expression. The analysis of phagocytosis-related genes highlights 
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molecular mechanisms underlying the uptake of symbiont by the host and the arrest of 

phagosome maturation.  

 

3.3 Materials and Methods 

3.3.1 Animal maintenance and experimental design 

To generate anemones free of symbionts, Aiptasia (strain CC7) were treated by cold-shock 

at 4 °C for 4 h, followed by ~30-day 50 µM Diuron treatment with daily water changes. At 

the end of the treatment, the anemones were then inspected individually by fluorescence 

microscopy to confirm the complete absence of dinoflagellates. After bleaching, 

aposymbiotic anemones were maintained in the dark for approximately one year before 

experimentation. A subset of these bleached anemones was then infected with B. minutum 

strain SSB01 and grown in incubators at 25 °C in autoclaved Red Sea seawater in plastic 

tanks. All animals, symbiotic and aposymbiotic, were fed with freshly hatched brine shrimp, 

Artemia, approximately three times per week. Symbiotic anemones were kept on a 12 h:12 

h light:dark cycle with 20-40 µmol photons m-2s-1 of photosynthetically active radiation.  

Eight small tanks (~500 ml) were set up for the experiments in this study. Four of them 

contained ten symbiotic anemones, while another four contained ten aposymbiotic 

anemones at the initial stage. All the anemones were cultured under light as described 

above for another three months before sampling. Prior to tissue dissections, the Aiptasia 

were starved for three days to prevent brine shrimp genetic material contaminating that 

from Aiptasia. 
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3.3.2 Cryosection and laser microdissection 

One anemone from each tank was collected at the same time (11AM, 6 hours in light 

period). All the animals were snap frozen with liquid nitrogen immediately after collection, 

followed by embedding with Tissue Freezing Medium (Electron Microscopy Science, 

USA). The embedded samples were stored in -80 °C before cryosectioning. 

In order to minimize RNA degradation, only one sample was taken out for cryosectioning 

in each run. The samples were placed in the cryostat (Leica Biosystems, Germany) for 20 

minutes before further manipulation for temperature equilibration, then sectioned at 8 µm 

thickness along the longitudinal axis at a chamber temperature of -23 °C. Sections were 

then transferred onto pre-cooled RNase-free polyester (POL) membrane metal frame slides 

(Leica Microsystems, Germany) and air-dried for 5 minutes in a RNase-free fume hood. 

The cell layers of gastrodermis and epidermis were identified at both 10X and 20X 

magnifications under Leica LMD 6000 microscope (Leica Microsystems, Germany). The 

symbionts inside the gastrodermal cell layer were visualized by their red fluorescence using 

the Leica B/G/R filter cube (Leica Microsystems, Germany) as they contain chlorophyll. 

The aposymbiotic gastrodermal cell layer is more loosely arranged and not clearly oriented 

compared to the epidermal cell layer. Each region of interest was individually traced by 

LMD software, using different color tracing for each cell type, and then cut using the 

ultraviolet laser beam to dissect the region of interest. The dissected parts were collected 

in different caps containing 40 µl RNA extraction buffer to avoid RNA degradation. The 

harvested cells were lysed at 42 °C for 30 minutes, then vortexed briefly and kept at -80 °C 

until further processing. 
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3.3.3 RNA extraction and cDNA synthesis 

Total RNA from the cell lysates was extracted using Arcturus PicoPure RNA Isolation Kit 

(Thermo Fisher Scientific, USA) following the protocol for use with CapSure Macro LCM 

Caps. Briefly, ~40 µl cell lysates were mixed with 40 µl 70% ethanol, then loaded onto 

preconditioned RNA purification column. To bind the RNA, the columns were centrifuged 

for 2 minutes at 100g, immediately followed by a centrifugation at 16,000g for 30 seconds 

to remove flow-through. The purification columns were washed with 100 µl washing buffer 

W1 and centrifuged for one minute at 8000g. Genomic DNA was removed by 15-minute 

digestion using RNase-free DNase I (Qiagen, Germany), followed by an additional 

washing step with washing buffer W1. Two washes with 100 µl washing buffer W2 were 

applied before final elution. The RNA was eluted into new centrifuge tubes provided in the 

kit, assessed and quantified on Agilent 2100 Bioanalyzer using Agilent RNA 6000 Pico 

Kit (Agilent Technologies, USA), then stored in -80 °C. 

cDNA of these samples was synthesized using Ovation RNA-seq System V2 kit (NuGen, 

USA) following manufacturer’s instructions. Briefly, the protocol involved first-strand 

cDNA synthesis, second-strand cDNA synthesis, cDNA purification, SPIA amplification, 

and the purification of SPIA cDNA. After the final purification, cDNA was stored at -80 °C 

prior to library construction. 

3.3.4 Library construction and sequencing 

1 µg amplified cDNA for each of the 16 samples was fragmented to ~200 bp by shearing 

on Covaris (Covaris, USA) according to the suggested protocol. The fragmented cDNA 

was used to generate multiplexed sequencing libraries (mean insert size 200 to 250 bp) 
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using NEBNext Ultra II DNA Library Prep Kit (NEB, USA) for Illumina sequencing 

following the manufacturer’s instructions. The samples were pooled based on their 

concentration measured by qPCR and adjusted to the actual fragment size. The sample pool 

was then sequenced on four lanes of the Illumina HiSeq 2000 platform (Illumina, USA) to 

generate 2 x 100 nucleotide paired-end reads. Quality of the reads was checked using 

FastQC v0.11.4 (Andrews, 2010). 

3.3.5 Gene quantification and analyses 

Differential gene expression analysis was based on Aiptasia gene models (Baumgarten et 

al., 2015) using kallisto (Bray et al., 2016). The estimated read counts were converted to 

TPM by normalizing the gene effective length and library size. Both estimated read counts 

and TPMs were provided by kallisto for downstream analysis.  

PCA and rank correlation analysis (Kendall’s tau) were performed to inspect the similarity 

of expressed gene profiles in different tissues and to quantify the reproducibility of 

replicates within each tissue layer as well as their distinctness. Principal components and 

the correlations were calculated from the TPM values of the expressed genes using prcomp 

and cor functions in basic R, and then visualized by ggplot2 and corrplot packages in R. 

The differential gene expression analysis was performed with sleuth (Pimentel et al., 2017) 

on four comparisons: SymGas vs ApoGas, SymEpi vs ApoEpi, SymGas vs SymEpi, and 

ApoGas vs ApoEpi. The DEGs were then used for downstream GO enrichment analysis 

and KEGG-assisted functional interpretation. 
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3.3.6 Functional interpretation 

Gene ontology (GO) and KEGG pathway enrichment analyses were conducted on DEGs 

identified in each comparison. GO enrichment was conducted using topGO (Alexa et al., 

2006) by a self-developed R script. A GO term was considered enriched only when its 

Fisher’s exact p-value was less than 0.05. 

KEGG pathway enrichment analyses were performed using a self-developed Perl script. A 

KEGG pathway was assigned enriched only when its false discovery rate (FDR) less than 

0.05.  
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Chapter 4: The symbiont side of symbiosis: responses of 

Symbiodiniaceae to various nutrient stresses and their connections with 

in hospite nutritional status 
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4.1 Introduction 

Symbiodiniaceae is an important photosynthetic symbiont found within many cnidarian 

species such as corals, sea anemones, and jellyfish. Importantly, its symbiotic relationship 

with corals is the cornerstone for coral reefs to thrive in oligotrophic environments. This 

symbiotic relationship depends on well-balanced metabolic interactions between host and 

symbiont (Cui et al., 2018). However, the interaction is fragile and easily disturbed by 

environmental stresses such as too high or too low temperature, irradiation, and pollution 

(Baker et al., 2018). Extensive investigations have been conducted on this relationship, 

however, fewer symbiont-centered omics-level studies have conducted compared to those 

carried out on hosts. Among these limited studies, most were focusing either on the 

existence of symbiosis-related genes in Symbiodiniaceae (Aranda et al., 2016; Bayer et al., 

2012; Lin et al., 2015; Parkinson et al., 2016; Rosic et al., 2014; Shoguchi et al., 2013) or 

on the transcriptomic response of Symbiodiniaceae to various environmental conditions 

that potentially induce bleaching which is the phenomenon of extensive symbiont loss in 

symbiotic animals (Baker et al., 2008; Chen et al., 2018; Levin et al., 2016; Liew et al., 

2017; Xiang et al., 2015).  

These studies have demonstrated several important features of Symbiodiniaceae 

transcriptomes and raised some hypotheses for their roles in the symbiosis. However, all 

of these studies were trying to elucidate the role that Symbiodiniaceae plays in symbiosis 

by studying free-living Symbiodiniaceae cells in culture. A direct comparison at the whole 

transcriptome level between free-living Symbiodiniaceae and the corresponding in hospite 

symbionts is still missing. It is well-known that gene expression in Symbiodiniaceae is 
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either very stable in response to moderate culture condition changes, where it shows no or 

rare changes (Barshis et al., 2014; Baumgarten et al., 2013; Chen et al., 2018; Moustafa et 

al., 2010), or extraordinarily sensitive to extreme environmental stresses, where it typically 

triggers upregulation/downregulation of thousands of genes (Chen et al., 2018; Gierz et al., 

2017). Since in hospite symbiont lives in a host-derived and host-controlled compartment 

called ‘symbiosome’ in which the conditions are very different from the extracellular 

environment (Wakefiel and Kempf, 2001), these features cast doubt on the hypotheses on 

the symbiotic relationship that are derived from experiments using free-living cells.  

It is generally believed that the nutrient pool available to Symbiodiniaceae is different in 

hospite and hosts might be actively controlling various nutrients available to symbionts to 

regulate their population density (Davy et al., 2012). However, which of the nutrients is 

the key factor in this relationship is still under debate. Among the hypotheses, nitrogen is 

usually suggested as the main, if not the only, factor controlling the biomass of 

Symbiodiniaceae within the animal host (Falkowski et al., 1993; Wang and Douglas, 1998). 

Pioneering physiological measurements indicated that freshly isolated symbionts have very 

low or negligible activity in ammonium/nitrate uptake and assimilation (D’Elia et al., 1983; 

Gunnersen et al., 1988; Wilkerson and Muscatine, 1984). In contrast, the symbiotic hosts 

usually show high ammonium assimilation capacity (Catmull et al., 1987; Male and Storey, 

1983; Rees, 1986). Recent transcriptomic studies confirmed that genes associated with 

ammonium transport and assimilation are systematically upregulated in symbiotic 

anemones in comparison to aposymbiotic ones (Cui et al., 2018; Lehnert et al., 2014). A 

negative feedback mechanism highlighted the connections between symbiont-derived 
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photosynthate and host-dependent ammonium assimilation, where the host utilizes glucose 

provided by the symbionts to assimilate ammonium into non-essential amino acids. By 

controlling the transportation of these amino acids into symbiont cells, the host retains 

nitrogen within its cellular space, limits its availability to symbiont, and hence regulates 

symbiont density in differential circumstances (Cui et al., 2018).  

Unlike the focus on the nitrogen-centered theory, little attention has been given to other 

nutritional components. There is evidence that symbiotic cnidarians deplete ambient 

phosphate in a light-sensitive, temperature-dependent, carrier-mediated manner (D’Elia, 

1977; Godinot et al., 2009). However, the phosphate uptake test of freshly isolated 

Symbiodiniaceae suggested that the symbionts originate from a phosphate-limited 

condition (Jackson and Yellowlees, 1990). These reports together suggest that the 

availability of phosphorus to symbiont is likely also controlled by the host. 

Moreover, evidence from recent genomic/transcriptomic studies indicate that 

Symbiodiniaceae possesses at least four different superoxide dismutases with Fe, Mn, 

Cu/Zn, or Ni as cofactors (Bayer et al., 2012; Lin et al., 2015), which highlighted the 

importance of trace metals in the growth of symbiont and the maintenance of its symbiotic 

relationship with cnidarian hosts. Physiological investigations on Fugacium kawagutii 

(formerly Symbiodinium kawagutii, see LaJeunesse et al., 2018) indicated that its reliance 

on these trace metals follows the order of Fe >> Cu/Zn/Mn >> Ni, and that a relatively high 

concentration of Fe is needed for free-living F. kawagutii to reach maximum growth rate 

(Rodriguez and Ho, 2018; Rodriguez et al., 2016). Similarly, exposing the symbiotic coral 

Stylophora pistillata to extra addition of iron leads to a significant increase in the symbiont 
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cell density (Ferrier-Pagès et al., 2001). This iron-dependent growth of symbiont in hospite 

has been proposed to be a host-dependent mechanism (Song et al., 2015). Thermal stress 

inhibits the interaction of vesicular trafficking regulators with transferrin-positive vesicles 

in the host Aiptasia pulchella, which might block the transport of iron from host to 

symbiont, further leading to the induced expression of iron-deficiency-responsive genes in 

the symbiont (Song et al., 2015). Together, these studies indicate that iron plays important 

roles in this symbiotic relationship, and its availability might be controlled by the host. 

Despite the extensive exploration of physiological response of Symbiodiniaceae to 

different nutrient stresses, a direct comparison between nutrient-limited free-living 

Symbiodiniaceae and symbiont in hospite has not been made. In order to find out the 

molecular response of Symbiodiniaceae to different nutrient limitations and the potential 

connections with its nutritional status in hospite, we thus first determined the several 

nutrient conditions that cause growth-suppression to free-living cells of Symbiodinium 

microadriaticum (CCMP2467); then grew cells in these modified f/2 medium for ~100 

generations for about 1 year, and eventually explored the gene expression profiles of cells 

acclimatized to these nutrient-limited conditions. S. microadriaticum cells were initially 

obtained from Bigelow National Center for Marine Algae and Microbiota (NCMA), which 

was isolated from the scleractinian coral Stylophora pistillata that was collected from Gulf 

of Aqaba (Aranda et al., 2016). We have generated RNA-seq data from S. pistillata 

collected from the same geographic location, which contained significant number of reads 

derived from its symbiont S. microadriaticum (Liew et al., 2018). Hence, we also compared 

the gene expression profiles of free-living S. microadriaticum and symbiont in hospite, and 
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explored its connections with free-living cells under different nutrient-limited conditions. 

Our results provide a first insight into the transcriptomic response of Symbiodiniaceae to 

the limitation of different key nutrients, and also shed light on the potential molecular 

mechanism of nitrogen-limited nutritional status of symbiont in hospite. 

 

4.2 Results and Discussion 

4.2.1 Nutrient-imbalanced cell culture of S. microadriaticum 

By testing the essential components in f/2 medium in pilot studies, we found that nitrogen, 

phosphorus, and iron play important roles in the healthy growth of S. microadriaticum. 

Decreasing their concentrations, “1/4 N” (a quarter of the nitrate concentration in f/2 

medium), “1/8 P” (one eighth of the phosphate concentration in f/2 medium), or “1/100 Fe” 

(one percent of the iron concentration in f/2 medium), significantly suppressed the growth 

of S. microadriaticum cells. Control samples can reach ~1.2 x 105 cells/ml at day 16 after 

inoculation, while the nutrient-limited cell cultures usually have ~0.6-1.0 x 105 cells/ml at 

the same time. Moreover, we noticed that these stresses can bleach S. microadriaticum 

cells which leads to different proportions of colorless cells in different treatments. 

4.2.2 Differential expression analysis 

We quantified the expression level of 49,109 gene models of S. microadriaticum using 

kallisto v0.44.0 (Bray et al., 2016). More than 72% of the reads from free-living S. 

microadriaticum and ~20% of the reads from S. pistillata were able to be mapped to the 

gene models, which results in over 10 million mapped reads for most samples (Table 4.1). 

The large number of mapped reads confirmed that the original coral RNA-seq data was not 
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from symbiont-depleted experiments (Liew et al., 2018), and the reads were enough to 

quantify the expression of S. microadriaticum genes in hospite (Castel et al., 2015). 

 

TABLE 4.1 Summary of pseudoalignment.  

Samples Total reads Mapped read Mapping rate 
Spis_S1 57,605,672 11,258,988 19.5% 
Spis_S2 52,678,324 11,747,414 22.3% 
Spis_S3 55,125,245 10,042,951 18.2% 
Smic_Con1 21,444,489 17,166,341 80.1% 
Smic_Con2 33,816,323 25,956,582 76.8% 
Smic_Con3 77,834,945 56,168,750 72.2% 
Smic_N1 32,823,121 25,405,960 77.4% 
Smic_N2 32,704,925 24,743,893 75.7% 
Smic_N3 17,956,443 14,265,344 79.4% 
Smic_Fe1 33,846,247 25,952,409 76.7% 
Smic_Fe2 30,187,250 23,526,513 77.9% 
Smic_Fe3 21,809,837 16,099,985 73.8% 
Smic_P1 8,419,507 6,451,465 76.6% 
Smic_P2 41,398,384 31,357,017 75.7% 
Smic_P3 37,486,156 28,521,529 76.1% 

 

We performed four differential expression analyses using sleuth v0.29.0 (Pimentel et al., 

2017): comparisons of free-living control cells with symbiont in hospite (Spis/Con), 

nitrogen- (N/Con), phosphate- (P/Con), or iron-limited (Fe/Con) treatments. We found 

very different responses in terms of the number of differentially expressed genes (DEGs) 

identified in each analysis (Table 4.2).  Comparing to free-living cells, symbiosis with 

animal host caused the most extensive gene expression changes in S. microadriaticum, 

followed by nitrogen-, phosphate-, and iron-limited treatments. 
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TABLE 4.2 Summary of differential expression analysis. Columns represent four 

comparisons of free-living control with S. microadriaticum in hospite (Spis/Con), nitrogen- 

(N/Con), phosphate- (P/Con), or iron-limited (Fe/Con) treatments. Numbers indicate the 

expressed or differentially expressed genes identified in the comparisons between 

symbiont in hospite or under nutrient-limited conditions and free-living controls. 

 Spis/Con N/Con P/Con Fe/Con 

No. of expressed genes 35,117 34,670 34,362 34,321 

No. of DEGs 25,626 14,491 2,630 427 
 

4.2.3 DEGs identified from different comparisons 

To inspect the potential nutritional status of symbiont in hospite, we compared the DEGs 

identified from different nutrient-limited conditions and the genes responding to symbiosis 

with S. pistillata. We found significant overlap in all three comparisons (Fisher’s exact test, 

p < 2.2e-16): Spis/Con ∩ N/Con (12,295 genes in common), Spis/Con ∩ P/Con (2,037 

genes in common), and Spis/Con ∩ Fe/Con (329 genes in common). However, among 

these three comparisons, the only significant correlation of expression changes of the genes 

in common was found between nitrogen-limited cells and symbionts in hospite with S. 

pistillata (Fig. 4.1). The correlations of the fold changes of overlapped DEGs between 

Spis/Con and P/Con or Fe/Con were not significant: Spearman’s rho 0.02 with p = 0.47 

and Spearman’s rho -0.02 with p = 0.71, respectively. These indicate that gene expression 

profiles of symbiotic Symbiodiniaceae cells are more similar to nitrogen-limited free-living 

cells than to those under phosphate- or iron-limited conditions. It further supports our 
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hypothesis of symbiont population control via the regulation of nitrogen availability by the 

host, while it contradicts the arguments about phosphate- or iron-limited growth of 

Symbiodiniaceae in hospite.  

 

 

FIG 4.1 Spearman correlation between nitrogen-limited and symbiotic S. microadriaticum. 

Each dot stands for a differentially expressed gene identified from both conditions in 

comparing with free-living control. The correlation coefficient and p-value were calculated 

based on their log-transformed fold-changes. Colors represent the dot density which 

correspond to increasing density from gray, blue, red, to yellow. 

 



119 
 
 

Moreover, we checked the direction of the expression changes in each of three groups. 

92.7% of 12,295 (11,393) overlapped DEGs were significantly co-directionally changed 

under nitrogen-limitation and in hospite (binomial test: p < 2.2e-16). We further found that 

most of these co-directionally changed genes were showing more dramatic response in 

symbiosis with S. pistillata in compared to the nitrogen-limited condition (Fig. 4.2). In 

contrast, there was no significant pattern of expression changes of overlapped DEGs 

between Spis/Con and P/Con (47.1% co-directionally changed, binomial test: p = 0.996), 

or F/Con (54.1% co-directionally changed, binomial test: p = 0.08). These more dramatic 

expression changes of co-directionally regulated genes further indicate that symbiotic algae 

reside in a severer nitrogen-limited environment. The extreme nitrogen-limitation might be 

the major reason for retarded growth observed for Symbiodiniaceae in hospite (Wilkerson 

et al., 1983, 1988).  
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FIG 4.2 Expression changes of co-directionally changed genes in Sips/Con and N/Con. 

The genes on x-axis were ranked by log-transformed fold-changes in N/Con comparison. 

Colors represent the two comparison as indicated: dark orange is for N/Con, while light 

orange is for Spis/Con. 

 

The transcriptomic profiling and statistical analyses demonstrate the nitrogen-limited 

status of Symbiodiniaceae in hospite. The comparisons of in hospite symbionts with 

different nutrient-limited free-living cells further support the conclusions we have drawn 

from the previous chapters.  

 

4.3 Materials and Methods 

4.3.1 Symbiodiniaceae cells and essential-nutrient screening 

Free-living Symbiodinium microadriaticum (CCMP2467) cells were grown in f/2 medium 

(Guillard, 1975) at 25 °C in 20-40 µmol photons m-2s-1 light with a 12 h:12 h light:dark 

cycle. At the beginning of this project, these strains have been maintained in our lab for 

more than three years, and subcultured every three weeks. 

To identify the essential nutrients in f/2 medium necessary for the healthy growth of S. 

microadriaticum, we prepared individual components of the f/2 media were prepared 

according to an online recipe 

(http://www.marine.csiro.au/microalgae/methods/Media%20CMARC%20recipes.htm#F). 

Cells were then grown in control (all components of the media present), or in a modified 

f/2 medium with one specific component missing (i.e., complete depletion of either nitrate, 
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phosphate, vitamins, iron, or trace metals). As we did not see any visible growth rate 

change in cultures grown for over six months in vitamin- and trace metal-depleted mediums, 

we focused further efforts on limiting the other three nutrients (nitrate, phosphate, and iron) 

to sub-lethal concentrations. 

Through trial-and-error, we modified f/2 media in three different ways: “1/4 N”, which 

contains nitrates at 1/4 of the concentration of a typical f/2 preparation; “1/8 P”, which 

contains phosphates at 1/8 strength; and “1/100 Fe”, which has iron at 1/100 strength. 

These dilutions were chosen because they retarded the growth of the cultures to 

approximately half of the control. These cultures, including controls (i.e., f/2 media made 

from the same prepared components at the intended concentrations) were grown in 

triplicates. Afterwards, the cells in these mediums were cultured for one year with 

subculturing every three weeks. In the last subculture, these cells were counted using a 

Guava flow cytometer (Krediet et al., 2015) every two days starting from the sixth day 

after subculture and harvested at day 16 when they were at exponential phase. Then the 

cells were pelleted, snap-frozen in liquid N2, and temporarily stored at -80 °C before RNA 

extraction.  

4.3.2 RNA extraction and sequencing 

Total RNA was extracted as described previously (Chen et al., 2018). Briefly, S. 

microadriaticum cells collected form 300 ml liquid cultures were ground in pre-chilled 

mortars and pestles together with 0.5-mm-diameter glass beads. 600 µl of Qiagen RLT 

buffer and 10 µl of 2-mercaptoethanol were added to aid cell lysing and prevent RNA 

degradation. The RNA was then isolated using RNeasy Mini Kit (Qiagen, Germany) by 
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following the protocol for extraction from animal tissues in manufacturer's manual. The 

purified RNA was quantified with Qubit 2.0 (Thermo Fisher Scientific, US), and quality-

checked on Bioanalyzer using a Agilent RNA 6000 Nano Kit (Agilent Technologies, US). 

Sequencing libraries were constructed from oligo-dT selected mRNA using the TruSeq 

RNA Library Preparation Kit v2 (Illumina, US) according to manufacturer’s instructions. 

A total of 390 million 150-bp paired-end reads were retrieved from 2 lanes on Illumina 

HiSeq 4000 platform (Illumina, US) for 12 S. microadriaticum samples. 

4.3.3 Differential expression analysis 

The genomic gene set of S. microadriaticum (Aranda et al., 2016) has been used for all 

quantification and differential expression analyses. 

In order to compare the transcriptomic profiles of free-living S. microadriaticum and in 

hospite symbionts, we also included the RNA-seq data from S. pistillata, the original host 

of S. microadriaticum, which contained significant amount of reads derived from its 

symbiont S. microadriaticum (Liew et al., 2018). We first trimmed the reads using 

TrimGalore v0.4.5 (https://github.com/FelixKrueger/TrimGalore) using default 

parameters to remove the low-quality bases.  

Differential expression analyses were done for the comparisons between control and 

nutrient-limited conditions using kallisto v0.44.0 (Bray et al., 2016) and sleuth v0.29.0 

(Pimentel et al., 2017). 

  



123 
 
 

CONCLUSION 

Many Aiptasia-centered studies contributed to the establishment of this model system for 

the study of the cnidarian-dinoflagellate symbiosis. Indeed, because of the advantage in 

Aiptasia maintenance and manipulation, more knowledge about this symbiotic relationship 

has been gleaned over the last few years. This has also benefitted from the broad application 

of next generation sequencing technology in this field, as there has been a marked increase 

in -omics level studies post-release of the Aiptasia genome that investigate various aspects 

of this relationship (Baumgarten et al., 2018; Cui et al., 2018; Li et al., 2018). We are now 

able to collect information from a more expansive view. Despite this advantage, we are 

still at the very early stage of fully understanding the molecular mechanisms underlying 

many key features of this symbiotic relationship. Among many traits, metabolic 

interactions have been generally believed to be central to the ecological success of 

cnidarian-dinoflagellate symbioses (Davy et al., 2012; Hamada et al., 2018). Hence, this 

thesis was aiming to develop and apply multi-pronged approaches on the emerging model 

Aiptasia to understand its metabolic interaction with its symbionts at a molecular level. 

By applying a meta-analysis on the publicly available Aiptasia RNA-seq data, we were 

able to determine a large degree of variance caused by non-experimental factors, and 

identify 731 symbiosis-associated core genes. Combined with metabolomics and 13C 

profiling, we found out that Aiptasia is able to synthesize non-essential amino acids using 

different pathways at different symbiotic sates. Moreover, the utilization of symbiont-

provided glucose at the symbiotic state enhances the host-dependent ammonium 
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assimilation via the typical GS/GOGAT cycle (Fig. 5.1, ⑦). This indicates a negative 

feedback system of host in controlling symbiont population that integrates factors from 

both sides (Fig. 5.1). When the symbiosis is initiated, low number of symbionts produce 

little glucose that can be used by host in assimilating ammonium into amino acids. Hence, 

a large proportion of waste ammonium is available to the symbionts (Fig. 5.1A, ④ and ⑤), 

which then triggers symbiont proliferation. Upon this proliferation, more photosynthetic 

cells require increasingly more nitrogen but would also produce more glucose (Fig. 5.1B, 

③), which further enhances the capability of the host to control ammonium levels. This 

feedback system will reach equilibrium where symbiont cell density is stable (Fig. 5.1B). 

However, the balance of this system depends on the photosynthesis of symbiont and the 

translocation of photosynthates to the host. In other words, any conditions that disturb 

photosynthesis or the translocation of photosynthates would affect the stability of this 

symbiotic relationship. This explains the fragility of cnidarian-dinoflagellate (especially 

coral-Symbiodiniaceae) symbiosis under temperature stress, such as imposed by climate 

change, and fits into recently proposed parasitism shifting model in coral symbiosis under 

heat stress (Baker et al., 2018; Matthews et al., 2017; Wooldridge, 2010). 
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FIG 5.1 Summary of metabolic interactions in Aiptasia-Symbiodiniaceae symbiosis at 

different stages: (A) the initial partially-symbiotic phase; and (B) the fully-symbiotic state. 

①, the uptake of dissolved inorganic carbon in the forms of bicarbonate (HCO3–) or CO2. 

Bicarbonate will be converted to CO2 in the symbiont cell. ②, photosynthesis. CO2 is fixed 

to glucose which is the main form of photosynthates being transferred from symbiont to 

host. ③ , translocation of glucose from symbiont to host. ④ , transport of host waste 

ammonium into symbiont. ⑤, ammonium assimilation in symbiont cell. ⑥, transfer of 
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ammonium between host cells. ⑦, ammonium assimilation in host cell. ⑧, deamination 

of amino acids in host cell. The processes produce waste ammonium that will have different 

destinations based on the symbiotic state of the animal. ⑨, uptake of organic nutrient, 

especially cholesterol, from environment. ⑩ , synthesis of betaine from food-derived 

cholesterol. ○11 , amino acid synthesis from cholesterol-betaine pathway. ○12 , the removal of 

waste ammonium from host cell. Ammonium produced from catabolic processes is 

converted to urea and excrete into environment. This is usually the feature only for 

aposymbiotic animals. ○13 , uptake of ammonium from environment. This process is to 

absorb additional ammonium to support the host-dependent ammonium assimilation 

induced by symbiosis. 

 

We also tested our hypothesis from the symbiont side, where we compared its expression 

profile in hospite with free-living cells under control or nutrient-limited conditions. It 

appears that the free-living cells are more like each other on their overall expression 

profiles. However, when we focused only on the differentially expressed genes identified 

from the comparison with free-living control samples, we found that expression changes 

of in hospite Symbiodiniaceae is significantly correlated with that from nitrogen-limited 

ex hospite cells. This indicated the symbionts are experiencing nitrogen-limiting condition 

in hospite. It has been well known that cnidarian hosts cell stops producing urea (Fig. 5.1A, 

○12 ), the excreted product of waste ammonium removal, in response to symbiosis (Davy et 

al., 2012; Muscatine and D’Elia, 1978). This indicates that the host is re-assimilating its 
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waste ammonium into amino acids, which also provide a form of nitrogen that is easier to 

control as the amino acids cannot simply diffuse into the symbiosome. This hypothesis is 

consistent and complementary with the feedback model we proposed based on host-derived 

data. 

To further understand the molecules involved in this model, we also characterized two 

symbiosis-associated ammonium transporters. These transporters show gastrodermis-

specific localizations with potential post-translational modifications. NanoSIMS results 

confirmed that their tissue specificity correlates with the ammonium assimilation rate of 

the two tissue layers at different symbiotic states. This suggested an important role of these 

two symbiosis-associated AMTs in the regulation of nitrogen availability (Fig. 5.1, ④, ⑥, 

and ○13 ) and further supported our hypothesis of symbiont population control in host 

(Falkowski et al., 1993). The tissue specificity of AMTs triggered us to conduct the higher-

level tissue-specific transcriptomic investigation, which revealed the complexity of gene 

expression in different Aiptasia tissues that was overlooked in previous studies. As we 

expected, symbiosis with Symbiodiniaceae is the main driver of gene expression 

differences, since the highest number of differentially expressed genes were identified from 

the comparison between gastrodermal tissues from different symbiotic states. More 

detailed information of the tissue-specific transcriptomic profiles is still undergoing 

interpretation, and is expected to further advance our understanding of the symbiotic 

relationship between Aiptasia and Symbiodiniaceae. 

The studies in this thesis have optimized a batch of molecular tools together with several 

data analysis methods on the Aiptasia model system. These methods were mainly 
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developed from research on model organisms like mouse, Arabidopsis, etc. However, the 

application of these methods on Aiptasia endowed us with great power to gather higher-

level information and achieve a better understanding of this model. Hence, we hope these 

studies will encourage researchers to make more such methods available for the study of 

Aiptasia, so we can explore its symbiotic relationship at a deeper and broader level, and 

promote the transition of this emerging model to an established (well-understood) model. 
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