
ABSTRACT 

XIAOHE, JIN. Tolyporphins, Unusual Tetrapyrrole Pigments from a Cyanobacterial-Microbial 
Holobiont (Under the direction of Dr. Jonathan S. Lindsey). 

Cyanobacteria are known as rich repositories of natural products. One cyanobacterial-

microbial consortium (isolate HT-58-2) is known to produce a new class of natural products: the 

tetrapyrrole pigments tolyporphins A–R. Tolyporphins exhibit remarkable structural features and 

have been reported to cause efflux pump inhibition and photoinactivation. 

Upon reviving the culture in 2015, studies of culture conditions, strain characterization, 

genomics, and nitrogen stress on the yield of tolyporphins have been undertaken. Meanwhile, the 

foundation questions related to: (i) the real producers of tolyporphins, (ii) the biosynthetic pathway 

and related enzymes for tolyporphins, and (iii) the biological functions of tolyporphins to the 

culture, remained concealed.  

To answer the first questions, the isolation of community bacteria from the filamentous 

cyanobacterium HT-58-2 was performed. The dominant community bacterium is Porphyrobacter 

sp. HT-58-2, for which the complete genome was established and growth properties were 

examined. Fluorescence in situ hybridization (FISH) analysis of the cyanobacterium–microbial 

community with a probe targeting the 16S rRNA of Porphyrobacter sp. showed fluorescence 

emanating from the cyanobacterial sheath. Although genes for the biosynthesis of 

bacteriochlorophyll a (BChl a) are present in the Porphyrobacter sp. HT-58-2 genome, the 

pigment was not detected under the conditions examined, implying the absence of phototrophic 

growth. Moreover, no tolyporphins pigment was identified from the isolated Porphyrobacter sp. 

To pursue the biosynthetic pathway of tolyporphins in the genome of cyanobacterium HT-

58-2, the tetrapyrrole biosynthetic related genes were annotated throughout the genome. 

Strikingly, a putative gene cluster (BGC-T) of ~23.5 kbp was identified that may contribute to the 



biosynthesis of tolyporphins. Hence, to clone and express the BGC-T in heterologous hosts became 

a key objective. Multiple cloning methods were applied to clone the complete BGC-T, and the 

final product was obtained by transformation-associated recombination (TAR) cloning. Likely due 

to the codon bias, no tolyporphins were detected to be expressed in Escherichia coli. Alternative 

platforms were selected for heterologous expression of BGC-T, including the unicellular 

cyanobacterium Synechococcus elongatus PCC 7942 and the filamentous cyanobacterium 

Anabaena sp. PCC 7120. The BGC-T was successfully conjugated into the chromosomes of the 

aforementioned cyanobacteria by homologous recombination. Yet under the current growth 

conditions, no tolyporphins-like pigment was identified from the recombinant cyanobacterial 

strains.  

To further investigate the probable impact of growth media on the yield of tolyporphins, 

we focused on the nitrogen source supplied in the media. The previously ingredient sodium nitrate 

was replaced by ammonium salts, including NH4Cl, (NH4)2SO4, and NH4HCO3. The yield of 

tolyporphins was stimulated by the addition of NH4+. The excess sodium chloride did not induce 

the production of tolyporphins when simulating the original culture condition of HT-58-2.  

Deep analysis of tolyporphins BGC and HT-58-2 were performed, including: (i) 

investigation of gene clusters of other secondary metabolites in the genome of cyanobacterium 

HT-58-2; and (ii) identification of putative biosynthetic gene clusters of tolyporphins in other 

cyanobacteria. A putative BGC for tolypodiols (15 genes), as well as four BGCs for anatoxin-

a/homoanatoxin-a, hapalosin, heterocyst glycolipids, and shinorine were found by genomic 

analysis. By genome comparison, seven other filamentous cyanobacteria were identified with the 

putative BGC-T. However, HT-58-2 is the only producer for tolyporphins to date. 



All findings we made so far have established a framework for the investigation of 

tolyporphins biosynthesis and the regulation thereof in the HT-58-2 cyanobacterial-bacterial 

consortium.  
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CHAPTER 1 

Introduction to Tolyporphins and the Tolyporphins-Producing Culture 

1.1. Tolyporphins, unusual members of the tetrapyrrole pigments of life family 

 Natural-occurring tetrapyrrole macrocycles comprise the family of molecules including 

heme, siroheme, vitamin B12, coenzyme F430, chlorophylls, and bacteriochlorophylls (Figure 1-1) 

[1-6]. Such tetrapyrroles are the most abundant pigments found in organisms from bacteria to 

plants and have widely diverse biological functions. The green color observed from plants and 

algae, and cyanobacteria are derived from chlorophyll, which are also involved in the process of 

photosynthesis [4]. Heme, the well-known substance that provides the red color of blood, 

transports dioxygen in the cardiovascular system [2]. The distinctions among tetrapyrroles vary in 

the nature of substitutions on side chains, the chelated metal in the center of macrocycles, and the 

degree and path of unsaturation in the macrocycle. Tolyporphins are the only new class discovered 

in the last 50 years, and still present mysteries to us. Unlike the well-studied members, tolyporphins 

are perhaps the only major new class of tetrapyrrole macrocycles discovered since the nickel-

containing F430 of methanogens was identified in the late 1970s [7]. 
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Figure 1-1. Structures of heme, chlorophylls, bacteriochlorophyll a, cyanocobalamin (vitamin B12, 

cofactor F430, and tolyporphin A. Bold bonds in macrocycles comprise the π-chromophore. 

 

In 1992, a team at the University of Hawaii reported a novel natural product in a lipophilic 

extract from the culture containing the cyanobacterium Tolypothrix nodosa [8]. The agent, a 

glycosylated-tetrapyrrole macrocycle termed tolyporphin A, reversed multidrug resistance in 

SKVLB1 carcinoma cells in vitro [9]. The structure of tolyporphin A was subsequently refined by 

independent and lengthy chemical synthesis carried out by Kishi and colleagues [10].  

The cyanobacterial culture containing tolyporphins, was labeled as HT-58-2 and initially 

collected on the island of Pohnpei in Micronesia. Since then, a family of tolyporphin analogues 

(B–R) has been identified in the HT-58-2 culture [11-13]. Upon initial isolation and in subsequent 

Tolyporphin A

NH

N HN

N

O

O

O
HO

AcO

O
OH

OAc

H

H

N N

NN
Fe

HO2C

Heme 
[Fe(II)-protoporphyrin IX]

CO2H

Chlorophyll a (R7 = CH3)
Chlorophyll b (R7 = CHO)

N N

NN
Mg

O

O

O OO O

Bacteriochlorophyll a

N N

NN
Mg

O

R7

O OO O

 Vitamin B12

N N

NN
CoH

H2NCO

CN

CONH2

CONH2

H2NCO

H2NCO
CONH2

NH

O N

N

O

O OH
P
O

O

HO H

O

N N

NN

CO2H

H2NCO
HN

O

CO2H

HO2C

O

Ni

CO2H

CO2H

F430



 

 3 

reports, the cyanobacterium has been described as a filamentous, oxygenic phototroph 

morphologically similar to isolates of Tolypothrix nodosa [8]. The taxonomic nomenclature T. 

nodosa represents a ‘knobby hairy ball of yarn’. So far, few molecular systematic, genetic, or 

genomic studies have been described for this group of filamentous cyanobacteria comparing with 

other well-studied cyanobacteria, such as Anabaena sp. PCC 7120. 

The structures of tolyporphins are strikingly distinct from other members in the family of 

pigments of life. The structural features (Figure 1-2) of tolyporphins include the following: (i) the 

absence of carbon-containing substituents at two of the b-pyrrole rings; (ii) the presence of a C-

glycoside as the part of geminal-dialkyl group, together with an oxo group in the reduced ring; (iii) 

the unusual absence of the centrally chelated metal in the macrocycle (chlorophylls and 

bacteriochlorophylls (Mg), heme (Fe), and cobalamin (Co)).  

Regardless of the structural features, the molecular diversity and provenance of 

tolyporphins is remarkable: (i) The structures vary in the nature of the chromophore 

(dioxobacteriochlorin, oxochlorin, or porphyrin); (ii) the structures of substituents on pyrroline 

rings are different (hydroxy, acetoxy, or one of several C-glycosides); and while cyanobacteria 

produce abundant quantities of chlorophylls (chlorins), it is unprecedented for cyanobacteria to 

produce tolyporphins with bacteriochlorin macrocycles. Taken together, such structural diversity 

of tolyporphins is typical of secondary metabolites rather than enzymatic cofactors in central 

metabolism.  
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Figure 1-2. Structures of dioxobacteriochlorins (tolyporphins A–J, L–O), oxochlorins 

(tolyporphins K, Q, R), and a porphyrin (tolyporphin P). The p-chromophore is shown in magenta, 

green, and red, respectively. 

  

 All the aforementioned features attracted our interest on the tolyporphins. Though previous 

study has elucidated the actual structure and revealed the anticancer property of tolyporphins [8-

10, 14], the fundamental questions concerning tolyporphins, namely how, who, why and where, 

persisted. To pursue answers for the three questions about tolyporphins became the long-term 

object of our project. 

1.2. Novel findings related to HT-58-2 and tolyporphins since 2015 

In late 2015, we obtained the tolyporphins-producing culture HT-58-2, a sample of 

tolyporphin A, and a mixture of tolyporphins. Subsequent studies led to the following findings:  

The HT-58-2 culture is dominated by a single filamentous cyanobacterium in a non-axenic 

cyanobacterial-microbial consortium [15]. 
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• Porphyrobacter sp. HT-58-2 is the dominant community bacterium isolated from the HT-

58-2 culture. The genome of Porphyrobacter sp. was assembled (3.3 Mbp). No tolyporphin 

was detected from the axenic Porphyrobacter sp. [16]. 

• Several-weeks growth under stress imparted by deprivation of aqueous-soluble nitrate 

profoundly increases the production of tolyporphins, reaching a level rivalling that of 

chlorophyll [17]. 

• Tolyporphins are present in the sheath and cell septa of the filamentous cyanobacterium, 

as revealed by hyperspectral confocal fluorescence imaging [18]. 

• The cyanobacterium contains a circular genome (7.85 Mbp) with genes for biosynthesis of 

heme, chlorophyll a, phycocyanobilin, and cobalamin (in part), as well as a putative 

biosynthetic gene cluster (here termed BGC-T) for the biosynthesis of tolyporphins [15].  

• Based on BGC-T, seven other cyanobacteria were identified with putative BGC-T [19]. 

• Several putative biosynthetic gene clusters of other natural products have been identified 

in the genome of cyanobacterium HT-58-2, including tolypodiols, hapalosin, anatoxins, 

shinorine, and heterocyst glycolipids [20]. 

Overall, tolyporphins are understudied tetrapyrroles with unprecedented structure and 

structural diversity, yet so little is known about their biosynthesis and biological relevance. More 

work is required to elucidate the possible efflux pump inhibition and the photoinactivation effect 

of tolyporphins. Our long-term target is to pursue the biosynthesis of tolyporphins and utilize the 

enzymes involved to commence a new era of novel bacteriochlorophyll analogue synthesis. 
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CHAPTER 2 

Cloning and Expression of the Tolyporphins Biosynthetic Gene Cluster (BGC-T) 

2.1. Introduction 

Tolyporphins constitute a new class of tetrapyrrole macrocycles (Figure 1-1). To explore 

the biosynthetic pathways of tolyporphins, it is reasonable to first describe the pathways of 

tetrapyrrole pigments in prokaryotes (Figure 2-1), which is conserved and universal [1,2]. The 

term pathway is possibly plural because there are 18 known tolyporphins, and more than one 

pathway may be contributed to their formation. Two generally distinct pathways, termed as C4 

and C5 pathway, are known to 5-aminolevulinate (ALA) in prokaryotes, which utilize the glycine 

and glutamyl-tRNA, respectively. All well-studied modified tetrapyrroles (chlorophylls, hemes, 

siroheme, cobalamin, etc.) are derived from the first and common macrocyclic precursor, 

uroporphyrinogen III. The three enzymatic steps from ALA to uroporphyrinogen III are highly 

conserved. Three enzymes processing the aforementioned pathway are porphobilinogen synthase 

(hemB-encoded), hydroxymethylbilane synthase (hemC-encoded), and uroporphyrinogen 

synthase (hemD-encoded), which are present in archaea to eukaryotes [3,4]. A distinctive feature 

of uroporphyrinogen III is the pattern of substituents about the perimeter of the macrocycle: 

circumambulating from rings A to D, the substituents are AP-AP-AP-PA, where A is acetic acid 

and P is propionic acid. The acetic acid substituents undergo decarboxylation, yielding methyl 

groups, in the conversion of uroporphyrinogen III to coproporphyrinogen III. An analogous pattern 

of the reversed methyl group location in ring D is observed in tolyporphin A (and all other 

tolyporphins), which constitutes a smoking gun for derivation via an as-yet-unknown biosynthetic 

pathway from uroporphyrinogen III.  
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Figure 2-1. Modified tetrapyrrole core biosynthetic pathways in prokaryotes from glycine/L-

glutamate to protoporphyrin IX. Nomenclature of genes encoding tetrapyrrole enzymes (labeled 

in blue) are ‘hemX. Those identified in BGC-T are highlighted in red. Cofactors required for each 

step are listed in the parentheses after each hem gene. The congruent substitution pattern is 

observed in both uroporphyrinogen III and tolyporphin A.  
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In 2015, after we obtained the tolyporphins-producing culture sample HT-58-2, the 

complete chromosome of the cyanobacterium (herein termed as HT-58-2Cyano) was sequenced, 

assembled, and annotated [5]. To seek the biosynthesis genes and pathways for tolyporphins, all 

genes for conversion of glutamic acid to heme, chlorophyll a, and phycocyanobilin were identified, 

especially the hem genes in the core pathway (Figure 2-1). The hem genes are scattered throughout 

the chromosome, except in the proposed BGC for tolyporphins (BGC-T) [5]. In BGC-T, seven 

clustered hem genes (hemABCEF1F2) are observed, coding almost all enzymes of the core pathway 

from L-glutamyl-tRNA (Glu) to protoporphyrinogen IX, as shown in Figure 2-3. The two 

exceptions are gltX and hemD, which encode glutamyl tRNA synthetase and uroporphyrinogen 

synthase, respectively. Each of the seven hem genes in BGC-T also appears at least once 

distributed throughout the HT-58-2 genome (Figure 2-2). 
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Figure 2-2. Distribution of hem genes in the cyanobacterium HT-58-2 genome. The hem genes 

are distributed throughout the genome of cyanobacterium HT-58-2 (7.85 Mbp, green rings are 

coding sequences), except in the proposed tolyporphins cluster BGC-T.   

 

 

Figure 2-3. The putative tolyporphins biosynthetic gene cluster (BGC-T) in the HT-58-2 

cyanobacterial genome. The tetrapyrrole biosynthesis-related genes (hem) are in green, other genes 

(tol) that may contribute to the biosynthesis of tolyporphins are in maroon.  
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 Besides seven hem genes, eleven other genes that might encode enzymes involved in the 

biosynthesis of tolyporphins are termed as tol genes in BGC-T. The assignment and predicted 

functions of tol genes by sequence homology searching are listed in Table 2-1.  

Table 2-1. Gene assignments in BGC-T and their predicted functions. 

Gene Putative product 
Probable role in tolyporphins 

biosynthesis 

tolA dTDP-glucose 4,6-dehydratase (RfbB)a Dehydration of dTDP-glucose 

tolB Glucose-1-phosphate 

thymidylyltransferase (RfbA) 

Formation of dTDP-glucose 

tolC Acetyltransferase (PapA) O-acetylation of sugar substituents 

tolD Glycosyltransferase (YjiC) Addition of C-sugar moiety on the 

reduced pyrrole rings 

tolE UDP-glucose 4-epimerase (GalE) Interconversion of sugar nucleotide  

tolF Aminotransferase (RfbH) Modification of sugar nucleotide 

tolG Cytochrome P450 (CYP707A) Oxidation of macrocycle side-chains, 

possible removal of propionic acids  

tolH Cytochrome P450 (CYP88A) Oxidation of macrocycle side-chains, 

possible removal of propionic acids  

tolI L-2-amino-thiazoline-4-carboxylic acid 

hydrolase/transcriptional regulator 

(partially)  

Unknown; possible regulatory protein 

tolJ FAD-binding protein (GlcD) Oxidation of sugar substituents or the 

core tetrapyrrole macrocycle 

tolK Aldo/keto reductase (AKR) Modification of sugar substituents 

a.Nomenclature in parenthesis cites the closest related reaction in GenBank. 

 

Here, considering the structural features in tolyporphins, the tol genes are probably critical 

for the biosynthesis of tolyporphins: (i) the translated product of gene tolD is aligned with a 



 

 14 

glycosyltransferase, which might be related to the installation of C-glycosides on the macrocycle; 

(ii) TolG and TolH are aligned with cytochrome P450s, which probably participate in the 

oxidation/decarboxylation of the vinyl groups/propionic acids and the formation of oxo groups on 

the pyrrole rings; (iii) the remaining tolA–C, tolE, tolF, tolJ, and tolK may be involved in the 

modification of sugar substituents, including acetylation and dehydration.  

Accordingly, we focused on the identified BGC-T for mining the biosynthetic enzymes 

and biosynthesis of tolyporphins. However, limitations of the culture hindered traditional 

approaches (isotope labeling, gene knockouts, etc.), including the following: (i) The HT-58-2 

culture is non-axenic, leading to promiscuous results after feeding isotopic tetrapyrrole precursors. 

(ii) The cyanobacterium-containing culture grows slowly (>30 days), making the original culture 

an inefficient platform after gene knockouts. (iii) The cyanobacterium is filamentous, causing 

difficulties upon extraction of gDNA after genetic modifications. (iv) The yield of tolyporphins is 

relatively low compared with chlorophyll a under current growing conditions. All such difficulties 

suggest a more practical method is to clone and express the BGC in heterologous hosts.  

 Several molecular cloning techniques were considered for BGC-T in the beginning, 

including but not limited to: (i) restriction enzyme-based cloning; (ii) polymerase chain reaction 

(PCR) cloning; (iii) ligation-independent cloning (LIC); (iv) seamless cloning (Gibson assembly; 

and (v) recombinational (Gateway) cloning [6]. Among these methods, the traditional restriction 

enzyme-based cloning was selected as the best approach due to the low cost and simplicity of 

execution.  

 Unlike the chlorophylls, all genes and the pathways related to the biosynthesis of 

tolyporphins remain unknown. Thus, the cloning strategy of the tolyporphins biosynthetic 

gene/gene cluster was distinct from the reported ‘link-and-dock’ approach for the cloning of Chl 



 

 15 

a [7]. Instead of cloning and expression of individual genes, the complete BGC-T (~23 kbp) was 

designed to be amplified by long-range PCR [8] and then cloned into the vector for heterologous 

expression.  

 Besides the traditional cloning technique, a transformation-associated recombination 

(TAR) cloning was considered as an effective tool for the manipulation of large DNA fragments. 

TAR cloning is the only method that is capable of successfully recovering up to 300 kb 

chromosomal segments directly from gDNA [9]. Genes of interest are assembled by homologous 

recombination in yeast into a TAR vector that has homologous targeting “hooks”. The sequences 

of the hooks (>60 bp) are homologous to DNA sequence that flank the BGC of interest and capture 

the intervening DNA. The yeast Saccharomyces cerevisiae is the most intensive host for 

propagation, segregation, and selective expression of the recombinant product.  

Moreover, since tolyporphins are initially and only detected in the cyanobacterium HT-58-

2, cyanobacteria might be better heterologous hosts for expression of BGC-T due to the issue of 

codon bias. Since some strains of cyanobacteria are capable of taking up exogenous DNA and 

integrating the DNA into their chromosome [10–12], many genetic tools have been developed for 

cyanobacteria. The unicellular cyanobacterium Synechococcus elongatus PCC 7942 (thereafter S. 

elongatus) and the filamentous cyanobacterium Anabaena sp. strain PCC 7120 (herein, Anabaena 

sp.) are outstanding model organisms as heterologous expression hosts for natural products 

[10,11], which we chose to be suitable hosts for expression of tolyporphins.  

2.2. Results  

2.2.1. Restriction enzyme-based cloning of tolyporphin BGC for heterologous expression 

As mentioned previously, the entire BGC-T (Figure 2-3) was designed to be completely 

cloned and expressed in heterologous hosts. The relatively large gene fragment was amplified by 
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long-range PCR with Q5 polymerase with the template of gDNA extracted from HT-58-2 as 

described (Hughes et al., 2017). The Q5 polymerase can perform a high-fidelity and robust reaction 

for a gene fragment that is >5 kbp. Two BamHI restriction sites (5¢-GGATCC-3¢) were added at 

the end of the BGC-T during amplification. The size of the amplified product is ~23 kbp (Figure 

2-4 (A)). The PCR product was then digested by BamHI-HF and ligated into a pre-cut pSMART 

BAC vector. Since the orientation of the last gene (tolK, aldo/keto reductase) in BGC-T was 

opposite to other genes, the presence of two promoters (T7 and SP6, Figure 2-4C) at both cutting 

edges of the pSMART vector enables transcription from either direction in further expression 

analysis. The ligation result was confirmed (Figure 2-4B) by designed primers that could anneal 

exclusively to the circular ligation product with BGC-T. The BGC-T was inserted in both 

clockwise and counterclockwise orientation based on the confirmation results. 
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Figure 2-4. (A) The products of long-range PCR and the products of digestion by BamHI-HF 

enzymes are shown in lane 1 and 2, respectively. Compared with the ladder (Lambda mono-cut 

ladder), both DNA fragments are ~23 kbp. (B) Confirmation of the ligation product with BGC-T. 

The first and the last gene (tolA and tolK) was successfully inserted in the vector. (C) Designed 

plasmid BGC-T_pSMART with the complete BGC-T as the insert and a backbone of pre-cut 

pSMART vector at BamHI sites. 
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Having confirmed the presence of BGC-T in the ligated plasmid, the ligation mixture was 

transformed into competent Escherichia coli (E. coli) cells by electroporation for the propagation 

of the constructed BGC-T_pSMART plasmid. Clones with the desired insert were selected by 

chloramphenicol (12.5 ng/µL) on agar. As shown in Figure 1-5A, several white colonies were 

observed on the selection plate, which were then further analyzed by colony PCR. Primer sets were 

designed to anneal at tolA gene in BGC-T. However, no band at the correct size (~1.2 kb) was 

present on the agarose gel with products of colony PCR. Thus, none of the clones contained the 

constructed BGC-T_pSMART plasmid, but the vector backbone. 

 

Figure 2-5. (A) Colonies grown on the chloramphenicol-containing selective plate after 

transformation. White colonies (red circles) were picked for colony PCR analysis. (B) Products of 

colony PCR (lane 1–12) were visualized by electrophoresis, but no obvious band was observed at 

1.2 kb. (C) Primers were designed to bind the tolA gene in BGC-T for colony PCR selection. 
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Though no constructed BGC-T_pSMART plasmid was obtained from the previous trial, 

the BGC-T was proved to be successfully ligated into the vector. Thus, the large size of the plasmid 

may be the major reason for the unsuccessful transformation when cloning the whole BGC-T, 

which might lead to unstable plasmid maintenance in competent cells. Separating the BGC-T into 

two halves and cloning each of them distinctly into two plasmids is one of the solutions performed 

by traditional cloning approaches. The first half (herein BGC-T1, 12,659 bp) contains genes tolA–

F and hemECBA, while the latter half (BGC-T2, 8,848 bp) includes tolG-J and hemF1F2L. The 

last gene tolK was designed not to be cloned due to a different orientation. pSMART and pET-15 

were used as backbone vectors for cloning. The constructed plasmids containing BGC-T1 and 

BGC-T2 are shown in Figure 2-6.  

 

Figure 2-6. Designed plasmids with BGC-T1 (left) and BGC-T2 (right). pSMART and pET-15 

served as backbone vector for cloning. The total length of the plasmids was 20,782 bp and 14,658 

bp, respectively. 
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Both BGC-T and -T2 (Figure 1-7A) were amplified from the gDNA of HT-58-2 by the 

same PCR settings as for the complete BGC, and the restriction enzyme sites were added during 

the amplification (BamHI sites for BGC-T1; BamHI and NcoI for BGC-T2). After restriction 

enzyme digestion and ligation, both BGC-T1_pSMART and BGC-T2_pET ligation mixtures were 

then transformed into competent DH5a cells for propagation. As a result, white colonies appeared 

on both selective plates (chloramphenicol, 12.5 µg/mL; ampicillin 50 µg/mL). Colony PCR was 

performed to select positive clones containing the insert with primer sets that annealed to tolA or 

hemL gene. The results of colony PCR products are shown in Figure 1-7B and C: five clones were 

detected with tolA but no band for the hemL gene was observed when screening the BGC-T2_pET. 

The five selected colonies with the first half of BGC-T were picked, replicated, and stored for 

heterologous expression. 

The presence of Rop protein in pET-15b results in a low copy number of plasmids [13], 

which is probably a limitation for the detection of constructed BGC-T2_pET. To clone the BGC-

T2, the pET backbone vector was replaced by the pSMART, which was successfully ligated with 

BGC-T1. After amplification with the addition of two BamHI sites, the BGC-T2 was digested and 

ligated into the pSMART vector as BGC-T1. However, no clones with BGC-T2 were observed 

after plasmid transformation under the same protocol (Figure 2-7D).  
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Figure 2-7. (A) PCR products of BGC-T2 (lane 1) and BGC-T1. (B) Colony PCR products of 

BGC-T1_pSMART, where positive clones with BGC-T1 were expected containing a tolA 

fragment of 1,174 kb. (C) Colony PCR products of BGC-T2_pET, where positive clones with 

BGC-T2 were expected containing a hemL fragment of 1,659 bp. (D) Colony PCR products of 

BGC-T2_pSMART. The same primer sets were used as the test of BGC-T2_pET. 

 

The BGC-T2 was then separated again into two halves in an effort to overcome hindrance 

towards cloning. The first half (BGC-T2A) contained hemF1, tolG, and tolH, while the other 

(BGC-T2B) had hemF2, tolI, tolJ, and hemL. Both fragments were designed to be ligated with the 

pET-15b vector at BamHI and NcoI sites. The protocol for amplification (Figure 2-8A), digestion, 

ligation, and transformation of BGC-T2A_pET and BGC-T2B_pET was the same as for previous 

plasmids, except more types of competent cells were utilized for transformation, including DH5a, 

Top10, and DH10B. Though the ligation reactions proved to be successful (data not shown), none 

of the grown colonies contained the inserts (Figure 2-8B and C).  
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Figure 2-8. (A) Amplification products of BGC-T2A (lane 1, 4,081 bp) and BGC-T2B (lane 2, 

5,126 bp). Colony PCR products of BGC-T2A_pET (B) and BGC-T2B_pET (C) revealed no 

inserts were present in colonies on selected DH10B cells.  

 

The length of BGC-T1_pSMART plasmid (hemECBA and tolA–F) extracted from five 

selected clones was further confirmed by restriction digestion. After digestion with the BamHI-

HF enzyme, the size of the digested BGC-T1_pSMART fragments were ~7,6 kb and ~1.3 kb 

(Figure 2-9A). The size corresponded to the length of pSMART backbone and the insert BGC-T1, 

respectively. At the same time, the extracted plasmids from grown colonies after transformation 

with BGC-T2_pET revealed almost all clones contained the self-ligated pET-15 vector (Figure 2-

9B). Though no digested vector backbone (~6 kb) was observed in the ligation mixture, the BGC-

T2_pET might have decomposed during transformation. So far, no explanation is available to 

support the instability of plasmids containing BGC-T2 in E. coli cells.  
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Figure 2-9. (A) Digestion products of BGC-T1_pSAMRT by BamHI (lane 1), pSMART vector 

backbone (circular, lane 2), and BGC-T1 (unpurified, lane 3). (B) Plasmid extracted from clones 

grown on selective plate after transformation with BGC-T2_pET (lane 1). The length of the 

extracted plasmids corresponded to the empty pET-15 vector. The ligation mixture of BGC-

T2_pET revealed no vector backbone remained. 

 

2.2.2. Induction of the half of BGC-T in E. coli and detection for tolyporphins 

After confirmation of the completeness and fidelity of BGC-T1_pSMART, the plasmid 

was transformed into E. coli C43 (DE3) cells for expression. Most of the clones contained the 

plasmid with BGC-T1 after examination by colony PCR (Figure 2-10A). Positive clones were then 

induced by isopropyl b-D-1-thiogalactopyranoside (IPTG, 0.5 mM) at different temperatures for 

1, 2, 4, 20, and 24 hours for expression of BGC-T1. After collection, whole cells were lysed, and 

the resulting lysate was visualized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) (Figure 2-10B–D). However, no apparent over-expressed protein was observed 

compared with those without the inducer.  
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Figure 2-10. (A) Products of colony PCR after transformation of BGC-T1_pSMART into C43 

(DE3) cells. All selected clones contained the tolA gene (1,174 bp). (B) Lysates from cells 

containing BGC-T1_pSMART after induced by 0.5 mM of IPTG at 30 °C. Lane 1–5 represents 

cells harvested after 0, 1, 2, 4, and 16 h. (C) The same colony of BGC-T1_pSMART was incubated 

with IPTG at 18 °C, and cells were harvest after 1, 2, 4, and 16h (lane 5, 8, 11, and 14, respectively). 

Wild type cells without plasmid (lane 3, 6, 9, and 12) and BGC-T1_pSMART-containing cells 

without inducer (lane 4, 7, 10, and 13) were set as negative controls, and were collected at the 

same time as experimental groups. (E) Protein induction of BGC-T1_pSMART-containing cells 

at 30 °C. Group settings were the same as in (D). Lane 15 revealed an exception for cells with the 

addition of 2 mM 5-ALA after incubation of 16 h. 
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Cells with BGC-T1_pSMART were further fed with 5-aminolevulinic acid (5-ALA) 

during induction. After induction for 16 h, cells were collected and pigments were extracted and 

examined by absorption spectroscopy. As in Figure 2-11, tetrapyrrole(s) or porphyrin(s) with 

absorbance at ~400 nm were formed by cells fed with 2 mM of 5-ALA during induction. Without 

the additional of IPTG inducer, such absorbance of porphyrin(s) was still present in cell extracts. 

Therefore, the tetrapyrrole pigments were more likely generated from the accumulation of toxic 

products by uptake of exogenous 5-ALA [14]. 

 

Figure 2-11. Absorption spectra of methanol extracts of pigments from C43 (DE3) cells with 

BGC-T1_pSMART. Pigments from wild type cells were extracted by the same method as negative 

controls (dash). The figure legend inserted represents different induction conditions. 
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2.2.3. Cloning the BGC-T via transformation-associated recombination (TAR) approach 

 The cloning of the complete BGC-T by traditional cloning methods failed and was no 

longer pursued. An alternative molecular technique was then taken into consideration for cloning 

exogenous DNA molecules larger than 20 kb, which is termed yeast transformation-associated 

recombination (TAR) cloning. The BGC-T was designed to be amplified into three segments 

(termed herein as BGC-T_InterOne, BGC-T_InterTwo, and BGC-T_InterThree) and reconstituted 

into the whole BGC-T by homologous recombination in vivo in yeast (Figure 2-12). The length of 

each BGC-T segment was ~7–9 kb, and an overlap between each fragment was of 145 and 177 bp 

allowed for recombination. The backbone vector TARCapture was a gift from the lab of Susan 

and James Golden. The vector backbone contains an origin of replication for E. coli and an oriT 

site for conjugal transfer, leading to E. coli for plasmid purification. Moreover, TARCapture vector 

is a chromosome integration device that comprises the recombination sites NS II for 

Synechococcus elongatus PCC 7942. Besides the three BGC-T segments amplified from gDNA 

of HT-58-2, two short hooks were designed and synthesized for recombination of the BGC-T with 

the TARCapture vector. The hooks are gene-specific targeting sequences, which overlap with the 

padh and ura3 genes in the vector, and with the BGC-T_InterOne and BGC-T_InterThree, 

respectively. For over-expression of the BGC from both orientations, the T7 promoter was added 

to both hooks. The expected BGC-T_TARCapture is shown in Figure 2-13A, while three gene 

regions for colony PCR examination are highlighted in red dashed boxes. 
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Figure 2-12. (A) The tolyporphin BGC was designed and amplified into three pieces for homology 

assembly. (B) Diagram of the recombination of the TARCapture vector, BGC-T fragments, and 

two hooks. The black termini indicate the homology overlap with adjacent fragments for 

recombinational assembly.  

 

Following the same protocol as other gene amplification methods from the genomic DNA 

of HT-58-2, the size of the three BGC-T segments was assessed by electrophoresis (Figure 2-13B). 

To increase the recombination efficiency, the TARCapture vector was pre-digested by BamHI-HF 

and BsaI-HF restriction enzymes, which created a linear vector with a gap between padh and 

partial ura3 gene.  
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After purification, the three BGC-T segments, two hooks, and the linear TARCapture 

vector backbone were mixed before being recombined in Saccharomyces cerevisiae strain VL6-

48 (MATα, trp1-Δ1, ura3-52 ade2-101, his3-Δ200, lys2, met14, psi+cir°). The auxotrophic 

mutations of VL6-48 revealed the incapability of cells to grow in the media with a depletion of 

tryptophan. However, cells containing the recombinant BGC-T_TARCapture could survive 

without tryptophan due to the presence of trp1 selectable marker in TARCapture vector.  
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Figure 2-13. (A) Diagram of the expected BGC-T_TARCapture plasmid (31,012 bp) containing 

the entire BGC-T. Genes for colony PCR detection are highlighted in red dash boxes. (B) The size 

of the amplified BGC-T fragments was verified on 0.8% agarose gel.  

 



 

 30 

In Figure 2-14, ~50 colonies appeared after yeast transformation, which were then selected 

by colony PCR to ensure the presence of BGC-T. The examination protocol applied for yeast 

colonies was the same as for E. coli cells with slight improvement: all picked yeast colonies were 

heated by microwave for 40s to release more chromosomal DNA for PCR test. The colonies were 

reacted with three sets of primers for detection, which specifically targeted tolA, tolF, and hemL, 

respectively. The three mentioned genes are found in the different BGC-T segments amplified 

previously.  

 

Figure 2-14. Colonies grown on selection plate (no tryptophan) after transformation of BGC-T 

into S. cerevisiae (left). The linear TARCapture DNA was used as a negative control (right). The 

white-pink colonies (red circles) were picked for later colony PCR detection. 

 

The results of colony PCR selection are shown in Figure 2-15. 19 out of 22 colonies 

contained the tolA gene, revealing the presence of BGC-T_InterOne segment. Among those 

colonies, 5 out of 10 also included the tolF and hemL genes, representing the presence of the entire 
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BGC-T. Afterwards, colony 12 and 18 (Y12 and Y18) were selected, propagated, and the plasmid 

DNA from the two yeast colonies was extracted by phenol/chloroform.  

 

Figure 2-15. Results of colony PCR from the recombinant S. cerevisiae. 22 colonies were picked 

from the selection plates and the presence of tolA was detected by colony PCR. Ten colonies 

identified with tolA were further tested with the primers targeting tolF and hemL. The expected 

size of tolA, tolF, and hemL genes are 1,457 bp, 1,326 bp, and 1,522 bp, respectively. 

 

The extracted plasmid DNA (Figure 2-16A) from Y12 and Y18 was purified, 

electroporated into competent E. coli cell EPI300, and incubated on a selection plate containing 

kanamycin (50 µg/mL). The grown E. coli colonies were screened by colony PCR again with the 
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same primer sets for tolA, tolF, and hemL. As shown in Figure 2-16B, almost all colonies contained 

all three genes, which leads to the presence of the complete BGC-T. The clones with BGC-T were 

selected and confirmed by colony PCR. Here, colony 10 from Y12 (Y12E10) and colony 1 from 

Y18 (Y18E1) were propagated in a large batch, and the plasmid DNA was then extracted from the 

two colonies. The completeness of the recombinant plasmid was confirmed by restriction 

fragments digested by AleI-HF, and the resulting band patterns were visualized by electrophoresis 

(Figure 2-16C). Five bands of different sizes (17,706, 6,400, 4,572, 2,305, and 29 bp) were 

predicted to be formed for a correctly constructed BGC-T_TARCapture plasmid, four of which 

were expected to be visualized (except for a 29-bp-band). Accordingly, both Y12E10 and Y18E1 

were digested into five fragments, and all bands were observed at the expected positions.  
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Figure 2-16. (A) Extracted plasmid DNA from the selected colony 12 and 18 of S. cerevisiae. (B) 

Colony PCR products from transformants of EPI300 with Y12 and Y18. Three genes were detected 

as previously mentioned. (C) Restriction digestion confirmation of the recombinant BGC-

T1_TARCapture from Y12E10 and Y18E1. The TARCapture vector backbone was digested as a 

negative control (Neg). 
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Though the completeness of BGC-T1_TARCapture plasmid DNA was confirmed by 

restriction digestion patterns, confirmation of the fidelity of individual nucleotide requires 

sequencing. The results of sequence differences among plasmids extracted from Y12E10 and 

Y18E1 and the expected sequence [5] are shown in Figure 2-17. Three mismatches were detected 

between the alignment of the designed and extracted plasmid from Y12E10, and all three 

nucleotides are in the backbone of the TARCapture vector. The alignment between plasmid from 

Y18E1 and the designed one led to five mismatches and one gap. The three mismatches in Y12E10 

were also present in Y18E10, indicating the three nucleotides were probably originally present in 

the backbone. The remaining mismatches were observed within hemF2 and tolK genes, replacing 

the glutamine with arginine, and the glycine with arginine. Since the length of BGC-T from the 

plasmid extracted from Y12E10 corresponded to the expected size, it was further transformed into 

expression hosts for heterologous expression. 

 

Figure 2-17. Sequence difference between the designed BGC-T_TARCapture plasmid and the 

extracted plasmid from Y12E10 (A) and Y18E1 (B). Mismatched nucleotides are highlighted in 

red boxes.  
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2.2.4. Transform the BGC-T into the chromosome of Synechococcus elongatus PCC7942 by 

homologous recombination 

 After confirmation of the completeness and fidelity of BGC-T_TARCapture the having the 

complete, sequenced HT-58-2 BGC-T in the TARCapture vector, the plasmid extracted from 

Y12E10 was transformed into E. coli BL21 (DE3) and C43 (DE3) for expression from the T7 

promoter. All picked colonies of the expression E. coli were examined for the presence of BGC-T 

by colony PCR. However, after induction of T7 RNA polymerase under different conditions, 

neither color nor typical absorption peak of tolyporphins was observed from the cells (extracts) 

with BGC-T_TARCapture (data not shown). 

 The lack of expression of tolyporphins and analogues in E. coli may result from codon bias 

among different organisms. Therefore, cyanobacteria strains were considered as more suitable 

expression hosts for BGC-T. The two neutral sites II (NSII) sites were present in the TARCapture 

vector, allowing homologous recombination of the insert into the chromosome of Synechococcus 

elongatus PCC7942. Following an established protocol [15], BGC-T_TARCapture plasmid was 

transformed into S. elongatus for integration and expression. After incubation for five days, green 

colonies were observed on BG-11 agar with kanamycin (5 µg/mL) (Figure 2-18). Seven grown 

colonies were picked, examined by colony PCR (Figure 2-19B), and then inoculated in a liquid 

medium containing antibiotics for detection of tolyporphins. Several colonies grown on the 

selective plate yielded PCR products for tolA, tolF and hemL at the appropriate size; the band for 

tolF was absent in colony 2.  
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Figure 2-18. Homologous recombination of BGC-T into S. elongatus for expression. The circular 

vector backbone TARCapture was used as a positive control for the viability of cells, while the 

digested linear vector was set as a negative control. Colonies picked for further analysis are 

highlighted in red circles. 
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Figure 2-19. Colony PCR results of the picked S. elongatus colonies transformed with BGC-

T_TARCapture. Several colonies contained the three genes distributed across the BGC (refer to 

Figure 2-13).  

 

Since most grown S. elongatus cells were examined with partial genes in BGC-T, one 

colony was inoculated in a large batch of culture, and the genomic DNA of which was extracted 

for further confirmation. A diagram of the recombinant S. elongatus containing BGC-T is shown 

in Figure 2-20A to illustrate the expected result of chromosomal recombination. In Figure 2-20B, 

the extracted gDNA of the recombinant S. elongatus was amplified with three primer sets, which 

divided the region between NSII sites into three segments. The length of each amplified segment 

is 9,339 bp, 8,472 bp, and 10,563 bp. Overall, the sizes of the three amplified products shown in 

Figure 2-20B corresponded to the expected lengths, confirming the entire BGC-T was successfully 

recombined into the chromosome of S. elongatus.  

 The confirmed recombinant S. elongatus was then incubated in 20 mL of BG-11 medium 

with kanamycin (5 µg/mL) under continuous light for ~10 days. The cells were collected, washed, 

and the pigments were extracted from the cells by methanol for absorption analysis. As shown in 

Figure 2-21, comparing with the absorbance of the purified tolyporphins sample (red), there is no 

apparent peak for tolyporphins at ~676 nm from extracts of the recombinant S. elongatus, nor for 

the wild type strain.  
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Figure 2-20. (A) Diagram of homologous recombination of BGC-T at NSII sites in chromosome 

of S. elongatus. The T7 promoter was engineered at both ends of BGC-T to initiate transcription. 

(B) Amplification products from the extracted gDNA from the recombinant S. elongatus targeting 

at the region between NSII sites. Three segments were obtained, compared with a single product 

from the wild type strain at ~500 bp. 
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Figure 2-21. Absorption spectra of pigments extracted from the recombinant S. elongatus with 

BGC-T_TARCapture (blue), TARCapture (grey dash), and the wild type of strain (black). The 

absorbance of the purified tolyporphins is shown for comparison (red dash), which has evident 

peaks at 403 and 676 nm in MeOH.  

 

2.2.5. Insertion of T7 RNA polymerase into recombinant S. elongatus and the induction of 

BGC-T for expression 

To overcome the limitations of native expression system in S. elongatus, a T7 RNA 

polymerase (RNAP) was introduced into the chromosome of S. elongatus at neutral site I (NSI) 

(Figure 2-22A), which has stringent specificity for T7 promoter and has been applied for robust 

expression in a unicellular cyanobacterium Synechocystis sp. PCC6803. As reported previously, 

the IPTG inducible promoter was engineered into S. elongatus for expression of the recombinant 

fluorescent proteins at neutral sites [16], however, the basic expression level without the inducer 

remained high [17]. Thus, the translation of T7 RNAP in this study was designed to be controlled 
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by the theophylline-dependent riboswitch B or F [18]. The riboswitch F (rswF) was selected in the 

circuits since it enables a higher level of T7-driven expression, while riboswitch B results in lower 

leaking of expression under the uninduced level.  

 The T7 RNAP-containing plasmid pAM5471 (Figure 2-22B) was transformed into the 

recombinant S. elongatus with BGC-T following the same homology recombinant protocol. Unlike 

the BGC-T and T7 promoters, the T7 RNAP was conjugated into the NSI site, and the recombinant 

S. elongatus were selected on BG-11 agar with spectinomycin, streptomycin (2 µg/mL each), and 

kanamycin (5 µg/mL) for the maintenance of BGC-T. Colony PCR with primers annealing at T7 

RNAP and NSI_RA was performed to select S. elongatus with the recombinant T7 RNAP. Almost 

all colonies were detected with the expected band of T7 RNAP, as well as confirmation of the 

presence of the tolA, tolF, and hemL genes (data not shown).  

 Colonies of S. elongatus with both T7 RNAP and BGC-T recombinant in the chromosome 

were picked, inoculated, and incubated in 25 mL of BG-11 medium with antibiotics for further 

analysis. The gDNA of the recombinant strains was extracted and the completeness of the inserted 

T7RNAP was confirmed by amplification of the region between NSI sites. Comparing with wild 

type strains, the T7 RNAP and BGC-T were conjugated into the chromosome of S. elongatus at 

NSI and NSII sites, respectively.  
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Figure 2-22. (A) Diagram of the recombinant S. elongatus with T7 RNAP integrated at NSI site, 

and BGC-T integrated at NSII site. (B) Map of the pAM5471 containing the T7 RNAP, which is 

transcribed by Pcon promoters and under the control of riboswitch F. (C) Products amplified from 

the extracted gDNA of the recombinant S. elongatus. The distance of the regions between NSI 

sites (left) and NSII sites (right) from the recombinant strain is distinct from the wild type.  
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The recombinant S. elongatus colony identified with the T7 RNAP and BGC-T was then 

inoculated into BG-11 containing antibiotics in six-well-plate. After incubation for 5 days, 2 mM 

of theophylline was added into the culture for induction of the T7 RNAP (Figure 2-23A). 

Consequently, the downstream BGC-T which was driven by the T7 promoter, was expected to be 

controlled and expressed robustly. Pigments generated from the recombinant strains were 

extracted by MeOH for absorption analysis. As shown in Figure 2-23B, the absorbance patterns 

of all four samples are similar, which are distinct from the tolyporphin A peak at 676 nm. 

Moreover, the addition of theophylline or the inserted T7 RNAP might impair the growth of S. 

elongatus, causing the cell density in the culture with inducer to be less than that with DMSO 

vehicle.  

Multiple explanations hereafter were proposed for the absence of tolyporphins-like 

pigments from the recombinant S. elongatus with BGC-T: (i) the inserted BGC-T was expressed, 

but the relatively low expression level led to products that were below the detection limitation. 

The T7 promoter may not be recognized by the cyanobacterial RNA polymerase; (ii) in addition 

to the identified BGC-T, the biosynthesis of tolyporphins requires additional genes, such as the 

genes related to secretion and regulation; and (iii) the S. elongatus is not a suitable platform for 

expression of tolyporphins. The unicellular cyanobacterium lacks the ability of nitrogen fixation 

[19,20] while previous research highlighted a possible relationship between the yield of 

tolyporphins and nitrogen stress [21]. Therefore, the filamentous cyanobacteria may be better hosts 

for the biosynthesis of tolyporphins.  

In this case, given no observation of expression of tolyporphins-like pigments in the 

recombinant S. elongatus, three measures were raised to resolve the current problem: (i) To 

conjugate the tolyporphins BGC-T into a filamentous cyanobacterium which is capable of fixing 
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nitrogen, such as Anabaena sp. PCC 7120 to achieve expression; (ii) To incubate the S. elongatus 

under nitrogen stress to prompt an increased yield of tolyporphins. Quantitative analysis showed 

the production of tolyporphins under BG-11 medium in HT-58-2 to be relatively low, which 

probably led to the same problem as with S. elongatus. (iii) To pursue better growth conditions, 

including variation in temperature, CO2 intensity, nitrogen and carbon sources in media, and 

circadian lighting, which may increase the yield of tolyporphins in HT-58-2. Such improvements 

in condition might also work on the recombinant strains.  

Hence, to explore the second hypothesis about nitrogen stress, the concentration of NO3- 

was decreased in the growth medium of the recombinant S. elongatus. However, the pigments 

absorbance remained the same, though the color of the culture turned green yellowish. 
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Figure 2-23. (A) Cultures of the recombinant S. elongatus were incubated with 2 mM of 

theophylline for the induction of T7 RNAP and BGC-T. 2.5% of DMSO was used as vehicle 

control. (B) Pigments produced by the recombinant (red) and wild type (black) strains were 

extracted and analyzed. Tolyporphin A was dissolved in MeOH, the absorption of which is shown 

in green. 
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2.2.6. Insertion of BGC-T in Anabaena sp. PCC 7120 by conjugal transfer 

Heterologous expression of the tolyporphins BGC-T in the filamentous cyanobacterium 

Anabaena sp. PCC 7120 was examined. Notably, the Anabaena sp. for chromosomal conjugation 

was engineered to contain the NSII sites from S. elongatus [22]. It would be more practical to 

integrate the BGC-T containing plasmid BGC-T_TARCapture into the NSII sites by homologous 

recombination once an engineered Anabaena sp. PCC 7120 is achieved. The BGC-T was designed 

to be engineered into the chromosome of Anabaena sp. by conjugal transfer [23]. To facilitate the 

conjugation, helper plasmids pEL623 and pRL443 were required. Hence, the BGC-

T_TARCapture plasmid was first electroporated into the help plasmids-containing E. coli 

AM1359. Then, the resulting strain was conjugated into the Anabaena sp. PCC 7120 at the 

engineered NSII sites. The conjugated Anabaena cells were incubated on BG-11 agar containing 

5% LB for 1 day in the dark, before 20 µg/mL of kanamycin was added evenly to the bottom of 

the agar. After 14-day-incubation and antibiotics selection, green colonies were observed, which 

were then picked into liquid BG-11 medium containing kanamycin for PCR screening (Figure 2-

24A–B). Due to the limited number of cells from one green colony of Anabaena sp., 2 µL of the 

selected clones was added to PCR master mix containing primers targeting the tolA, tolF, and 

hemL genes as mentioned in colony PCR. Though several transformants were detected with the 

BGC-T (Figure 2-24C), the presence of one or two representative genes disappeared after sub-

culturing the clones into fresh BG-11 containing kanamycin (30 µg/mL).  

In detail, gene tolA and hemL was absent in most clones after sub-culturing twice, while 

the tolF gene was observed. Genes tolA and hemL are present close to the end of the BGC-T 

cluster, thus, the insert might undergo deletion from the ends in most conjugated strains. Another 

hypothesis concerning the instability of the insert relies on antibiotics-resistance of the filamentous 
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cyanobacterium. The wild type cells may be present in the filaments together with the recombinant 

clones. However, cells with the conjugated BGC-T probably have lost any growth advantage 

compared with the wild type ones.  

 

Figure 2-24. (A) Selection agar plate (BG-11 with kanamycin 20 µg/mL) for conjugal transfer of 

BGC-T and Anabaena sp. PCC 7120. (B) Picked green colonies from (A) were then inoculated in 

1.5 mL of liquid BG-11 medium with kanamycin for PCR analysis. (C) PCR detection of the 

presence of tolA, tolF, and hemL genes from picked clones (left), and after sub-culturing once 

(middle) and twice (right) under the same growth conditions and antibiotics.  
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 Since the antibiotics marker AphI from the TARCapture backbone provides resistance to 

neomycin as well as kanamycin, the picked Anabaena colonies from selective agar were incubated 

in BG-11 with neomycin (25 µg/mL). The conjugated BGC-T remained in the chromosome after 

sub-culturing several times. Hence, the Anabaena sp. PCC 7120 is resistant to kanamycin to some 

extent. After obtaining the stable clone of BGC-T, the picked Anabaena sample was incubated in 

10 mL of BG-11 containing neomycin (25 µg/mL) for 15 days, and the pigments were extracted 

by MeOH for detection of tolyporphins. As shown in Figure 2-25, no obvious peak of tolyporphins 

is observed from the conjugated Anabaena sp.   

 

Figure 2-25. Absorbance of the pigments extracted from the wild type and BGC-T conjugated 

Anabaena sp. No absorption peak was observed from extract of the conjugated strain similar to 

that of tolyporphin A.   
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 To avoid the detection limitation of absorption spectroscopy, such pigment extracts were 

separated and examined by high performance liquid chromatography (HPLC) with diode-array 

detection (DAD). Pigments from the recombinant S. elongatus with BGC-T and T7 RNAP were 

also analyzed by HPLC-DAD with the same settings for tolyporphins.  

 As shown in Figure 2-26, the tolyporphins sample (green) exhibited peaks with retention 

time in the region 29–30 min with absorption at 676 nm. In contrast, neither the recombinant 

Anabaena cyanobacterium nor the wild type strain exhibited peaks with similar retention times 

upon observation at 676 nm.  

 

Figure 2-26. HPLC detection of pigment extracts from the wild type (black) and the BGC-T 

conjugated (red) Anabaena sp. samples grown in BG-11 containing neomycin for 15 days. 

Pigments extracted from HT-58-2 grown in BG-11 were analyzed (blue) under the same settings, 

as well as purified tolyporphins (green).   
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 Interestingly, no apparent signal of tolyporphins was detected from HT-58-2 grown in BG-

11 (Figure 2-26, blue). Such observation was at odds with results published [21]. Because there is 

no change to the recipe of BG-11 medium since then, the distinct results of tolyporphins from HT-

58-2 culture are not readily explained. On the other hand, according to the present results, the BG-

11 medium might not be suitable for production of tolyporphins for HT-58-2. Nitrogen stress may 

be applied to recombinant cyanobacteria for the possible expression of tolyporphins.   

 As shown in Figure 2-27, the HT-58-2 grown in A3M7 medium displayed peaks for 

tolyporphins upon detection at 676 nm. Such peaks correspond to purified tolyporphins in Figure 

2-26. A3M7 is a modified Allen's medium for cyanobacteria growth, which contains a lower 

concentration of NO3- but more NH4+ compared with that of BG-11. Additional trace metals are 

also present in the recipe of A3M7. Nonetheless, there was no tolyporphins signal observed from 

samples of S. elongatus with or without the theophylline inducer. 
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Figure 2-27. (A) Detection by HPLC-DAD of pigments extracted from the induced wild type 

(black), recombinant S. elongatus (red) with BGC-T and T7 RNAP, and HT-58-2 (green) grown 

in A3M7 medium. Peaks labeled with red asterisk represent tolyporphins. Compared with samples 

without inducer, no new peak was observed from the recombinant strain. DMSO was used as a 

vehicle control (B). 
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 In all, the absence of detectable tolyporphins from conjugated Anabaena cells revealed 

both the unicellular and filamentous cyanobacteria performed as heterologous hosts for 

tolyporphins led to no expression under current conditions. To be more specific, both the 

Anabaena sp. and S. elongatus cells were incubated in BG-11 medium with antibiotics. 

Considering the limited yield of tolyporphins from the original host HT-58-2, composition of the 

growth medium might be critical for expression of tolyporphins. As shown in Figure 2-27, HT-58-

2 grown in A3M7 led to manifest production of tolyporphins. Considering the most apparent 

composition difference between BG-11 and A3M7 media relies on the concentration of NO3- and 

NH4+, we decided to cultivate the cyanobacteria in BG-11o (BG-11 depleted of NaNO3) with an 

optimal concentration of NH4HCO3 (100 mM), while all the other growth conditions remained the 

same. After incubation for 10–15 days, the filamentous cyanobacteria were growing well, while 

the unicellular S. elongatus became yellowish and grew slower than previously. The high 

concentration of NH4+ might be impaired to S. elongatus, and more research is required to identify 

an optimal growth condition.   

2.2.7. Pigment investigation of HT-58-2 and recombinant cyanobacteria in media supplied 

with NH4+ 

 Pigments were extracted from all cyanobacterial samples and examined by HPLC-DAD as 

previously mentioned. The results are shown in Figure 2-28. Even grown with sufficient NH4+ as 

a nitrogen source, the BGC-T-conjugated Anabaena sp. did not express tolyporphins. However, 

the yield of tolyporphins was stimulated by the addition of NH4HCO3 comparing with cells grown 

in BG-11. Such phenomenon suggests a relationship between the concentration of NH4+ and 

production of tolyporphins in HT-58-2. However, whether NH4+ or CO32- contributes to the 
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increase requires further research. The influence of media on the yield of tolyporphins will be 

discussion in chapter 5.  
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Figure 2-28. (A) HPLC detection at 676 nm of pigments extracted from the wild type and BGC-

T-conjugated Anabaena sp.. The Anabaena samples and HT-58-2 were cultivated in BG-11o 

medium with NH4HCO3 before collection and pigment extraction. (B) Detection of pigments 

extracted from the recombinant and wild type S. elongatus with the inducer theophylline or DMSO 

vehicle.  
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2.3. Discussion 

 So far, though no tolyporphins were observed upon cloning and heterologous expression, 

we have made multiple attempts (Figure 2-29). To summarize, cloning of the putative tolyporphins 

BGC by the restriction digestion-dependent (traditional) cloning approach failed to afford the 

complete BGC-T in E. coli cells. The gene cluster was separated into several segments, and only 

the first ~12.6 kb of the BGC was successfully cloned into E. coli for heterologous expression. 

However, no new pigment was detected from the BGC-T-containing cells after induction. We then 

hypothesized that E. coli might not be an optimal platform for BGC-T expression, and turned to 

other cloning approaches for obtaining the ~23.5 kb gene cluster.  
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Figure 2-29. Diagram of attempts for cloning and heterologous expression of tolyporphins BGC 

in E. coli, S. elongatus, and Anabaena sp. PCC 7120. None of the trails have yet led to successful 

expression of tolyporphins.  

 

 Transformation-associated recombination cloning was utilized for construction of the 

complete BGC-T in a circular plasmid. The BGC-T was amplified in three segments that were 

assembled in the yeast Saccharomyces cerevisiae by TAR cloning. Upon the inspection by colony 
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PCR and whole-plasmid-sequencing, one clone was selected without any mismatch in the BGC-T 

region for further expression analysis. The built BGC-T_TARCapture plasmid was transformed 

into E. coli for propagation and induction for expression of BGC-T. However, there were no 

tolyporphins in the pigment extracts.  

 Cyanobacteria were then selected as heterologous expression hosts for BGC-T. The 

unicellular cyanobacterium Synechococcus elongatus and filamentous cyanobacterium Anabaena 

sp. PCC 7120 were selected as expression platforms. The BGC-T was recombined into the 

chromosomal DNA of S. elongatus at neutral site II, while a T7 RNA polymerase was inserted to 

the neutral site I. The T7 RNAP-T7 promoter circuit system in the engineered S. elongatus was 

driven by a theophylline-inducible riboswitch. However, no tolyporphins were identified in the 

recombinant strain after induction. The BGC-T was conjugated into the engineered chromosome 

of Anabaena sp. as well, since the filamentous cyanobacterium is capable of fixing nitrogen. 

Pigments extracted from the conjugated strain were examined by HPLC-DAD, and still no signal 

of tolyporphins was identified.  

 We then focused on the influence of the growth medium on the production of tolyporphins. 

Because replacement of NO3- by NH4+ resulted in a higher yield of tolyporphins in the original 

host HT-58-2, the growth medium of all recombinant cyanobacteria with BGC-T was changed to 

BG-11o (NO3- depletion) containing a high concentration of NH4HCO3. No expression of 

tolyporphins was detected from the conjugated Anabaena sp.. One possible reason is that the 

growth conditions for the recombinant S. elongatus require adjustment.  

 Though no trials have yet led to successful expression of tolyporphins yet, we made the 

following findings: (i) The BGC-T could not be expressed in E. coli cells, likely due to codon 

usage issues. (ii) The BGC-T was successfully cloned into a circular plasmid, which was eligible 
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for sub-cloning into other expression vectors for future analysis. (iii) We obtained the recombinant 

cyanobacteria S. elongatus and Anabaena sp. containing BGC-T. (iv) Analysis of the growth 

conditions revealed BG-11 might not be an optimal medium for the production of tolyporphins.  

 Accordingly, further analysis concerning the expression of tolyporphins could be 

addressed as following: (i) Although no expression of tolyporphins was detected from the 

recombinant cyanobacteria strains, the transcription of BGC-T remains unknown. Assays (qRT-

PCR) may be performed to test the transcription level of the conjugated BGC-T in S. elongatus. If 

a low transcription level is detected, a stronger promoter could be inserted with BGC-T. (ii) 

Genomic searching and gene analysis should be carried out to confirm the completeness of BGC-

T. Genes that encode secretion proteins may also be required for expression of tolyporphins. 

Moreover, expression may need additional gene clusters that are related to BGC-T and is existed 

elsewhere in the genome of HT-58-2. (iii) The growth condition of HT-58-2 and the probable 

influence on the production of tolyporphins is worthy of study, including light intensity, 

temperature, and nitrogen and carbon source in growth media, etc.  

2.4. Experimental Section  

2.4.1. Strains, plasmids, and growth conditions 

HT-58-2 culture was incubated in BG-11 medium for 30 days under white light (~60 µmol 

m-2 s-1) before gDNA extraction as previously described [5]. E. coli cells (DH5a, Top10, EPI300, 

C43 (DE3), and BL21 (DE3)) used for cloning and heterologous expression experiments were 

incubated in LB agar or broth with proper antibiotics. S. cerevisiae VL6-48 (MAT α, his3-D200, 

trp1-Δ1, ura3-Δ1, lys2, ade2-101, met14, psi+cir°) was grown at 30 °C on yeast extract peptone 

dextrose medium (YPD medium, 2% D-glucose, 1% yeast extract, 2% peptone, and 100 mg/L 

adenine) for preparation of yeast competent cells. Cyanobacteria S. elongatus PCC 7942 and 
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Anabaena sp. PCC 7120 were incubated in BG-11 liquid medium under the same light intensity 

as HT-58-2 at 28–30 °C with continuous shaking for propagation. After transformation, S. 

elongatus cells were incubated on selective agar plates under strong illumination (~120 µmol m-2 

s-1). In contrast, the BGC-conjugated Anabaena sp. was cultivated on BG-11 agar with 5% of LB 

under weak illumination (~30 µmol m-2 s-1). Culture media for recombinant cyanobacterial strains 

were supplemented with appropriate antibiotics: kanamycin (5 μg/mL), spectinomycin (2 µg/mL), 

and streptomycin (2 µg/mL) was for S. elongatus, kanamycin (20–40 μg/mL), and neomycin (25 

μg/mL) for Anabaena sp. 

Plasmids TARCapture, pAM5471, pAM1359, and engineered Anabaena sp. with neutral 

sites II were gifts from the lab of Susan and James Golden. The pre-cut vector pSMART and pET-

15b were bought from Lucigen and Millipore Sigma.  

2.4.2. Extraction of genomic DNA from HT-58-2 

Cells of HT-58-2 grown in BG-11 for 30 days were collected by centrifugation at 13,000 

rpm for 10 min. The cell pellets were washed by water twice to remove excess salts. The resulting 

cells were then carefully ground under liquid nitrogen, and gDNA was extracted from the crushed 

HT-58-2 cells by phenol-chloroform [24]. After dissolution in 70% ethanol and sodium acetate 

(10%) and freezing overnight at -20 °C, the strap gDNA precipitated and was washed once by 

100% ethanol to remove any remaining proteins. The quality and quantity of the resulting gDNA 

was measured by Nanodrop (Agilent). 

2.4.3. Amplification of tolyporphins BGC-T and segments 

The BGC-T was amplified with the template of HT-58-2 gDNA by long-range PCR with 

Q5® High-Fidelity 2× Master Mix (New England BioLabs). Then 50 µL of the PCR reaction was 

set up: 1,200 ng of extracted gDNA, 2.5 µL of each forward and reverse primers (10 µM), and 25 
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µL of Q5® High-Fidelity 2× Master Mix. The PCR program used was as follows: 95 °C for 2 min, 

followed by 30 cycles of 95 °C for 10 s and 72 °C for 18.5 min, before 72 °C for 10 min and hold 

at 4 °C. The resulting PCR product was cleaned using the DNA cleanup kit (New England 

BioLabs) according to the manufacturer’s protocol. The amplification of different segments in 

tolyporphin BGC from the extracted gDNA of HT-58-2 was carried out in the same manner, but 

with a modification of the temperature and time of elongation in the 30 cycles: the 18.5 min was 

reduced to be 30s per kb according to the length of different segments, and the temperature 

decreased to 63 °C. All the primers used for amplification are listed in Table 2-2. 

Table 2-2. Primers applied for the entire/partial BGC-T amplification and colony PCR. 

Primer Sequence (from 5¢ to 3¢) Description 

BGC-T_F 
AAGAGGATCCGGCTTGATAACTC

CGTAGTG 
Amplification of the 

complete BGC with 

two BamHI sites BGC-T_F 
AAGAGGATCCACCAAGTCGTTCTC

AAAGG 

tolA_colony_F ATGCAGACATTCTTAGTCACTGGT Colony PCR for 

identification of tolA tolA_colony_R GATTTGTGTGAGAGGGTACAG 

BGC-

T1_pSMART_BamHI_F 

GAACAGGATCCGCTTGATAACTCC

GTAGTG 

Amplification of the 

first half segment of 

BGC-T (BGC-T1) 

with two BamHI sites 

BGC-

T1_pSMART_BamHI_R 

GAACAGGATCCGTCGTCATATTCT

CAACCTC 

BGC-T2_pET_BamHI_F 
GAAAtCCATGGGAGGTTGAGAATA

TGACGAC 

Amplification of the 

latter half segment of 

BGC-T (BGC-T2) 

with BamHI/NcoI  site 
BGC-T2_pET_NcoI_R 

GAAAAGGATCCAGTGTGTCATCC

AAGCTG 
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Table 2-2 (continued). Primers applied for the entire/partial BGC-T amplification and colony 

PCR. 

hemL_colony_F GTTGCCAGATAGGAGTGTGTC Colony PCR for 

identification of hemL. hemL_colony_F GATCCAGTGTGTCATCCAAGC 

BGC-T2A_pET_F GAAATCCATGGGAGGTTGAGAATA Amplification of the 

first half segment of 

BGC-T2 (BGC-T2A) 
BGC-T2A_pET_R 

GAAAAGGATCCTGGAGAAGTGTTA

GGTAGTG 

tolG_colony_F GGATAGTTGTGCTCAACGCTTTG Colony PCR for 

identification of tolG tolG_colony_R GGTTGTTTTGCTGTGGGGTTTTC 

BGC-T2B_pET_F 
GAAATCCATGGGTTCGTTAAGCTCG

AAGACTC 
Amplification of the 

latter half segment of 

BGC-T2 (BGC-T2B) BGC-T2A_pET_R 
GAAAAGGATCCAGTGTGTCATCCA

AGCTG 

tolF_colony_F GAATTGACTTGCCTGTGC Colony PCR for 

identification of tolF tolF _colony_F CAGGCTGAAGCAGGATATTAC 

BGC-T_InterOne_F 
TTGAAGATACAATTGCACAGCTATC

CTAATTAATC 
Amplification of the 

first segment of BGC-

T BGC-T_InterOne_R 
CTCAAGCAATTGTGCAGTTACACTT

TCG 

BGC-T_InterTwo_F 
AGTCCTAATTACAGGTCATTCAGAG

CAAG 
Amplification of the 

second segment of 

BGC-T BGC-T_InterTwo_R 
TGGTCTTGACAGTAATTTTTTCACA

CTGC 

BGC-T_InterThree_F 
TTACCAATTGAAACTGACTGACGAC

CG 

Amplification of the 

third segment of BGC-

T 
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Table 2-2 (continued). Primers applied for the entire/partial BGC-T amplification and colony 

PCR. 

BGC-T_InterThree_R 
TGCTGGGCTTGTAAGTAACGACAT

C 
 

NSII_LA_F GTCTTCAATGCTGGCCTCTG Detection of BGC-T 

inserted between the 

NSII sites 
NSII_RA_R GGTGCTGTTCAGTCTGGATG 

NSI_LA_F CAACTTCAAGCCGATGTGA Detection of the T7 

RNAP inserted 

between the NSI sites 
NSI_RA_R GGCAATAAATGTGCGTTCC 

T7RNAP_colony_F CTGAGAAAGTCAAGCTGGG  

 

2.4.3. Digestion, ligation, and transformation of the BGC-T into E. coli cells for propagation 

The concentrations of BGC-T fragments were measured by Nanodrop after purification. 

The resulting PCR products were digested by restriction enzymes (BamHI-HF/NcoI-HF, New 

England Biolabs) based on the installed restriction sites at the end of each fragment. Following the 

manufacturer’s protocol, 50 µL of the digestion reaction was set up, which contained the 

following: 1 µg of the DNA, 1 µL of each restriction enzyme (10 units), and 5 µL of the cut-smart 

buffer. The digestion mixture was incubated at 37 °C for 30 min and then purified by the DNA 

cleanup kit.  After the trial ligations, the ratio of vector to insert was determined to be 1:3. Hence, 

the ligation reaction contained 1 µL of the pre-cut vector (25 ng/µL), 2 µL of the DNA ligase (T4), 

and 2 µL of the 5× ligation buffer (Lucigen) with a total volume of 25 µL. The ligation mixture 

was incubated overnight at 16 °C. The resulting sample was ready for transformation without heat-

denaturation or desalting. Using BAC-Optimized Replicator v2.0 Electrocompetent Cells 

(Lucigen), the ligation was transformed through electroporation under the following conditions: 



 

 62 

Cuvette gap: 1.0 mm; Voltage: 1800 V; Capacitance: 25 µF; Impedance: 200 ohms; Bio-Rad: Gene 

Pulser II #165-2105. In detail, the 20 µL of competent cells was mixed gently with 1 µL of the 

ligation mixture before electroporation according to the conditions described above. The cells were 

then transferred into a culture tube containing 1 mL of recovery medium. The tube then was 

incubated at 37 °C for 1 h with continuously shaking at 225 rpm. After recovery, the cells were 

spread onto the selective LB agar plates (12.5 ng/µL chloramphenicol/ X-Gal/ IPTG/ 5 % sucrose) 

overnight for screening. The constructed BGC-T_TARCapture plasmid was electroporated into 

EPI300 cells using the same settings mentioned above, but plated on LB agar with 50 µg/mL 

kanamycin for screening.  

2.4.4. Colony PCR for screening positive clones in E. coli and plasmid extraction 

The grown colonies on the selective plates were screened by colony PCR with different 

primers (Table 2-2). The 25 µL of the PCR reactions was set up for selection of positive clones: a 

single colony picked directly from agar was dissolved in 11.5 µL of PCR water, with the addition 

of 0.5 µL of each forward and reverse primers (10 µM) and 12.5 µL of Taq 2× Master Mix 

(Apex™). The PCR program used was as follows: 95 °C for 2 min, followed by 25 cycles of 95 

°C for 10 s, 50 ° C (63 °C for colony PCR of detection of tolG) for 30 s, and 72 ° C for 30 s before 

72 °C for 5 min and hold at 4 °C. Once a single colony contained the expected band after colony 

PCR, the colony was inoculated into 10 mL of LB broth with 25 ng/µL chloramphenicol and 

incubated overnight at 37 °C with continuous shaking at 225 rpm. The culture was harvested by 

centrifugation at 4,000 rpm for 10 min, and the cell pellets were extracted by QIAprep Spin 

Miniprep Kit (Qiagen) according to the manufacturer’s protocol. 
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2.4.5. Transformation of BGC-T containing plasmids into E. coli for expression 

After extraction of plasmids that contained the whole/partial BGC-T, the resulting plasmid 

DNA was transformed into E. coli cells by heat-shock for expression. BL21 (DE3) and C43 (DE3) 

were used as for heterologous expression. In detail, 1 µL of the purified plasmids was mixed gently 

with 50 µL of chemically competent cells on ice for 30 min before heat shock at 42 °C for exactly 

10s. The mixture was then placed on ice for 5 min before pipetting into recovery medium. The 

cells were recovered at 37 °C for 1 h with continuous shaking at 250 rpm. Then, the culture was 

spread onto the selective LB plates with antibiotics and incubated overnight at 37 °C.  The cells 

were selected by colony PCR as described above. 

2.4.6. Protein induction of BGC-T1_pSMART containing cells 

One BL21(DE3)/C43 (DE3) colony with the identified BGC-T1_pSMART was selected 

and incubated overnight in 10 mL of LB containing antibiotics (25 ng/µL chloramphenicol or 50 

µg/mL of kanamycin) at 37 °C with continuous shaking at 225 rpm. The culture was diluted 100-

fold and kept incubated at 37 °C with shaking at 250 rpm until the OD600 reached 0.4–0.8. The 

resulting culture was induced with IPTG at a final concentration of 0.5 mM for different times at 

various temperatures overnight (18 or 30 °C). 3 mL of the culture was examined for the proteins 

after 1, 2, 4, and 20 h. 2 mM of 5-ALA was added into one of the cultures for examination whether 

new pigments were induced by the addition of a universal tetrapyrrole precursor. 

2.4.7. Whole cell SDS-PAGE and pigments extraction from induced E. coli 

After the protein induction, the E. coli cells in each 3 mL of cultures were harvested by 

centrifugation at 16,000 × g for 3 min at 4 °C.  The pellets were suspended in 1 mL of 1% SDS/2-

mercaptoethanol (1: 1, v/v) and heated at 95 °C for 5 min before examination by SDS-PAGE. For 

large-scale cultures, cells were harvested by centrifugation at 5,000 rpm for 10 min at 4 °C and 
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washed by 1× PBS. The pellets were vigorously extracted three times by Mini-beadbeater 

(BioSpec) with 1 mL of methanol, and centrifuged at 16,000 × g for 5 min at 4 °C. The resulting 

supernatants containing extracted pigments were combined and tested by absorption spectroscopy. 

2.4.8. Cloning of the BGC-T into a plasmid by transformation-associated recombination in 

yeast S. cerevisiae 

As mentioned above, the BGC-T was amplified in three segments, termed as BGC-

T_InterOne, BGC-T_InterTwo, and BGC-T_InterThree. Two hooks for recombination were 

designed and synthesized by GeneWiz in advance. In detail, the padH hook contains a 90-bp-

region overlapping with genes in BGC-T_InterOne and a region of 90 bp that overlap with the 

gene encoding the PadH promoter in TARCapture vector. The Ura3 hook contains a 90-bp-region 

overlapping with genes BGC-T_InterThree, as well as 90 bp of nucleotides that overlaps with ura3 

gene in the backbone vector. In both hooks, a T7 promoter (5¢-TAATACGACTCACTATAGG-

3¢) was designed to drive the transcription of BGC-T. To increase the recombination efficiency, 

the TARCapture plasmid was digested to expose the hook regions with BamHI-HF and NsiI-HF 

at 37 °C for 30 min. Here, the ura3 was incomplete after digestion, which could not act as a 

selective marker for further screening. The three BGC-T segments, two hooks, and the pre-

digested TARCapture vector were combined, forming a mixture with a volume of 8 µL.  

Saccharomyces cerevisiae cells for transformation were incubated in YPD medium at 30 

°C until the OD600 reached 0.8–1.0. A Frozen-EZ Yeast Transformation II kit (Zymo Research) 

designed based on the lithium acetate method [9] was applied for preparation of the competent 

yeast cells. Following the protocol provided by manufacture, 10 mL of the yeast cells were 

harvested and the medium was discarded. The pellets were washed by 10 mL of EZ 1 solution and 

then resuspended in 1 mL of EZ 2 solution. The resulting cells were ready for transformation. The 
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above-mentioned DNA mixture was added into 100 µL of the chilled competent yeast cells, 

together with 500 µL of EZ 3 solution. The mixture was incubated at 30 °C for 60 min, with 

vigorous shaking to thoroughly mix the fragments from time to time. Then, 500 µL of YPD was 

added to recover cells for 15 min before washing twice by PCR water to remove any medium. The 

washed cells were resuspended in 200 µL of PCR water and then spread onto synthetic dropout 

agar plates without tryptone (SD-Trp) and supplemented with adenine (Sigma, Y1751) for 

screening of positive clones. The plates were incubated at 30 °C for 7 days before obvious cell 

colonies appeared.  

2.4.9. Confirmation of the BGC-T from grown cells on SD plates 

A few cells were observed on the selective plates which might contain the recombinant 

BGC-T. The colony PCR reactions were set up for selection. The composites of colony PCR 

reactions were the same as previously mentioned, as well as the program parameters. For each 

picked colony, three genes were detected by primers annealing to tolA, tolF, and hemL. Results of 

colony PCR were visualized by electrophoresis on 1% agarose gel. Once a colony was identified 

to contain all three genes, the cell was inoculated into 10 mL of SD-Trp medium for plasmid 

extraction. After 2-day-incubation at 30 °C, yeast cells were harvested and washed twice by water. 

The resulting cells were treated with 0.5 mg/mL zymolyase and kept incubation at 30 °C for one 

hour. The plasmid DNA from lyse cells was extracted by phenol-chloroform three times and 

dissolved in 100% isopropanol and kept at overnight -20 °C. The extracted DNA was washed with 

isopropanol and 70% ethanol to remove excess proteins. The resulting plasmid DNA was then 

electroporated into E. coli EPI300 for plasmid propagation. BGC-T_TARCapture plasmid DNA 

in EPI300 was extracted with a QIAprep Spin Miniprep Kit (Qiagen) according to the 
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manufacturer’s protocol. The presence of tolA, tolF, and hemL genes were confirmed by PCR 

reactions in each extracted plasmid. 

Another confirmation approach used in this study was the digestion of the extracted BGC-

T_TARCapture vector by certain restriction enzyme. In detail, the extracted plasmid DNA from 

each colony was mixed with Ale-HF at 30 °C for one hour. The digestion pattern obtained from 

each sample was visualized by electrophoresis and compared with the expected size.  

2.4.10. Transformation of the BGC-T into S. elongatus by homologous recombination 

Since no expression of tolyporphins was detected from E. coli, the unicellular 

cyanobacterium S. elongatus was chosen as a more optimal host for BGC-T expression. S. 

elongatus cells were cultivated in BG-11 medium until the OD735 reached 1. Cells were then 

harvested, washed twice by 10 mM of NaCl, and resuspended in 300 µL of fresh BG-11. The 

confirmed BGC-T_TARCapture plasmid DNA was incubated together with 300 µL of S. 

elongatus in the dark with continuous shaking at 200 rpm overnight at 30 °C. The cells were spread 

onto BG-11 plate containing kanamycin (5 µg/mL) for incubation at 30 °C under strong 

illumination. Positive clones with BGC-T were selected by colony PCR for the detection of tolA, 

tolF, and hemL genes. Once a colony was identified with all three genes, it was picked and 

inoculated into large batch of BG-11 medium containing antibiotics for further analysis. The 

gDNA of the recombinant S. elongatus was extracted by the phenol-chloroform method as 

motioned above. The presence and completeness of the BGC-T from gDNA of the recombinant S. 

elongatus cells was performed by PCR reactions, targeting the region between the NSII sites. 

Primers used for confirmation are listed in Table 1-2. 
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2.4.11. Insertion of the T7 RNA polymerase (RNAP) at NSI site in the recombinant S. 

elongatus with BGC-T 

Since no tolyporphins signal was observed from the recombinant S. elongatus, a T7 RNA 

polymerase was designed to be inserted into the NSI site. The pAM5471 contains the T7 RNAP, 

Spec resistance marker, and riboswitch F. 5 µL of the pAM5471 was incubated with the BGC-T-

recombinant S. elongatus cells for homologous recombination at the NSI site following the same 

protocol mentioned above. This time, the cells were plated onto agar containing spectinomycin 

and streptomycin (2 µg/mL for each). Colony PCR targeting at the T7 RNAP region was 

performed to screen positive clones. For the completeness test, gDNA of the recombinant S. 

elongatus cells was extracted and the region between the left and right arms of the NSI site was 

amplified. By comparing with the wild type of strains, the presence of T7 RNAP was confirmed. 

2.4.12. Induction assays of the possible expression of BGC-T in the recombinant S. elongatus 

The engineered T7 RNAP was driven by the riboswitch F system, which was inducible by 

theophylline. Cultures were pre-grown in BG-11 containing kanamycin (5 µg/mL) for 4 days 

before dilution. The OD735 of cells for induction was 0.25 in 10 mL of fresh BG-11 containing 

antibiotics. The resulting recombinant S. elongatus cells were treated with 2 mM of theophylline 

and kept incubation for 5 days before collection for pigment analysis. Here, the DMSO vehicle 

(2.5% of final concentration) was added as a control. Meanwhile, the wild type S. elongatus was 

cultivated with or without theophylline under the same conditions. All cells from both 

experimental and control groups were collected, washed with water, and the pigments produced 

were extracted by 2.5–3 mL of methanol. The resulting extracts were analyzed by absorption 

spectroscopy. Moreover, high-performance liquid chromatography was applied to examine 

pigment induction. Pigment extracts were dried with a stream of nitrogen and re-dissolved in 100 
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µL of MeOH before being tested by HPLC. The column used for separation of tolyporphins and 

other pigments in HPLC (Zorbax 5 μm, 80 Å pore size, 150 mm × 4.6 mm) was the same as 

previously published [21]. The pigment extracts were analyzed with two solvents: MeOH (HPLC 

grade, 25°C) and H2O (HPLC grade, 25°C). The composition of MeOH/H2O was increased from 

70/30 (v/v) to 100/0 by a linear gradient over 30 min. The flow rate was 0.5 mL/min. The eluent 

was monitored with diode array detection at 403 nm, 665 nm, and 676 nm (all bandpass = 4 nm). 

2.4.13. Insertion of BGC-T in chromosome of Anabaena sp. PCC 7120 by conjugal transfer 

The filamentous cyanobacterium Anabaena sp. PCC 7120 was an alternative expression 

host for BGC-T since there were no tolyporphins produced by S. elongatus. The BGC-T from the 

well-constructed BGC-T_TARCapture plasmid was designed to be conjugated in the chromosome 

of Anabaena sp. A NSII site from S. elongatus was pre-engineered in Anabaena sp. between 

all1697 gene [22] to facilitate the insertion of BGC-T since the plasmid contained NSII sites. For 

conjugation, Anabaena sp. was pre-cultivated in BG-11 for 5–7 days and mildly homogenized to 

avoid the clumped filaments. The sheered cells were recovered in fresh BG-11 for ~6 hours before 

conjugal transfer.  

Meanwhile, E. coli AM1359 containing the helper plasmid pRL623 and the conjugal 

plasmid pRL443 were incubated in LB containing ampicillin (100 µg/mL) and chloramphenicol 

(12.5 µg/mL) until the OD600 reached 0.6. AM1359 cells were collected, washed four times with 

10 mL of chilled glycerol (10%), and resuspended in 100 µL of 10% glycerol. The resulting 

AM1359 were ready for electroporation with the BGC-T_TARCapture. The settings for 

electroporation were as follows: cuvette gap: 1.0 mm; Voltage: 1800 V; Capacitance: 25 µF; 

Impedance: 200 ohms; Bio-Rad: Gene Pulser II #165-2105. The presence of BGC-T in the 

transformants was confirmed by colony PCR for detection of tolA, tolF, and hemL genes. A 
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positive clone with BGC-T was inoculated into 10 mL of LB containing antibiotics (ampicillin, 

100 µg/mL; chloramphenicol, 12.5 µg/mL; and kanamycin, 50 µg/mL). The resulting cells were 

incubated overnight before pelleting down by centrifugation. The cells were washed twice with 

fresh LB broth to remove any antibiotics, and then resuspended in 200 µL of LB. At the same time, 

the prepared Anabaena sp. was collected and resuspended in 1 mL of fresh BG-11 before usage. 

For one reaction of conjugal transfer, 20 µL of E. coli containing the BGC-T was incubated with 

100 µL of Anabaena sp., and the resulting mixture was plated onto BG-11 agar containing 5% of 

LB without antibiotics. The plates were incubated at 30 °C in the dark for 24 hours for 

chromosomal conjugation on plates. Then, 300 µL of BG-11 containing kanamycin (2.5 mg/mL) 

was added to the bottom of the agar. Here, the final concentration of kanamycin in the selection 

plate was 25 µg/mL. Cells were incubated under relatively weak illumination for ~14 days before 

green colonies appeared.  

The obtained Anabaena sp. colonies were picked and further incubated in BG-11 

containing neomycin (25 µg/mL) to maintain the conjugated BGC-T. To detect the presence of 

BGC-T, PCR reactions were performed for the identification of tolA, tolF, and hemL genes. The 

25 µL of the PCR reactions was set up as follows: 1 µL of a single colony grown in liquid medium 

was mixed in 11.5 µL of PCR water, with the addition of 0.5 µL of each forward and reverse 

primers (10 µM) and 12.5 µL of Taq 2× Master Mix (Apex™). Parameters for the PCR programs 

were set as mentioned above. Positive clones containing BGC-T were further incubated in a large 

batch of BG-11 containing neomycin for 15 days, before extraction of pigments by MeOH for 

absorption and HPLC analysis.  
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2.4.14. Assay of medium influence on the recombinant S. elongatus and Anabaena sp.  

The absence of detection of tolyporphins in the recombinant cyanobacteria may be caused 

by use of suboptimal growth media. Because an increase of tolyporphins production was observed 

from HT-58-2 grown in A3M7 medium, the recombinant cyanobacteria were then cultivated in 

BG-11o with NH4HCO3 for 7–14 days before pigment assays. Here, the nitrogen source was 

changed from NaNO3 to NH4HCO3, while all the other conditions remained the same. Pigments 

were extracted by 2 mL of MeOH and analyzed by absorption and HPLC with the same settings 

mentioned above.  
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CHAPTER 3 

Genome Analysis and Locale Observation of the Most Dominant Community Bacterium 

Porphyrobacter sp. HT-58-2 

3.1. Preamble 

 The content of this chapter results from a team effort and is presented here in its entirety 

for coherence. The work has been published [1]. My contributions to this collaborative work are 

as follows: (1) Fluorescence in situ hybridization of Porphyrobacter attached to filaments (2) 

Analysis of Porphyrobacter pigments, (3) Identification of the putative gene cluster of 

photosynthesis, and (4) Preparation of the original draft and review. 

3.2. Introduction 

Tolyporphins were discovered in an extract from a cyanobacterial culture (HT-58-2) 

isolated at Nan Madol, Pohnpei, Micronesia more than 25 years ago as part of a search for new 

antineoplastic natural products [2]. Tolyporphins are members of the family of tetrapyrroles, 

including heme, cobalamin, chlorophylls, bacteriochlorophylls and F430 [3, 4]. Yet the molecular 

structures of tolyporphins, as illustrated for tolyporphin A in Figure 3-1, differ substantially from 

those of other tetrapyrrole macrocycles, given the presence of two oxo groups, up to two C-

glycosides on the reduced rings and the absence of typical carbon-containing substituents at two 

of the b-pyrrole positions [5–14]. Members of the tolyporphin family (A–M) differ due to the types 

and positions of substituents in the reduced rings. Tolyporphins exhibit spectral properties 

resembling chlorophyll a rather than bacteriochlorophyll a, although both tolyporphins and 

bacteriochlorophyll a contain a bacteriochlorin chromophore [15, 16]. Tolyporphins are perhaps 

the only major new class of tetrapyrrole macrocycles discovered since the nickel-containing F430 

of methanogens was identified in the late 1970s [17, 18]. 
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Tolyporphins contain a bacteriochlorin p-system and are found in the HT-58-2 culture 

containing the cyanobacterium Tolypothrix nodosa, despite the fact that chlorophylls, not 

bacteriochlorophylls, are the provenance of cyanobacteria. Studies have reported that tolyporphins 

are efflux pump inhibitors in tumour cell lines and can be photocytotoxic to eukaryotic cells [5–7, 

13]. However, the normal biological role of tolyporphins remains unknown, and little was 

understood about the HT-58-2 culture previously. 

We recently reported the sequence of the HT-58-2 cyanobacterial genome, wherein a 

putative tolyporphin biosynthetic gene cluster was identified [19]. The HT-58-2 culture proved to 

be non-axenic, comprising the filamentous cyanobacterium with an associated bacterial 

community of predominantly Erythrobacteraceae; in the latter group, 97% of the 16S rRNA 

amplicons aligned with Porphyrobacter spp. [19]. There was a small reduction in the number of 

Porphyrobacter sp. operational taxonomic units (OTUs) during diazotrophic growth in BG-110 

(nitrogen-free medium), where tolyporphins increased by more than 10-fold [16]. 

Bacterial consortia growing with or on filamentous cyanobacteria are a common 

occurrence in diverse environments, if not the norm [20–25]. Abundant bacteria were found 

growing on and around the HT-58-2 cyanobacterial filament sheath when cells cultured in BG-11 

liquid media were viewed following fluorescent staining or by scanning electron microscopy 

(SEM) (Figure 3-1). Attempts to remove community bacteria by documented methods to obtain 

an axenic cyanobacterial culture were unsuccessful [19]. 
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Figure 3-1. Structure of tolyporphin A and the HT-58-2 microbial community. (a) Tolyporphin A 

contains two C-glycosides, two oxo groups, two unsubstituted b-pyrrole positions and a 

bacteriochlorin chromophore. (b) Fluorescence microscopy image (63´ objective; excitation at 

488 nm) of HT-58-2 cyanobacterial filaments (shown in magenta) with attached bacteria (shown 

in green) upon staining with FilmTracer FM 1–43 Green Biofilm Cell Stain. (c) SEM image of 

HT-58-2 bacteria attached or embedded in the filament sheath (15 000´). In both images, cells 

were grown in BG-11 for 14 days following transfer from a 30-day culture. 

 

In this paper, we advance biological study of the HT-58-2 culture by reporting the isolation 

of a Porphyrobacter sp. that is associated with filaments of the cyanobacterium. The strain has 

been characterized with respect to the growth and pigment properties, by phylogenetic studies that 

establish the relationship to other aerobic bacteria in the Erythrobacteraceae group, and through 

the genome sequence. 

3.3. Results 

3.3.1. Isolation of Porphyrobacter sp. HT-58-2 

 Our previous studies showed that the 16S rRNA amplicon sequences (~550 bp of the 16S 

V3–V4 region) of the HT-58-2 microbial community were dominated by one filamentous 

cyanobacterium and Porphyrobacter spp. among other alphaproteobacteria. Further analysis of 
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these data showed that with or without nitrogen (BG-11 or BG-110) a specific Porphyrobacter 

strain predominates (Figure S3-1). Variation in the V3–V4 regions obtained may suggest the 

presence of other Porphyrobacter spp., but the relatively low abundance of these OTUs did not 

resolve sequence errors from distinct species. The one dominant Porphyrobacter sequence 

comprised 97% of the OTUs of this genus. 

To isolate bacteria of the microbial community, a cyanobacterial HT-58-2 culture grown 

in BG-11 liquid medium under illumination was streaked onto BG-11 or modified YT agar plates 

and then individual colonies were streaked onto modified YT agar media, from which 26 isolated 

bacterial strains were obtained. The DNA extracted from the purified strains was amplified by 

PCR using 16S rRNA universal primers; the amplicons were sequenced and the bacteria were 

identified by BLASTN alignment to the GenBank database. All of the identified bacteria (Table 

S3-1) were represented in the Illumina MiSeq 16S amplicon analysis of the HT-58-2 culture [19]. 

Eighteen of the isolated bacteria were identified as different alphaproteobacteria and four were of 

the same genus (Variovorax) of betaproteobacteria. None of these strains was able to grow in BG-

11 medium in the absence of the cyanobacterium. With the exception of strain BG-11.16, the 

isolated bacteria have not been studied further. Bacterial isolate BG-11.16 had a 16S rRNA 

sequence that exactly matched the 16S V3–V4 region of the dominant Porphyrobacter sp. in the 

community analysis. This orange-pigmented isolate was designated as strain Porphyrobacter sp. 

HT-58-2 to recognize the microbial community and cyanobacterium from which it was isolated. 

3.3.2. 16S rRNA phylogeny of Porphyrobacter sp. HT-58-2 

 The Porphyrobacter sp. HT-58-2 16S rRNA sequence was used in multiple sequence 

alignment (CLUSTALW) and phylogenetic tree analysis (‘MrBayes’ in Geneious) with 16S 

sequences from other Porphyrobacter spp. and from other taxonomically related bacteria (order 
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Sphingomonadales; Table S3-2). Within the Porphyrobacter group, Figure 3-2 shows that the 

Porphyrobacter sp. HT-58-2 16S rRNA sequence aligned closest to those sequences from 

Porphyrobacter sp. CACIAM 03H1, DSM 10594 and LM 6, strains isolated from freshwater lakes 

in Brazil [26], Australia [27] and the USA (accession CP017113), respectively. 

 

Figure 3-2. Phylogenetic tree analysis of the 16S rRNA sequence of Porphyrobacter sp. HT-58-

2. All 16S rRNA sequences used were from bp 58 to 1314, starting at 5¢–AGTCGAAC–3¢ and 

ending in 5¢–TGGATTCA–3¢. Roseobacter denitrificans OCh114T was the outgroup. T- indicates 

the Type strain of those taxonomically validated. Accession numbers for sequences analyzed are 

listed in Table S3-2. 
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3.3.3. Morphology and properties of Porphyrobacter sp. HT-58-2 

Like the other Porphyrobacter sp. strains that have been described [26–30], the strain 

isolated from the HT-58-2 culture has orange colony pigmentation, consistent with the presence 

of carotenoids (Figure S3-2). Given the taxonomic alignment, the newly isolated bacterium was 

propagated on the medium used for Porphyrobacter enrichment (PE) [27]. SEM imaging of cells 

from a liquid culture grown in PE with continuous illumination showed that the cells were 

pleomorphic but often rod-shaped (Figure 3-3); dividing cells appeared to be undergoing binary 

fission, while others appeared to be budding. There was often clumping and extracellular strands 

connecting clumps or individual cells. Cells grown axenically were approximately 1´0.5 μm and 

were often extended, with multiple apparent division septa, with some cells appearing to have 

incomplete septa. A film of cells was apparent that adhered to glass culture vessels when the 

isolated Porphyrobacter sp. was grown. A film was also observed for the original non-axenic HT-

58-2 cyanobacterium in liquid culture, indicating that there are bacteria present within the 

community that either individually or as part of a consortium are able to form a biofilm. Upon 

filtration during the preparation of the SEM images, essentially all of the membrane pores of the 

filter were covered, also suggesting the presence of a biofilm matrix produced by Porphyrobacter 

sp. HT-58-2. 

 

Figure 3-3. Scanning electron micrograph of Porphyrobacter sp. HT-58-2. Cells were grown for 

four days in PE medium with continuous illumination then fixed, processed and imaged as 

described in Experimental Procedures. 
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Conditions supporting growth of Porphyrobacter sp. HT-58-2 were evaluated by 

modifying the PE medium on which the strain was purified. In the presence of a growth-supporting 

carbon source, the strain requires casein hydrolysate (casamino acids), yeast extract and the 

vitamin mixture described for PE. Given the presence of these supplements, Porphyrobacter sp. 

HT-58-2 was found to grow with fructose, glucose, glutamate, pyruvate, succinate or xylose.  

Acetate and arginine, despite acetate being a component of the complete PE medium, were 

inhibitory to growth (Figure S3-3). Growth curves of the strain in the PE-complemented media are 

shown in Figure S3-4. Under the conditions evaluated, Porphyrobacter sp. HT-58-2 appeared 

unable to fix carbon. The BioLogTM Phenotype MicroArray system for evaluating bacterial 

metabolic capacity was used to survey an additional range of substrates under both light and dark 

conditions. Only a few of the substrates on the PM1 plate were oxidized by Porphyrobacter sp. 

HT-58-2, with limited reactivity after two days of incubation at 28 °C. After 72 h in the light, 

positive reactivity was observed for the oxidation of D,L-malate; in the dark, the carbon sources 

oxidized were maltose, maltotriose, a-methyl-D-galactoside, sucrose, D,L-malate, acetate, and 

pyruvate. After 192 h of incubation in the light, reactivity increased to show oxidation of 

glyoxylate, m-hydroxyphenyl acetate and D-galactonate-g-lactone; and in the dark, L-glutamine 

was oxidized at the longer incubation period. 

The presence of BChl a was evaluated by acetone/methanol extraction of cells grown in 

various media in the light and the dark. Under all conditions evaluated, the absorption spectrum of 

BChl a (or chlorophylls) was not observed (Figure S3-5). Lipophilic extracts of cells analyzed by 

matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF-MS), 

electrospray ionization mass spectrometry (ESI-MS) and infrared matrix-assisted laser desorption 

electrospray ionization-Fourier transform mass spectrometry (IR-MALDESI-FTMS) by 
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established methods [31] also failed to reveal the presence of BChl a in this strain. Absorption in 

the 400–550 nm range was pronounced, as suggested by the orange-red pigmentation of the 

colonies, consistent with the presence of carotenoids. In some cases, other pigments also were 

present, including a spectrum that matched that of protoporphyrin IX (the free base ligand of heme) 

in the near-ultraviolet and across the visible region (Figure S3-5).   

Assays of antibiotic sensitivity by evaluation of the minimum inhibitory concentration 

(MIC) showed that the strain is sensitive to most antibiotics tested, with the exception of 

chlorotetracycline and spectinomycin (Table S3-3). Motility assays of Porphyrobacter sp. HT-58-

2 using PE containing 0.5% agar indicated that the strain is non-motile in the light and in the dark. 

3.3.4. Genome sequence and annotated properties of Porphyrobacter sp. HT-58-2 

The dominant Porphyrobacter sp. genome sequence was obtained from Pacific 

Biosciences SMRT II data as previously described for the cyanobacterium HT-58-2 using DNA 

isolation method 2 [19]. There were 80,332 corrected reads obtained that were bimodal in G+C 

content, with 49,307 reads assembling into the 43% G+C cyanobacterial genome and 30,709 reads 

assembling into a 64% G+C genome identified as from a Porphyrobacter sp. (Table S3-4). Only 

286 of the corrected reads were unused. PCR amplification of template extracted from either the 

HT-58-2 cyanobacterium–microbial community or from the isolated Porphyrobacter sp. HT-58-2 

facilitated joining three initial contigs and closing the circular assembly. Primer pairs, based on 

the assembled Porphyrobacter sp. HT-58-2 genome, amplified regions of the same length and 

sequence when DNA extracted from the isolated Porphyrobacter sp. HT-58-2 was used as the 

template, confirming the same identity of the two genomes. The genome is a single, circular 

dsDNA of 3,279,145 bp with genes distributed on both forward and reverse strands (Figure 3-4). 

There is no identifiable dnaB or dnaA box at the skew inflection point to indicate a possible origin 
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of DNA replication.  The G+C content drops somewhat (61.9%) starting at position 1,922,104 

where the program Phaster [32] predicted a partial prophage sequence. 

 

Figure 3-4. Map of the Porphyrobacter sp. HT-58-2 chromosome. Genes are distributed 

throughout both strands of the 3,279,145 bp genome (first and second color-coded rings).  There 

are 44 tRNAs on both strands (third and fourth rings), whereas the one rRNA operon is on the 

reverse strand (fifth ring). The G+C content shows some variation throughout (dark red sixth ring), 

with an incomplete prophage indicated by a drop in GC content (61.9%) in the 1,922,184 to 

1,933,778 region.  GC skew is evident (orange ring) with inflection points near the 500 kbp and 

2400 kbp regions. Base coordinates are listed on the inner circle. The genome is oriented with the 

dnaA start codon on the positive, clockwise strand 100 bp from position 1. CDS functions were 

assigned according to the NCBI COG database 

(ftp://ftp.ncbi.nih.gov/pub/COG/COG2014/static/lists/listCOGs.html) and are color-coded as per 

the legend. GenBank accession no. is CP022600. 
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Genome annotation afforded the following results: 

(1) RAST auto-annotation [32] predicted 3,061 protein-coding sequences (CDS). Diverse 

functions were identified, although proteins of unknown function (36.1%) were the largest 

category. Highly represented functional categories were amino acid biosynthesis and derivatives 

(286); carbohydrate metabolism (274); protein metabolism (194); cofactors, vitamins, prosthetic 

groups and pigment biosynthesis (172); fatty acids, lipids and isoprenoids biosynthesis (126); RNA 

metabolism (123); membrane transporters (105); stress responders (97); and respiration proteins 

(94). In addition to the NCBI assigned functions shown in Figure 3-4, the RAST-derived CDS 

metabolic profile of Porphyrobacter sp. HT-58-2 is summarized in Figure S3-6. 

(2) The Porphyrobacter sp. HT-58-2 genome was examined for tetrapyrrole genes that 

might contribute to tolyporphin biosynthesis and other tetrapyrroles. Genes (hem, etc.) encoding 

enzymes for the core of the pathway leading to heme were identified, as were bch genes encoding 

the complete pathway to BChl a (Tables S3-5; S3-6). Two different genes encode aminolevulinate 

synthase (alaS or hemA), predicting that the tetrapyrrole macrocycles derive from glycine in this 

bacterium (the C4 pathway; the associated HT-58-2 cyanobacterium lacks this enzyme, deriving 

the tetrapyrrole from glutamate via GltX and the C5 pathway [19]. There appear to be two 

variations of the coproporphyrinogen III dehydrogenase/oxidase encoded by hemN/cgdH genes, 

one of which is a predicted radical SAM enzyme [33]. For cobalamin (vitamin B12), although genes 

cobA, S and T are present, most other cob and cbi genes are absent (Table S3-7).  

(3) The genome annotation indicates enzymes for biosynthesis of carotenoids, specifically 

1¢-hydroxy-g-carotene glucoside ester, (3R,2¢S)-myxol 2¢-(2,4-di-O-methyl-a-L-fucoside), 

(3R,2¢S)-4-ketomyxol 2¢-a-L-fucoside and astaxanthin diester (Table S3-8).  Several genes coding 
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for light-harvesting complexes and their assembly were identified (Table S3-9). Genes for 

biosynthesis of respiratory quinones also were also recognized (Table S3-10). 

(4) Although most of the flg, flh and fli genes for flagellum biosynthesis were predicted in 

the genome, genes encoding some structural components (motY, motX, fliH and fliM) and proteins 

for flagella export and regulation (fliK, fliJ, filS, flgA, fliA, flhC and flhD) were not identified, 

potentially accounting for the lack of observed motility. 

3.3.5. Genome comparisons among Porphyrobacter strains 

Among the Porphyrobacter spp. described to date, strain CACIAM 03H1 [26], DSM 9434 

[34], LM 6 and now HT-58-2, have genome sequences available and are closelY aligned in the 

phylogenetic tree (Figure 3-2). The genome size range is relatively narrow, from 2.98 Mbp (strain 

LM 6) to 3.53 Mbp (strain CACIAM 03H1), with the Porphyrobacter HT-58-2 genome 

intermediate thereto (3.23 Mbp). Comparison using the progressiveMauve alignment tool [32] 

revealed collinear gene blocks across the four respective genomes, with a few blocks being 

inverted (Figure S3-10). The FASTA files of the complete genome sequences were also 

concatenated and viewed in a dot plot (Figure S3-11) [35], which also shows the inverted and 

unique regions of the genomes. These and smaller variations may account for strain adaptation to 

the different environments from which they were isolated and assist with taxonomic descriptions 

of the strains. 

3.3.6. Fluorescence in situ hybridization of Porphyrobacter attached to filaments 

To evaluate the association of Porphyrobacter sp. HT-58-2 with the cyanobacterium, a 

fluorescein-labelled DNA probe for FISH (Table S3-11) was targeted to the 16S rRNA of the 

Porphyrobacter sp. HT-58-2. The probe was incubated with an HT-58-2 cyanobacterium–

microbial sample that was pre-washed with 10% DMSO to remove substantial quantities of 
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community bacteria [19]. Figure 3-5 shows the fluorescein fluorescence attributed to the 

association of Porphyrobacter sp. HT-58-2 with the cyanobacterium (control images are shown in 

Figure S3-12). Other images showed fluorescent Porphyrobacter cells at various locations on the 

filaments; however, a preponderance of cells hybridizing to the specific probe were located at what 

appeared to be cell septa, at the apex of filaments and likely under the sheath. These observations 

provide additional confirmation of the intimate association of Porphyrobacter sp. cells with the 

HT-58-2 cyanobacterial filaments. 

 

Figure 3-5. FISH of the HT-58-2 cyanobacterium–microbial culture. The culture was grown in 

BG-11, incubated and washed in DMSO and then hybridized with Porphyrobacter sp. HT-58-2-

specific probe (PorV4) labelled with fluorescein. The sample was laser-excited at 488 nm. 

Emission of the probe at 499–535nm is shown in green (a), whereas filament autofluorescence at 

671–740nm is shown in magenta (b). The sample was observed without laser excitation under light 

microscopy (c). (d) is a combination of (a), (b) and (c), wherein arrows point to the apparent 

filament sheath. One filament in (d) was partially magnified and is shown in (e). Control images 

using PorV4, NegCon and Uni522R probes to Porphyrobacter sp. HT-58-2 and other cells are 

shown in Figure S3-12. 
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3.4. Discussion 

The discovery of a new class of tetrapyrroles some 25 years ago was surprising, not only 

because of the vast study to date concerning the “pigments of life” but also because the structures 

of tolyporphins were so unusual. The striking features of the structures include the nature of the 

substituents (e.g., presence of C-glycosides and conjugated oxo groups), the lack of substituents 

at two of the pyrrole positions, and the presence of a bacteriochlorin chromophore. More broadly, 

the presence of a family of tolyporphins that vary in the nature of the peripheral substituents 

including nature and extent of C-glycosylation suggested a role as secondary metabolites rather 

than as singular products of core metabolism, as is the norm in tetrapyrrole biochemistry. 

Following initial discovery [2] and studies concerning the structure and composition of 

tolyporphins [5, 7, 9, 12] including chemical synthesis [10, 11], research in the area largely became 

quiescent. A host of scientific issues concerning tolyporphins have remained unaddressed 

including the biosynthetic pathway, in vivo function(s), evolutionary origin, and possible global 

distribution beyond the culture isolated at Nan Madol.  

We obtained the HT-58-2 culture in late 2015 and began studies to address the 

aforementioned issues. Our efforts have yielded the following results: (i) the single filamentous 

cyanobacterium in the culture more aligns with the genus Brasilonema rather than with 

Tolypothrix; (ii) a biosynthetic gene cluster encoding tetrapyrrole and possible other enzymes 

suggestive of involvement in tolyporphin biosynthesis is present in the HT-58-2 cyanobacterial 

genome; (iii) nitrogen deprivation leads to a 10-fold increase in the cellular level of tolyporphins; 

(iv) a community of bacteria, dominated by Erythrobacteriaceae, is associated with the 

cyanobacterium; (v) tolyporphin A is photoactive across a wide variety of solvent polarity; and 

(vi) tolyporphins can be assessed quantitatively and qualitatively with a variety of analytical 
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procedures [15, 16, 19], including by direct mass spectrometric imaging of cells [31]. In the 

following sections, we place the results in context concerning the isolation, characterization and 

genome sequence of a dominant Porphyrobacter sp. (designated as strain HT-58-2) that is 

affiliated with the HT-58-2 cyanobacterium.  

3.4.1. Bacterial epibionts of the HT-58-2 cyanobacterium 

 The phenomenon of bacteria growing on and in close association with filamentous 

cyanobacteria has been reported previously [21, 24, 45, 46], and indeed at least one report concerns 

the isolation and sequencing of an associated Porphyrobacter sp. [26]. Microbial associations with 

filamentous cyanobacteria are not surprising, given the Cand N-fixing capabilities of 

cyanobacteria, and their sizable genomes endow a large biosynthetic capacity for vitamins, 

metabolites and various nutrients, potentially benefiting bacteria in the consortium. In the HT-58-

2 culture, the associated bacteria are predominantly of the alphaproteobacterial group, which is 

evident from the community 16S rRNA amplicon analysis and the identity of bacteria isolated into 

axenic culture (Table S3-1). Several of the bacterial genera identified here have been previously 

characterized as photoheterotrophs, a metabolic characterization that is commensurate with the 

environment from which the HT-58-2 culture was isolated. A preponderance of the community 

16S rRNA amplicons aligned with Porphyrobacter sp. 16S sequences in GenBank; one bacterium 

from the culture, Porphyrobacter sp. HT-58-2, had a 16S rRNA sequence that matched the 

dominant 16S rRNA amplicon from the community exactly. 

3.4.2. Porphyrobacter sp. HT-58-2 

Porphyrobacter sp. HT-58-2 does not grow independently without supplements of casein 

hydrolysate (casamino acids), yeast extract, vitamins and a carbon source, including lack of growth 

alone (without the cyanobacterium HT-58-2) in BG-11 and BG-110. The organism is clearly a 
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heterotroph, preferring D-glucose or L-glutamate as a C source. The strain has several genes for 

light-harvesting proteins, carotenoids, and all of the BChl a pathway enzymes; is orange 

pigmented, which is consistent with the production of carotenoids; and yet lacks detectable 

bacteriochlorophylls when grown under continuous light or continuous dark. BChl a production is 

a common feature of most other Porphyrobacter species [26–29]. Therefore, the strain only grows 

heterotrophically under the conditions tested and has not yet been shown to produce BChl a. 

Taxonomically related Erythrobacter strains are also orange-/yellow-pigmented anoxygenic 

aerobic phototrophs (AAP) [38, 39]. Within this collection of strains grouped by 16S rRNA 

phylogeny, the strain Erythrobacter citreus was also shown to lack the BChl a present in other 

closely related AAP strains [40]. Further study of the growth conditions (light cycle, temperature, 

nutrients, etc.) that regulate the production of BChl a and the other pigments identified in this 

initial study of Porphyrobacter sp. HT-58-2 is needed. 

3.4.3. Porphyrobacter sp. HT-58-2 genome 

The complexity of the HT-58-2 cyanobacterium–microbial culture presented challenges 

concerning DNA isolation, sequencing and genome assembly, particularly during the initial focus 

on the presumed tolyporphin-producing cyanobacterium [16, 19]. Incubation and successive 

washing of the cyanobacterial filaments with 10–20% DMSO, followed by lysozyme treatment, 

reduced the bacterial community, yielding extracted DNA of reduced complexity, a procedure that 

could be of broader interest and application in related studies. Following this and the PacBio 

SMRT cell long read procedure, a second major population of DNA sequences of higher (64%) 

G+C content was identified and assembled into the closed 3.23 Mbp genome of Porphyrobacter 

sp. HT-58-2. The one 16S rRNA gene in this genome completely matched the dominant 16S rRNA 

sequence in the community, thus providing three identical sequences (community amplicon, 
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genomic and isolated bacterium) confirming the isolated bacterium and the assembled genome are 

of the same origin. Of the 80,332 PacBio reads used in the assembly of the genomes, 61% 

assembled into the HT-58-2 cyanobacterium, 38% into the Porphyrobacter sp. HT-58-2 genome, 

and less than one percent went unused. Therefore, DMSO and lysozyme treatment of the culture 

effectively removed the source of DNA (i.e., all other bacteria in the community), demonstrating 

that Porphyrobacter sp. HT-58-2 was the only intact bacterium in the community that remained, 

other than the cyanobacterium. 

All of the genes encoding enzymes from glycine to protoheme are scattered in the genome 

of Porphyrobacter (shown in Figure S3-8); the genes are alaS, hemB, hemC, hemD, hemE, hemF, 

hemN, hemJ, hemH and cysG. Note that the absorption spectrum in Figure S3-6 is consistent with 

that of PPIX although two genes, hemH and bchH, that encode enzymes using PPIX as a substrate 

are present. A photosynthetic gene cluster (Figures S3-8 and S3-9) in the region 3 048 515 to 3 

094 024 was observed, the total length of which is 45 510 bp. The cluster consists of bchIDO–

crtCD–bchCXYZ–pufBALM–tspO–bchP–pucC–bchG–ppsR–bchFNBHLM–pucC–pufH–acsF–

alaS, which includes all but the bchE and bchJ genes pertaining to the biosynthesis of BChl a. 

The Porphyrobacter sp. HT-58-2 genome is of similar size and genome organization as 

three other Porphyrobacter genomes in GenBank; along with the close alignment in the 

phylogenetic tree of 16S rRNA sequences the data confirm that the isolated, sequenced strain 

belongs to the Porphyrobacter genus. The HT-58-2 strain 16S rRNA aligns closest to the P. 

tepidarius DSM 10594 sequence (99% identical over 1312 bases), which, since the latter is an 

approved Type strain [27], may warrant taxonomic description of Porphyrobacter sp. HT-58-2 as 

a new isolate of P. tepidarius. The HT-58-2 designation associates this Porphyrobacter strain with 

the HT-58-2 cyanobacterium [19] and the NCBI BioProject PRJNA369278. 
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Paralleling the strain characterization reported here, the genome for Porphyrobacter sp. 

strain CACIAM 03H1 was recently reported and described as a phototroph isolated from the 

nonaxenic cyanobacterium Microcyctis aeruginosa [26], providing another specific example of a 

Porphyrobacter–cyanobacterium association. It will be interesting to evaluate these emerging 

Porphyrobacter–cyanobacterium isolates for co-evolutionary histories in the respective genomes, 

and identify distinguishing features relevant to their respective native environments. 

3.4.4. Association of the Porphyrobacter sp. with the HT-58-2 cyanobacterium 

FISH analysis with the Porphyrobacter sp. HT-58-2 specific probe showed fluorescence 

associated with the cyanobacterial filaments, often aligned with cell septa therein. Although there 

were limits to the resolution, the fluorescent cell morphology revealed localization on or under the 

filament sheath (Figure 3-6). This result was also supported by persistence of the Porphyrobacter 

probe signal following DMSO-lysozyme treatment of the HT-58-2 cyanobacterial culture. The 

filamentous cyanobacterial physical (light-rich, aerobic) and nutrient-rich (exopolysaccharides, 

vitamins, amino acids) environments provide considerable growth opportunities for heterotrophs 

such as Porphyrobacter spp. FISH imaging, together with the yield of sequencing reads in the 

genome analysis, implicates Porphyrobacter sp. HT-58-2 as a possible symbiont of the HT-58-2 

cyanobacterium. The two bacteria may grow in metabolic syntrophy for exchange of nutrients [25, 

41, 42]. Indeed, a prior study showed that brief treatment of the HT-58-2 consortium culture with 

chloramphenicol [19], to which Porphyrobacter sp. HT-58-2 is highly sensitive as reported herein, 

leads to chlorosis and death of the cyanobacterium. Although Porphyrobacter HT-58-2 was shown 

to be intimately associated with the cyanobacterial filaments, further study is required to evaluate 

the microbial consortium, especially as it relates to the role of nutrient exchange and tolyporphins. 
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Microbial communities are dynamic in structure where, in addition to environmental 

factors, a variety of signaling molecules or effectors affect the bacterial population and other 

organisms involved [37, 43, 44]. For the HT-58-2 community, nitrogen limitation causes a 10–20-

fold increase in the production of tolyporphins [16]. In summary, the data reported here present 

the isolation, characterization and cyanobacterial surface localization of a Porphyrobacter sp.  

Further study of the HT-58-2 cyanobacterium-microbial community is currently well positioned. 

3.5. Experimental section 

3.5.1. Growth media and conditions 

The non-axenic HT-58-2 culture was grown in liquid or on agar plate media of BG-11 or 

BG-11o [19]. For isolating bacteria associated with the cyanobacterium, the HT-58-2 culture 

grown in BG-11 was plated on modified (lacking NaCl) YT agar (pH 7) containing (L-1) 16 g 

Bacto tryptone, 10 g Bacto yeast extract and 10 g agar. Porphyrobacter was routinely cultured on 

PE media [27] Minimal PE medium (mPE) was PE without acetate, glutamate or succinate; mPE 

plus single-carbon source was mPE + sodium glutamate (0.2 g L-1), sodium succinate (0.2 g L-1) 

or sodium acetate (0.2 g L-1). Unless specified otherwise, all cultures were grown with orbital 

shaking (220 rpm) at 28 °C under continuous illumination (62 μmol m-2s-1) or in the dark. 

3.5.2. Isolation of bacteria from the HT-58-2 community 

Colonies growing on BG-11 agar alongside HT-58-2Cyano were picked and purified on 

modified YT.  Isolates were incubated at 30 °C for 5–7 days. PCR was either carried out using 

colonies or using DNA isolated from broth cultures via phenol-chloroform extraction [26] and a 

modified ethanol precipitation method [19, 45]. The 16S PCR was done using universal primers 

F27 and R1492 followed by commercial Sanger sequencing to identify unique colonies from 16S 

BlastN alignments. Assessment of isolated bacteria to grow on BG-11 agar and in BG-11 broth 
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was carried out. Isolated bacteria were stored at –80 °C in 20% glycerol YT (lacking salt) broth. 

Recovery of these bacteria from frozen stocks was done on PE agar plate medium. 

3.5.3. Scanning electron microscopy 

Porphyrobacter sp. HT-58-2 was cultured in PE liquid media for five days at 28 °C, 

centrifuged, and the resulting pellet was suspended in 3% glutaraldehyde in sodium phosphate 

buffer (0.1 M, pH 7.0) for fixation overnight. Cells were filtered, washed, dehydrated and coated 

as described previously [19]. 

3.5.4. Porphyrobacter sp. HT-58-2 growth properties  

Single-carbon source utilization was assessed using minimal PE (mPE) media. Carbon 

sources (L-arginine, D-fructose, xylose, pyruvate, glutamate, succinate, acetate, glucose, citrate) 

were added at 2 g L-1. The different media were inoculated with 10 µL of a culture grown in PE 

(OD600 of 0.28).  Growth yield was assessed daily over 4 days by determining changes in OD600 in 

triplicate 2 mL of media in 15 mL capped tubes incubated with continuous light. Growth curves 

were generated using triplicate 2 mL cultures inoculated with 10 µL of culture in PE at OD600 0.75 

into mPE, mPE with 2 g L-1 of each carbon source (sodium succinate, sodium glutamate or glucose) 

and PE+succinate+glutamate+glucose (0.5 g L-1 each). The OD600 was measured every hour. The 

oxidation of other carbon sources was assayed by the phenotype array system of Biolog, Inc. 

(Supplementary Material, available in the online version of this article). 

Antibiotic sensitivity was assessed using the method of MIC with the antibiotics at stock 

concentration listed in Table S3-3. Antibiotics were prepared and doubly diluted in PE media and 

mPE+glucose-glutamate-succinate in a 96-well microtiter plate in a final volume of 100 µL. 

Porphyrobacter was grown to an OD600 of 0.5 and diluted to 0.06 before a 1:100 dilution in PE 

medium. 100 μL of the final dilution of Porphyrobacter sp. HT-58-2 was added to each well. 
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Plates were incubated statically at 30 °C in the dark for 3 days before replica plating onto non-

selective PE media. Plates were incubated at 28 °C in continuous light for 5 days. The MIC was 

determined at the lowest concentration that showed no growth on the PE plates. 

3.5.5. Analysis of Porphyrobacter pigments 

Porphyrobacter sp. HT-58-2 was grown to the exponential phase in PE, mPE-D-glucose and mPE-

succinate broth aerobically in the dark or with light, and then pigments were extracted and analyzed 

by scanning absorption spectrophotometry (see Supplementary Material). 

3.5.6. Genome sequencing, assembly and annotation 

DNA was prepared from a 100 mL 30-day culture of the HT-58-2 cyanobacterium–

microbial community culture grown in BG-11 as previously described (Method 2; [19]). DNA 

extracted from the DMSO-lysozyme treated HT-58-2 culture was sized (20 kbp) and libraries were 

prepared in the NCSU Genomic Sciences Laboratory followed by PacBio SMRT cell sequencing 

by RTL Genomics (Lubbock, TX). Reads (490,426; 9,180 average length; N50 of 16,358; 

4,502,006,607 bp total) were processed for quality to control to 80,332 reads of 6,511 average 

length, N50 of 7,517 and yielding a total of 523,002,363 bp for assembly [19]. Assembly with the 

CLC Genomics Workbench PacBio de novo assembly pipeline (Qiagen) yielded a total of 10 

contigs of which three were identified as Porphyrobacter sp. These were processed and extended 

using the CLC Genome Finishing Module: Extend Contigs tool (Qiagen). The resulting contigs 

were assessed for inverted repeats using dot plots of alignment against self. If repeats were 

observed, the contig was assessed for assembly errors.  Contigs with shared end homology were 

connected using the Geneious version 8.1.8 [46] de novo assembly tool. Correct joining of contigs 

was confirmed by PCR from the original genomic DNA extraction and from DNA extractions 

from Porphyrobacter sp. HT-58-2 carried out using the phenol-chloroform and modified ethanol 
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precipitation method. All PCR products were sequenced using commercial Sanger sequencing. 

Contigs 4 and 5 were joined and generated a 1139 bp PCR product. Contigs 5 and 2 were joined 

and generated a 1471 bp PCR product. The chromosome was confirmed to be circular by 

generation of an 861 bp PCR product. All of the primers used for PCR are listed in the 

Supplementary Material. 

Preliminary annotation was carried out using the RAST prokaryotic pipeline with 

frameshift analysis [33] and annotation for GenBank was done using the NCBI prokaryotic 

annotation pipeline (https://www.ncbi.nlm.nih.gov/genome/annotation_prok/). This NCBI 

annotated genome sequence has accession no. CP022600. Comparative analysis with other 

sequenced Porphyrobacter genomes (accessions CP016033, CP021378 and CP017113) was 

carried out using progressiveMauve [32] Phaster (http://phaster.ca/) was used to identify 

prophages in the Porphyrobacter genome [47]. 

3.5.7. Fluorescence in situ hybridization (FISH) 

Porphyrobacter sp. HT-58-2 and the HT-58-2 cyanobacterium-microbial cultures were 

grown in PE broth or in liquid BG-11 or BG-110 medium, respectively, for 15 days. HT-58-2 

cyanobacterial samples were then grown in BG-110 or BG-11 with 2% DMSO for 20 days. After 

harvesting by centrifugation at 13 000 g for 5 min, the samples were washed twice (10% DMSO) 

and centrifuged (13 000 g for 2 min) with a 10 min interval between washings, affording pelleted 

cells or filaments for cell fixation, as illustrated in the Supplementary Material. E. coli K-12 cells 

were grown in LB broth. The identity of Porphyrobacter HT-58-2 and E. coli was confirmed by 

16S rRNA PCR using the universal primers F27 and R1492 and commercial Sanger sequencing 

of the resulting PCR amplicons. 
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Whole-cell hybridization. The specific probe PorV4, the universal probe Uni522R and 

NegCon [48] were designed following the procedure described in the Supplementary Material. In-

tube hybridization was implemented according to the Cold Spring Harbor Protocol for FISH [49], 

with minor modifications. Fixed samples were heated at 37 °C for 20 min in 25 μl hybridization 

buffer (pH 7.4, 0.9M NaCl, 20mM Tris-HCl, 0.01% sodium dodecyl sulfate) containing a variable 

concentration of formamide (Uni522R, 20 %; PorV4, 20 %; NegCon, 0 %) [50]. Then 25 μl of a 

stock solution of each probe (100 ng µl-1 in PCR grade water) was added into tubes that were 

completely covered with aluminum foil. The final concentration of probes in the hybridization 

buffer was 50 ng µl-1. The cells were then incubated in the dark at 37 °C for 2 h. After the tubes 

had been centrifuged at 3000 rpm. for 1 min, the supernatant was discarded. The cells were then 

incubated in 50 µl of pre-warmed washing buffer (pH 7.4, 20mM Tris-HCl and 0.01% sodium 

dodecyl sulfate) containing a variable concentration of NaCl, depending on the probe (Uni522R 

and PorV4, 0.215 M; NegCon, 0 M) [51], at 40 °C for 15 min in the dark and then centrifuged and 

washed twice with PBS at 10 000 g for 1 min. The washed cell pellet was suspended in 20 μl PBS 

for observation with a Zeiss LSM 880 microscope with Airyscan. 

3.6. Supplementary material 

3.6.1. HT-58-2 microbial community 

16S rRNA amplicons (V3–V4 regions) from 30-day HT-58-2 cultures in BG-11 (A) and 

BG-110 (B) were analyzed by MiSeq, and OTUs were identified. The results of the composition 

of HT-58-2 culture are shown in Figure S3-1. The Erythrobacteraceae (Porphyrobacter sp.) were 

predominant in the community. 
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Figure S3-1. Composition of dominant bacterial groups in the HT-58-2 culture.  

 

Strains were identified on the basis of 16S rRNA sequence analysis using BlastN. Strains 

labeled as BG-11 were initially isolated from BG-11 agar plates growing with the cyanobacterium; 

those labeled YT were from YT plates. The results are shown in Table S3-1. Genera with the same 

species are listed separately if there are 3 or more nucleotide differences in the 1,000 bp 16S rRNA 

sequence obtained. All isolated Aminobacter, Methylobacter and Mesohizbium are different strains 

by 16S analysis. All Sphingopyxis strains have less than 3 bases different in the 16S regions 

sequenced and are considered the same strain. 

Table S3-1. Bacteria isolated from the HT-58-2 culture. 

Isolate Genus Class 

BG-11.1 Mesorhizobium sp. Alphaproteobacteria 

BG-11.2 Sphingopyxis sp. Alphaproteobacteria 

BG-11.3 Sphingopyxis sp. Alphaproteobacteria 
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Table S3-1 (continued). Bacteria isolated from the HT-58-2 culture. 

BG-11.4 Variovorax sp.b Betaproteobacteria 

BG-11.5 Pseudoxanthomonas sp. Gammaproteobacteria 

BG-11.6 Bosea sp. Alphaproteobacteria 

BG-11.7 Unknown Unknown 

BG-11.8 Variovorax sp. Betaproteobacteria 

BG-11.9 Bosea sp.a Alphaproteobacteria 

BG-11.10 Variovorax sp. Betaproteobacteria 

BG-11.11 Variovorax sp. Betaproteobacteria 

BG-11.12 Unknown Alphaproteobacteria 

BG-11.13 Sphingomonas sp. Alphaproteobacteria 

BG-11.14 Bosea sp.a Alphaproteobacteria 

BG-11.15 Sphingopyxis sp. Alphaproteobacteria 

BG-11.16 Porphyrobacter sp. HT-58-2 Alphaproteobacteria 

BG-11.17 Sphingopyxis sp. Alphaproteobacteria 

BG-11.18 Bosea sp. Alphaproteobacteria 

BG-11.19 Bosea sp. Alphaproteobacteria 

YT.1 Methylobacterium sp. Alphaproteobacteria 

YT.2 Methylobacterium sp. Alphaproteobacteria 

YT.3 Aminobacter sp. Alphaproteobacteria 

YT.4 Aminobacter sp. Alphaproteobacteria 

YT.5 Mesorhizobium sp. Alphaproteobacteria 

YT.6 Mesorhizobium sp. Alphaproteobacteria 

YT.7 Variovorax sp.b Betaproteobacteria 

aBosea spp. with the same 16S sequence.  bVariovorax spp. with the same sequence. 

 

 During the initial isolation, strain BG-11.16 (hereafter termed Porphyrobacter sp. HT-58-

2) was streaked onto PE agar, and incubated for six days in the light at 28 °C. The plate was 
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photographed (Figure S3-2). The cells appeared as light orange-pigmented colonies along with 

slightly darker-pigmented colonies.  

 

Figure S3-2. Colony pigmentation of Porphyrobacter sp. HT-58-2. A close-up image (right) is 

shown of colonies on the plate (left). We thank Mr. Nicholas Faulkner for photography. 

 

3.6.2. Porphyrobacter sp. HT-58-2 phylogeny, growth properties, and pigments 

In the community analysis, Porphyrobacter sp. HT-58-2 matched the abundant 16S 

amplicon sequence, and was studied further. Herein the 16S rRNA sequence of Porphyrobacter 

sp. HT-58-2 was used for phylogenic analysis (Table S3-2). 

Table S3-2. The16S rRNA sequences used in the phylogenetic tree with Porphyrobacter sp. HT-

58-2.a 

Bacterium Accession number Isolated from 

Erythrobacter litoralis DSM 

8509, ATCC 700002T 

NR_112040 Marine cyanobacterial mat; Texel, 

Netherlands 

Erythrobacter litoralis HMF8222 KY047411 Saltern; South Korea 

Erythrobacter longus OCh101 

ATCC 33941T 

NR_118724 Seaweed Enteromorpha linza; Japan 

aSequences were obtained from GenBank. The superscript T indicates a Type strain. 
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Table S3-2 (continued). The16S rRNA sequences used in the phylogenetic tree with 

Porphyrobacter sp. HT-58-2.a 

Erythromicrobium ramosum DSM 

8510, ATCC 700003T 

NR_112041 Alkaline spring cyanobacterial mat; 

Russia 

Porphyrobacter mercurialis 

Coronado DSM 29971T 

KP122961 Stadium seat; Coronado, California, 

USA 

Porphyrobacter neustonensis 

DSM 9434T 

CP016033 Eutrophic pond; Queensland, 

Australia 

Porphyrobacter sp. CACIAM 

03H1 

CP021378 Lake water; cyanobacterium 

Microcystis aeruginosa; Tucurui, 

Brazil 

Porphyrobacter sanguineus 

ATCC 25661 

AB062106 Marine biphenyl enrichment; Japan 

Porphyrobacter tepidarius DSM 

10594T 

AF465839 Shidzuoka Prefecture, Usami, Japan 

Porphyrobacter sp. LM 6 CP017113 Littoral zone; Lake Michigan, USA 

Porphyrobacter sp. HT-58-2 CP022600 Soil cyanobacterium; Nan Madol, 

Pohnpei, Micronesia 

Roseobacter denitrificans OCh 

114T 

CP000362 Marine 

Sphingomonas ATCC 33790T X87161 Pentachlorophenol-contaminated 

soil 

Sphingomonas azotifigens NBRC 

15497 

AB217471 Oryza sativa roots; Japan 

Sphingomonas paucimobilis 

NBRC 13935T 

NZ_BBJS01000072 Hospital respirator; London, 

England 

Zymomonas mobilis ATCC 10988 AF281031 Maguey (agave) pulque; Mexico 

Zymomonas mobilis ATCC 29191 AF281034 Fermenting Elaeis palm sap 

Zymomonas mobilis ATCC 

29192T 

AF281032 Sick cider; Bristol, England 
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Porphyrobacter sp. HT-58-2 was subjected to PE medium lacking carbon sources and then 

complemented with specific organic compounds to assess growth properties. PE medium lacking 

carbon sources was used as the minimal PE medium (mPE).  Carbon sources were added to the 

minimal media at 2 g L-1. The results are shown in Figure S3-3 and S3-4. The highest growth rate 

was achieved with mPE+succinate+glutamate+glucose, and the lowest rate was obtained with 

pyruvate. Lack of significant growth on mPE suggests that Porphyrobacter sp. HT-58-2 is not able 

to fix carbon under the conditions examined. Oxidation of carbon sources was also assayed by the 

commercially available phenotype array system of Biolog, Inc. (Figure S3-5). 

 

Figure S3-3. Assessment of single-carbon sources supporting growth of Porphyrobacter sp. HT-

58-2. Triplicate 2-mL-culture volumes were inoculated with 10 µL of a culture of Porphyrobacter 

sp. HT-58-2 having OD 600 of approximately 0.28. During incubation at 28 °C with 24 h 

illumination, the change in the OD 600 for each time period was determined relative to the T0 OD. 

Error bars represent standard deviation of the mean change in OD. 
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Figure S3-4. Growth curves of Porphyrobacter sp. HT-58-2 on different carbon sources. 

Triplicate 2-mL culture volumes were inoculated with 10 µL of a Porphyrobacter sp. HT-58-2 

culture (grown in PE media at 28 °C) having an OD600 of 0.78. During incubation at 28 °C with 

24 h illumination and shaking, change in OD600 for each time period was determined relative to 

the T0 OD. Error bars represent standard deviation of the mean change in OD.  
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Figure S3-5. Oxidation of carbon sources using the BioLogTM Phenotype MicroArray system. 

Colonies of Porphyrobacter sp. HT-58-2 grown on PE agar were suspended in IF-0a medium to 

an OD of 0.38. The cell suspension was diluted 1:6 in IF-0a plus 1x Dye H and then the 96-well 

PM1 plate was inoculated at 100 µL per well with the cell suspension. Plates were incubated in 

the light (a, c) and the dark (b, d) and read on a BMG Polarstar plate reader and by visual inspection 

at 72 h (a, b) and 192 h (c, d). The PM1 plate carbohydrate key is available at: 

http://www.biolog.com/pdf/pm_lit/PM1-PM10.pdf 

 

Pigment screening of Porphyrobacter sp. HT-58-2. Three-day cultures for each treatment 

condition of Porphyrobacter sp. HT-58-2 were harvested by centrifugation at 13,000 ́  g for 2 min 

and washed twice in 1´ MOPS buffer (MOPS-NaOH 0.01 M; KCl 0.1 M; MgCl2 0.001 M; pH 

7.5). Pellets were suspended in 2-mL MOPS buffer and disrupted with four 20-s bursts (Fisher 
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Scientific 150E Digital Sonic Dismembrator). After centrifuging at 19,000 ´ g for 5 min, the 

supernatant, as well as the cell pellet, was extracted twice with 1.5 mL of acetone/methanol (7:2 

v/v) [50]. The combined organic extract was dried by a stream of nitrogen. The residue was 

dissolved in 200 µL of methanol for absorption measurements (Figure S3-6). 
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Figure S3-6. Absorption spectra of acetone:methanol extractions from Porphyrobacter sp. HT-

58-2. Cultures were grown aerobically for 3 days (final OD 600 of 0.6–0.9). (A) in the dark with 

mPE+glucose medium; (B) with light in mPE+glucose medium; (C) in the dark with 

mPE+succinate medium; (D) with light in mPE+succinate medium; (E) in the dark with PE 

medium; and (F) with light in PE medium. Absorption peaks characteristic of BChl a in the near-

infrared region (805, 870 nm) were not observed under any condition examined. (G) Overlay of 

the spectrum in panel A (black solid) and the spectrum of protoporphyrin IX in acetone/methanol 

= 7:2 (red dashed). Data are from a single culture from each treatment. 
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The absorption spectra in Figure S3-6 panels B–D are characteristic of carotenoids. On the 

other hand, the spectrum in panel A is a near-perfect match with that of protoporphyrin IX, as 

shown in the overlay in panel G. Understanding the abundance of protoporphyrin IX will require 

further experiments. Interpretation of the spectra in panels E and F is thwarted by the increasing 

absorption (or scattering) in the near-ultraviolet region. 

 

Antibiotic sensitivity. The antibiotic sensitivity of Porphyrobacter sp. HT-58-2 was 

measured through studies of the MIC using a selection of antibiotics. The MIC was determined at 

the lowest concentration that showed no growth on the PE plates as described in Experimental 

Procedures. Since most antibiotic solutions were prepared in ethanol (except naladixic acid and 

chlorotetracycline), the ethanol control MIC was tested and found to be 25%, which was above 

the concentration of ethanol in each antibiotic MIC. The results are shown in Table S3-3. Note that 

all the MIC values except for spectinomycin and chlorotetracycline were at the lowest 

concentration of antibiotic tested (bal). 

Table S3-3. Antibiotic sensitivity of Porphyrobacter sp. HT-58-2. 

Antibiotic Assay range (mg mL-1) MIC (mg mL-1) 

Vancomycin 12.5–0.20 bal 

Kanamycin 12.5–0.20 bal 

Ampicillin 25.0–0.39 bal 

Spectinomycin 25.0–0.39 0.78 

Clindamycin 12.5–0.20 bal 

Nalidixic acid 12.5–0.20 bal 

Methicillin 12.5–0.20 bal 

Chlorotetracycline 12.5–0.20 0.78 
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Table S3-3 (continued). Antibiotic sensitivity of Porphyrobacter sp. HT-58-2. 

Spiramycin 12.5–0.20 bal 

Chloramphenicol 2.5–0.04 bal 

bal = below assay limit 

 

3.6.3. Porphyrobacter sp. HT-58-2 genome assembly and features 

Three contigs were assembled and used to close the Porphyrobacter HT-58-2 genome.  

Unlike the previous HT-58-2 cyanobacterial genome assembly [19], no Illumina sequence data 

were needed. Contig joining was confirmed by PCR and Sanger sequence data. The results are 

shown in Table S3-4. The genome sequence of Porphyrobacter sp. HT-58-2 has a 16S rRNA that 

matched the amplified 16S rRNA from the BG-11.16 cells in Table S3-1.   

Table S3-4. Porphyrobacter contigs generated from PacBio sequence reads. 

Contig Length (bp) Average coverage (%) GC content (%) 

Contig 4 1,872,136 60.6 64.5 

Contig 2 1,367,201 53.3 64.2 

Contig 5 40,297 58.1 58.5 
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Figure S3-7. Functional category assignments of CDSs in the Porphyrobacter sp. HT-58-2 

genome. For the functional category assignments of CDSs in the Porphyrobacter sp. HT-58-2 

genome, default RAST annotation parameters were used. Proteins of unknown function 

(Hypothetical; 36.1%) were the largest category.  
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3.6.4. Genes for biosynthesis of tetrapyrroles (including (bacterio)chlorophylls), cobalamin, 

carotenoids and quinones 

Table S3-5. Genes identified for early-stage tetrapyrrole biosynthesis in Porphyrobacter sp. HT-

58-2.  

Gene Min, bp Max (bp) Length (bp) D Product 

hemB    464,998    465,993 996 – Porphobilinogen synthase 

hemJ    489,361    489,804 444 – Protoporphyrinogen IX oxidase 

hemE    489,809    490,825 1,017 – Uroporphyrinogen III decarboxylase 

hemH    829,794    830,828 1,035 + Coproporphyinogen ferrochelatase 

hemF 1,227,939 1,228,796 858 + Coproporphyrinogen III 

decarboxylase 

hemN 1,396,342 1,397,652 1,311 – Coproporphyrinogen III oxidase 

cysG 1,549,636 1,550,460 825 – Siroheme synthase 

alaS 2,092,121 2,093,341 1,221 – 5-Aminolevulinate synthase 

hemN 2,319,819 2,320,970 1,152 – Coproporphyrinogen III oxidase, 

radical SAM 

hemD 2,908,195 2,908,902 708 – Uroporphyrinogen III synthase 

hemC 2,908,899 2,909,840 941 – Porphobilinogen deaminase 

hydroxymethyl bilane synthase 

alaS 3,092,804 3,094,024 1,221 + 5-Aminolevulinate synthase 

 

Table S3-6. Genes identified for biosynthesis of (bacterio)chlorophylls in Porphyrobacter sp. 

HT-58-2. 

Gene Min, bp Max, bp Length D Product 

bchE    904,934    906,547 1,614 + Mg-Protoporphyrin IX monomethyl 

ester cyclase (anaerobic) 

bchJ    906,537    907,146 609 + Reduction of divinyl 

protochlorophyllide 
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Table S3-6 (continued). Genes identified for biosynthesis of (bacterio)chlorophylls in 

Porphyrobacter sp. HT-58-2. 

bchI 3,048,515 3,049,516 1,002 + Protoporphyrin IX Mg-chelatase 

subunit I 

bchD 3,049,513 3,051,228 1,716 + Protoporphyrin IX Mg-chelatase 

subunit D 

bchO 3,051,225 3,052,097 873 + Protoporphyrin IX Mg-chelatase 

accessory protein; hydrolase 

bchC 3,063,587 3,064,534 948 + 2-Desacetyl-2-hydroxyethyl 

bacteriochlorophyllide A 

dehydrogenase 

bchX 3,064,534 3,065,523 989 + Chlorophyllide reductase subunit 

bchY 3,065,526 3,067,067 1,542 + Chlorophyllide reductase subunit 

bchZ 3,067,064 3,068,509 1,446 + Chlorophyllide reductase subunit 

bchP 3,071,985 3,073,178 1,194 – Geranylgeranyl hydrogenase; 

diphosphate reductase 

bchG 3,074,539 3,075,465 926 – Bacteriochlorophyll synthase 

bchF 3,078,359 3,078,916 558 + 2-Vinyl bacteriochlorophyllide 

hydratase 

bchN 3,078,952 3,080,229 1,317 + Light-indep protochlorophyllide 

reductase subunit N 

bchB 3,080,234 3,081,811 1,578 + Light-indep protochlorophyllide 

reductase subunit B 

bchH 3,081,801 3,085,439 3,639 + Protoporphyrin IX Mg-chelatase 

subunit H 

bchL 3,085,459 3,086,355 897 + Light-indep protochlorophyllide 

reductase 

bchM 3,086,355 3,087,059 705 + Mg-Protopophyrin IX 

methyltransferase 



 

 110 

Table S3-6 (continued). Genes identified for biosynthesis of (bacterio)chlorophylls in 

Porphyrobacter sp. HT-58-2. 

acsF 3,090,923 3,091,984 1,062 + Mg-Protoporphyrin IX monomethyl 

ester cyclase (aerobic) 

 

Table S3-7. Genes identified for cobalamin biosynthesis in Porphyrobacter sp. HT-58-2. 

Gene Min, bp Max, bp Length D Product 

pduO    326,356    326,931 576 + ATP:Cob(I)alamin adenosyltransferase 

cobA 1,516,254 1,517,012 758 – Uroporphyrinogen-III C-

methyltransferase 

cobS 1,648,309 1,649,298 990 + Aerobic cobaltochelatase CobS subunit 

cobT  2,822,341 2,824,256 1,917 – Aerobic cobaltochelatase CobT subunit 

 

Table S3-8. Genes identified for biosynthesis of carotenoids in Porphyrobacter sp. HT-58-2. 

Gene Min, bp Max, bp Length D Product 

crtB 1,171,573 1,172,523    950 – Phytoene synthase 

crtI 1,173,112 1,174,601 1,489 – Phytoene dehydrogenase 

crtY 1,174,709 1,175,956 1,247 – Lycopene cyclase 

crtR 3,000,195 3,000,731    536 – Beta-Carotene hydroxylase 

crtW 3,000,728 3,001,513    785 – Beta-Carotene ketolase 

crtC 3,059,843 3,060,658    815 – Hydroxyneurosporene dehydrogenase 

crtD 3,060,682 3,062,244 1,562 – Chlorobactene lauroyl transferase 
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Table S3-9. Genes identified for biosynthesis of light-harvesting complexes in Porphyrobacter 

sp. HT-58-2. 

Gene Min, bp Max, bp Length D Product 

pufL 3,069,201 3,070,025 824 + Photosynthetic reaction center L subunit 

pufM 3,070,040 3,071,011 971 + 

Photosynthetic reaction center M 

subunit 

pucC 3,073,175 3,074,539 1,365 – Transcriptional regulator or MFS 

transporter 

pucC 3,087,056 3,088,495 1,440 + Transcriptional regulator or MFS 

transporter 

pufH 3,088,569 3,089,375 806 + Photosynthetic reaction center H subunit 

puhB 3,089,366 3,090,127 761 + Photosynthetic center assembly protein 

puh? 3,090,124 3,090,624 501 + Photosynthetic center assembly protein? 

puh? 3,091,978 3,092,772 795 + Photosynthetic center assembly protein? 

 
Table S3-10. Genes identified for biosynthesis of quinones in Porphyrobacter sp. HT-58-2. 

Gene Min, bp Max, bp Length D Product 

coq3      80,837      81,574    737 – Bifunctional 3-demethylubiquinol 3-O-

methyltransferase 

ubiF    442,615    443,139    524 – Demethoxyubiquinone hydroxylase 

coq2 1,692,393 1,693,301    908 + 4-Hydroxybenzoate 

polyprenyltransferase 

aarF 2,161,724 2,163,121 1,397 – Ubiquinol-cytochrome C reductase 

ubiH 2,905,922 2,907,148 1,226 + Ubiquinone biosynthesis protein UbiH 

ubiB 3,274,984 3,276,540 1,556 – Ubiquinone biosynthesis 

monooxygenase 

ubiE 3,276,545 3,277,300    755 – Bifunctional demethylmenaquinone 

methyltransferase 
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Figure S3-8. Tetrapyrrole-related genes identified in the genome of Porphyrobacter sp. HT-58-2. 

The genes for transformations are displayed as follows: glycine to heme (red); BChl a pathway 

(green); and cobalamin pathway (purple). The bch gene cluster is expanded in Figure S3-9. The 

image was created using SnapGene. 
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Figure S3-9. Photosynthetic gene cluster in the genome of Porphyrobacter HT-58-2. bch genes 

are shown in green, light-harvesting complex genes are yellow, tetrapyrrole genes are red, 

regulatory genes are blue, carotenoid genes are orange, and a B12-binding protein gene is brown. 

Genes of unknown function are omitted for clarity.  The image was created using SnapGene. 

 

Aligned Porphyrobacter genomes. Genomes compared, their sizes and GenBank 

accessions were (a) Porphyrobacter sp. HT-58-2, 3.23 Mbp (CP022600); (b) Porphyrobacter sp. 

CACIAM 03H1, 3.53Mbp (CP021378); (c) Porphyrobacter sp. LM 6, 2.98 Mbp (CP017113); 

and (d) Porphyrobacter neustonensis DSM 9434, 3.09 Mbp (CP016033). 

 

Figure S3-10. Alignment of complete Porphyrobacter spp. genomes. The figure was generated 

with progressiveMauve (http://darlinglab.org/mauve/user-guide/progressivemauve.html) using 

the four GenBank files (a–d) listed above. Conserved blocks are similarly colored and inversions 

are depicted below the center line of the respective genome. 
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Figure S3-11. Dot plot analysis of Porphyrobacter spp. genomes. FASTA sequence files of the 

four Porphyrobacter sp. genomes in GenBank (a–d as listed above) were concatenated and viewed 

in a dot plot. The total concatenate was 12,873,787 bases. Settings used in the program Gepard 

(http://cube.univie.ac.at/gepard) were word length = 15, zoom ratio = 15,933:1. Two inverted 

regions are seen as lines 90 degrees off the diagonal of aligned genomes, and insertion/deletion 

DNA in three of four genomes is seen by the lighter background intersecting on the diagonal. 

Three regions of unique sequence are observed – one each in strain HT-58-2, 03H1, and LM 6 – 

that are absent in the other three. 

HT#58#2
03H1

LM
,6

9434

0 HT#58#2 03H1 LM,6 9434,,



 

 115 

3.6.5. FISH assays  

FISH assays were performed to evaluate the association of Porphyrobacter sp. HT-58-2 

with the filamentous cyanobacterium of the HT-58-2 culture. 

Cell Fixation for FISH. Porphyrobacter. HT-58-2 cells (2 mL, OD of 0.8–1.0) were 

centrifuged (13,000 ´ g, 2 min) and washed with phosphate-buffered saline buffer (PBS; 137 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4, pH 7.4). Cells were pelleted (13,000 

´ g, 2 min) then fixed by suspension in 4% solution of paraformaldehyde in PBS buffer (pre-

filtered, 0.22 microns; adjusted to pH 6.9) for 2 h at room temperature. Cells were pelleted at 

13,000 ´ g for 2 min and washed with PBS; this was repeated three times to remove excess 

formaldehyde.  The fixed cells were centrifuged at 13,000 ´ g for 2 min and the resulting pellets 

were dried completely with a stream of nitrogen and stored at –20 °C. A 2-mL cyanobacterial HT-

58-2 sample was fixed with the same method, but homogenized for 15 min at 10,000 rpm before 

fixation.  

rRNA-targeted oligonucleotide probes. Oligonucleotide probes 5¢-end labeled with 

fluorescein isothiocyanate (FITC) were purchased from ThermoFisher Scientific (Waltham, MA). 

The specific probe PorV4 for Porphyrobacter sp. HT-58-2 targeted the 542–565 base region in 

16S rRNA (Table S3-11). Probe specificity was assessed by comparative analysis with 16S rRNA 

gene sequences at NCBI. The universal probe Uni522R and NegCon (Table S3-11) were used as 

positive and negative controls [50]. 
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Figure S3-12-1. Controls for FISH imaging of Porphyrobacter sp. HT-58-2. A culture of 

Porphyrobacter sp. HT-58-2 alone was hybridized with both the fluorescein-conjugated specific 

PorV4 and Alexa Fluor 555-conjugated universal Uni522R probes. The sample was excited at 488 

nm and 561 nm. The emission at 499–535 nm (PorV4) is shown in green (A), whereas the emission 

at 570–623 nm (Uni522R) is shown in magenta (B). Without excitation, the sample was observed 

by light microscopy (C). (D) is a composite of (A), (B), and (C). Scale bar (5 µm) applies to all of 

the images. 

 

Figure S3-12-2. Control FISH imaging of Porphyrobacter sp. HT-58-2. A culture of 

Porphyrobacter sp. HT-58-2 was hybridized with the fluorescein-conjugated negative control 

probe NegCon.  The sample was excited at 488 nm. The emission at 499–535 nm had no signal 

(A). Without excitation, the sample was observed by light microscopy (B). (C) is a combination 

of (A) and (B), where no obvious fluorescence was observed. Scale bar (5 µm) applies to all of the 

images. 
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Figure S3-12-3. FISH of E. coli cells hybridized with the PorV4 specific (A-C) and universal 

Uni522R probes (D-F). The sample was excited at 488 nm. The emission assayed was at 499–535 

nm (shown in green), and only had signals in (D) and (F). The sample was observed by light 

microscopy (B) and (E) without excitation. (C) is a combination of (A) and (B), while (F) is a 

combination of (D) and (E). Scale bar (5 µm) applies to all of the images. 
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Figure S3-12-4. FISH of HT-58-2 sample grown in BG-11 with 2% DMSO for 20 days. The 

sample was hybridized with the fluorescein-labeled NegCon probe. Excitation was at 488 nm and 

the emission at 499–535 nm had no signal (A), while the autofluorescence assayed at 671–740 is 

shown in magenta (B). Without laser excitation, the sample was observed by light microscopy (C). 

Scale bar (5 µm) applies to all of the images. 

 

Figure S3-12-5. FISH of HT-58-2 grown in BG-11 with 2% DMSO for 20 days. The cells were 

hybridized with fluorescein-conjugated universal probe Uni522R. The sample was excited at 488 

nm and the emission assayed at 499–535 nm is shown in green (A), whereas the emission assayed 

at 671–740 is shown in yellow (B). The sample was observed without excitation under light 

microscopy (C). Scale bar (5 µm) applies to all of the images. 
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Figure S3-12-6. FISH of HT-58-2 in grown BG-110 for 20 days. Cells were hybridized with 

fluorescein-conjugated specific probe PorV4. The sample was excited at 488 nm and the emission 

assayed at 499–535 nm is shown in green (A), whereas the emission assayed at 671–740 is shown 

in magenta (B). (C) is a combination of (A) and (B). (D) is one partially magnified filament which 

is shown in (C). Scale bar (5 µm) applies to all of the images. 
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Figure S3-12-7. FISH of HT-58-2 grown in BG-110 for 20 days. Cells were hybridized with 

fluorescein-conjugated negative probe NegCon.  The sample was excited at 488 nm; the emission 

assayed at 499–535 nm had no signals (A), while the autofluorescence assayed at 671–740 is 

shown in magenta (B). The sample was observed by light microscopy (C) without excitation. Scale 

bar (5 µm) applies to all of the images. 

 

Figure S3-12-8. FISH of HT-58-2 grown in BG-110 for 20 days. Cells were hybridized with 

fluorescein-conjugated universal probe Uni522R. The sample was excited at 488 nm and the 

emission assayed at 499–535 nm is shown in green (A). The emission assayed at 671–740 is shown 

in magenta (B). Without excitation, the sample was observed with light microscopy (C). (D) is a 

combination of (A), (B), and (C). Scale bar (5 µm) applies to all of the images.   
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3.6.6. PCR and FISH primers 

Table S3-11. Primers and probes used for PCR and FISH experiments 

Primer/Probe Sequence (5¢ to 3¢) 5¢ end modification 

16S F27 AGAGTTTGATCMTGGCTCAG None 

16S R1492 TACGGYTACCTTGTTACGACTT None 

Contig 4&5 Forward GGCTGATACTGCAAGGAAAGCTCG None 

Contig 4&5 Reverse GCAAGCGTCCTCATCAATATCG None 

Contig 5&2 Forward GCGACGTTTTTATCTTGGACATGG None 

Contig 5&2 Reverse CTTCGTCGCCACCATCACCTTC None 

Chr. closure Forward CGTTATTGGCATAGTCGGTACC None 

Chr. closure Reverse CGGCAACGGGATCTATGACGAGG None 

PorV4 CTTCCCAGTTTCAAGGGCAGTTCC FITC 

Uni522R GGATTACCGCGGCAGCTGa FITC or Alexa Fluor 555 

NegCon CCTAGTGACGCCGTCGACa FITC 
a[50] 
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CHAPTER 4 

Identification of Putative Biosynthetic Gene Clusters for Tolyporphins in Multiple 

Filamentous Cyanobacteria 

4.1. Preamble 

 This chapter has been submitted [1]. My contributions to this collaborative work are as 

follows: (1) Identification and analysis of the seven other cyanobacteria, and (2) preparation of the 

draft. 

4.2. Introduction 

Studies of natural products derived from cyanobacteria is an ongoing pursuit motivated by 

both fundamental scientific curiosity and the potential for practical applications. Cyanobacteria 

inhabit diverse environments and contain rich biosynthetic capacity for formation of diverse 

molecular structures [2-8]. In 1992, a team at the University of Hawaii reported a novel natural 

product in a lipophilic extract from the culture containing the cyanobacterium Tolypothrix nodosa 

[9]. The agent, a glycosylated-tetrapyrrole macrocycle termed tolyporphin A, reversed multidrug 

resistance in SKVLB1 carcinoma cells in vitro [10] (Figure 4-1). The cyanobacterial culture, 

labeled HT-58-2, was collected on the island of Pohnpei in Micronesia.  Since then, a family of 

tolyporphin analogues (B–R) has been identified in the HT-58-2 culture [11-13].  
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Figure 4-1. The molecular diversity of tolyporphins A–R encompasses the chromophore 

(dioxobacteriochlorin, A–J, L–O; oxochlorin, K, Q, R; or porphyrin, P) and Z substituents (–OH, 

–OAc, or one of four C-glycosides). 

 

To investigate the biosynthesis of tolyporphins, we obtained the HT-58-2 cyanobacterium-

containing culture in late 2015.  Our findings germane to the present work are as follows: 

• The HT-58-2 culture is non-axenic, comprised of a single filamentous cyanobacterium and 

a collection of community bacteria, including those attached to the sheath of the 

cyanobacterial filaments (Figure 4-2) [14,15].   

• The quantity of tolyporphins increases upon environmental stress (e.g., deprivation of 

soluble nitrogen) and can rival the quantity of chlorophyll upon prolonged growth [16]. 

• The tolyporphins preferentially localize in the membrane sheath of the cyanobacteria [17]. 

• The cyanobacterial genome is circular and is composed of 7.85 Mbp [14]. 



 

 131 

• The tetrapyrrole-related genes are distributed throughout the genome [14]. 

• A biosynthetic gene cluster (here termed BGC-1) containing tetrapyrrole-related (hem) 

genes and other genes (here termed tol) has been identified and proposed for the 

biosynthesis of tolyporphins (Figure 4-3) [14].   

• Several putative biosynthetic gene clusters of other natural products have been identified 

in the genome of cyanobacterium HT-58-2, including tolypodiols, hapalosin, anatoxins, 

shinorine, and heterocyst glycolipids [18].  

 These findings have established a framework for the investigation of tolyporphins 

biosynthesis and the regulation thereof in the HT-58-2 cyanobacterial-bacterial consortium. Yet, 

to date the HT-58-2 culture remains the only known producer of tolyporphins. 

 

Figure 4-2. (A) Optical micrographs show clumping of the HT-58-2 cyanobacterium (Neofluar 

0.75, Zeiss, right panel: 10X, left panel: 40X) grown in BG-11 for 30 days. Red arrows indicate 

possible heterocysts among the filamentous cells. (B) Scanning electron microscopy image shows 

rod-like community bacteria attached to the sheath of the filamentous bacteria in the HT-58-2 

culture. 
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Figure 4-3. The putative tolyporphins biosynthetic gene cluster (BGC-1) in the HT-58-2 

cyanobacterial genome [14]. BGC-1 contains tetrapyrrole biosynthesis genes (hem, green) that are 

also found dispersed throughout the genome of HT-58-2, and other genes (tol, maroon) predicted 

to be involved in the biosynthesis of tolyporphins.  Hypothetical genes are labeled in grey. 

 

 The identification of BGC-1 prompted consideration whether similar BGCs might be 

present in other cyanobacteria. The worldwide inventory of cyanobacteria is large, composed of 

culture collections (estimated to be >1000) as well as complete genome sequences (Cyanobase, 

estimated to be ~400). A cursory search of Genbank, which contains publicly available genomic 

information across organisms, did not reveal the presence of other analogous BGCs. A manual 

search of Genbank was carried out to identify other organisms that contain the clustered genes 

found in BGC-1.  

This paper presents a bioinformatic search of potential tolyporphins producers using 

homology with BGC-1 as a guide.  In so doing, a second BGC (BGC-2) was identified in HT-58-

2, and similar BGCs were found in seven additional filamentous cyanobacteria. Preliminary 

examination of tolyporphins was performed on three of the seven identified cyanobacteria; 

however, no tolyporphins were detected under conventional growth conditions.  Taken together, 

the work provides a deeper genomic foundation for probing tolyporphins biosynthesis and for 

searching for additional producers of tolyporphins. 
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4.3. Results 

4.3.1. Significant gene features in BGC-1 

The core pathway for the biosynthesis of tetrapyrroles is derived from two distinct 

precursors (C5 glutamate and C4 glycine) to 5-aminolevulinic acid (ALA). In three conserved 

reactions, ALA is converted to uroporphyrinogen III that serves as the universal branch-point for 

tetrapyrrole biosynthesis (Figure 4-4) [19,20]. Genes encoding enzymes in the core pathway of 

tetrapyrroles are known as hem genes. In BGC-1, seven clustered hem genes (hemABCEF1F2) are 

observed, coding almost all enzymes of the core pathway from L-glutamyl-tRNA (Glu) to 

protoporphyrinogen IX, as shown in Figure 4-4. The two exceptions are gltX and hemD, which 

encode glutamyl tRNA synthetase and uroporphyrinogen synthase, respectively. Each of the seven 

hem genes in BGC-1 also appears at least once distributed throughout the HT-58-2 genome (Figure 

4-5). 
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Figure 4-4. The core pathway of tetrapyrrole biosynthesis in prokaryotes. Naturally occurring 

tetrapyrroles share a common core biosynthetic pathway that begins with L-glutamate (as in HT-

58-2) or L-glycine. The classic ‘hemX’ nomenclature describes genes encoding enzymes in the 

tetrapyrrole pathway, where the encoded enzymes are displayed in blue. The hem genes that are 

present in BGC-1 are highlighted in red. 
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Figure 4-5. Distribution of hem genes in the cyanobacterium HT-58-2 genome. hem genes are 

distributed throughout the genome of cyanobacterium HT-58-2 (7.85 Mbp, green rings are coding 

sequences), except in the two proposed tolyporphins clusters (BGC-1 and BGC-2).   

 

Similar clustering of hem genes has not been previously reported for cyanobacteria or Gram-

negative bacteria, such as Escherichia coli [21,22]. In Gram-positive bacteria, clustering has been 

observed for hem genes that encode enzymes for biosynthesis of protoheme, heme or cobalamin 

[23-25]. In addition to hem genes, eleven additional genes, termed as tol genes herein, are highly 

likely to code for enzymes that participate in specific steps of the biosynthesis of tolyporphins. 

Gene assignments and predicted functions will be described in depth elsewhere.  Another feature 

of the BGC-1 (left-most region) is the presence of genes for secretory and transport proteins. 
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Above all, the uncommonly clustered hem genes suggest a significant marker for recognizing 

presumptive BGCs in other possible producers of tolyporphins. 

4.3.2. A second tolyporphins gene cluster in the HT-58-2 genome 

Using the sequence of BGC-1 as a query (Figure 4-3) [14], further analysis of genomic 

data of the HT-58-2 cyanobacterium and comparative genomics of other filamentous 

cyanobacteria were conducted to identify similar tolyporphin BGCs. A second, less extensive 

putative tolyporphins BGC (termed BGC-2) was identified in HT-58-2 at region 2,994,941 – 

3,043,548 bp. This 29.7 kbp cluster contains three hem genes and eight tol-like genes, in contrast 

to the six hem genes and eleven tol genes in BGC-1. The alignment between BGC-1 and BGC-2 

is shown in Figure 4-6. Seven proteins are aligned with over 50% identity to Tol proteins from 

BGC-1 (TolACDHIJ) in BGC-2, and are all arranged in the same orientation (+). Two TolC-like 

proteins (TolC¢ and TolC) are present in BGC-2. TolC¢ and TolC align with TolC at N- and C- 

regions, respectively, which may suggest a frameshift or other DNA sequencing error.  Unlike 

BGC-1, there is only one cytochrome P450 in BGC-2, sharing higher identity to TolH (CYP88A). 

However, two other P450s (yellow arrows in Figure 4-6) are present adjacent to the cluster. 

Additionally, duplicate hcaE genes encoding aromatic ring-hydroxylating dioxygenases [26] are 

present within the BGC-2 region. The relevance of these additional genes in BGC-2 to 

tolyporphins biosynthesis is unknown. Similar to BGC-1, three transport-related proteins 

(DUF3102 domain-containing proteins DevB and DevC) are present at the left-most end of BGC-

2. The presence of BGC-2 was unexpected, and further studies are required to identify its role in 

the biosynthesis of tolyporphins.   
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Figure 4-6. Tolyporphins BGCs identified in filamentous cyanobacteria. BGC-1 from HT-58-2 is 

compared to HT-58-2 BGC-2 and seven newly detected clusters (each from distinct 

cyanobacteria). Core tetrapyrrole biosynthetic genes (hem) are green, tol genes are maroon, 

adjacent transport genes are light green, cytochrome P450s are yellow, other identified genes are 

dark blue, and unknown function genes are gray. Genbank accessions for the map data are in Table 

S4-1. 
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4.3.3. Identification of tolyporphins BGCs in other cyanobacteria   

BLASTP database searching for co-localization of hem and tol genes was undertaken, 

similar to the computational approaches of AntiSMASH [27], MultiGeneBlast [28], and cblaster 

[29]. Manual genomic mining and comparative genomics data searching were necessary for 

identification of tolyporphin BGCs due to the lack of prior definition of tolyporphins genes in the 

present database. On the basis of protein sequence homology, seven cyanobacterial genomes were 

identified with similar hem and tol genes, including Nostoc sp.106C, Nostoc sp. RF31YmG, 

Nostoc sp. FACHB-892, three Brasilonema isolates, and Oculatella sp. LEGE 06141 (Table 4-1). 

The alignment of all BGCs is shown in Figure 4-6. 

Table 4-1. Information pertaining to cyanobacteria with putative tolyporphins BGCs. 

Strain Location Sample origin 
BGC 

composition 

HT-58-2 BGC-1a Pohnpei, Micronesia Soil 
7 hem genes,  
11 tol genes 

HT-58-2 BGC-2 Pohnpei, Micronesia Soil 
3 hem genes,  
7 tol genes 

Nostoc sp.106C Chiapas, Mexico Coralloid roots 
6 hem genes,  
7 tol genes 

Nostoc sp. RF31YmG Chiapas, Mexico Coralloid roots 
6 hem genes,  
7 tol genes 

Nostoc sp. FACHB-892 Tengger Desert, China Algal crusts 
6 hem genes,  
6 tol genes 

Brasilonema 
octagenarum UFV-OR1 

Minas Gerais, Brazil Orchid leaves 
8 hem genes,  
6 tol genes 

Brasilonema 
octagenarum UFV-E1 Minas Gerais, Brazil 

Eucalyptus 
grandis leaves 

8 hem genes,  
6 tol genes 

(assembly gap) 
Brasilonema sennae 

CENA114 
São Paulo, Brazil Iron water pipe 8 hem genes,  

6 tol genes 
Oculatella sp. LEGE 

06141 
Lagos, Portugal Green macroalgae 6 hem genes,  

9 tol genes 
aHT-58-2 BGC-1 was used as the query template to identify the eight other clusters. 
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Additional information concerning each of the seven strains is as follows: 

• The genomic sequences of Nostoc sp.106C and Nostoc sp. RF31YmG were obtained from 

endophytic sub-communities from coralloid roots of Dioon merolae followed by 

metagenomic sequencing [6]. These Nostoc spp. cultures are nonaxenic, as is the cases for 

the HT-58-2 culture.  Indeed, both contain gene clusters of ~23 kbp that align with the 

tolyporphins BGC-1 in HT-58-2 (Figure 4-6). BLASTP alignments revealed that most Tol-

like proteins from the two Nostoc strains align with relatively high identity to those from 

HT-58-2 BGC-1 (Table S4-1).   

• Nostoc sp. FACHB 892 was obtained from soil crusts in the Tengger Desert, China, for 

extracellular polysaccharide studies [30]. The total length of the BGC is ~30 kbp with an 

extended 8.5 kbp to include the nearby tolH gene.   

• The three Brasilonema strains were isolated and described from Brazil [31], wherein hem-

tol clusters of ~27 kbp were observed in all three strains (Figure 4-6).   

• Oculatella sp. LEGE 06141 is from the Blue Biotechnology and Ecotoxicology Culture 

Collection in Portugal, where many of the LEGE strains are non-axenic [32].   

Strain LEGE 06141 contains duplicate hcaE genes as observed in HT-58-2 BGC-2 and the 

BGC of Nostoc sp. FACHB-892. Proteins similar to five tol gene products (TolABDIJ) are 

identified in all predicted BGCs from the cyanobacteria (only tolA is absent in Nostoc sp. FACHB-

892), and at least one of the cytochrome P450s (TolG or TolH) is always present. None of the 

newly identified BGCs encode the TolF aminotransferase or TolK aldo/keto reductase (although 

similar proteins are encoded elsewhere in the genomes). The remaining tol genes are variably 

present in certain strains, i.e., tolC (acyltransferase) in Oculatella sp. LEGE 06141 and tolE in 

Nostoc sp. FACHB-892.  A summary of similarities among HT-58-2 tolyporphins BGC-1, BGC-
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2, and all other BGCs is provided in Table S4-1. A partial BGC containing two hem and five tol 

genes is observed in cyanobacterial strain UAB11049 but not shown here due to the genome 

sequence incompleteness.  The impact of differing BGC gene composition on the biosynthesis of 

tolyporphins products by the strains identified herein requires further investigation.   

Overall, the similarities among the predicted BGCs include the following: (i) all of the 

BGCs contain the unusual cyanobacterial clustering of multiple hem genes, including hemABCEF, 

that are adjacent to several tol-like genes initially identified in BGC-1 of HT-58-2; (ii) none of 

these clusters includes hemD (UroS); (iii) all Nostoc spp. and Brasilonema spp. contain two hemF 

genes (the aerobic coproporphyrinogen decarboxylase); (iv) tolB (the RfbA orthologue, Glucose-

1-phosphate thymidylyltransferase) and tolD (the glycosyltransferase) are observed in all seven 

BGCs; and (v) secretory and transport proteins (DevB and DevC families) are encoded by genes 

near the end of each cluster.    

4.3.4. Phylogenetic relationships among cyanobacteria and tolyporphins BGCs genes 

 To evaluate the relationship between the phylogeny of the cyanobacteria containing related 

tolyporphins BGCs, the 16S rRNA and protein sequences of one component in BGC, termed TolD, 

were analyzed.  The reason for evaluating TolD is that the tolD gene is present in all identified 

BGCs in the eight cyanobacteria. Figure 4-7A shows the 16S rRNA phylogenetic tree for 

cyanobacteria identified with probable tolyporphin BGCs. HT-58-2 clearly shows closer 

relatedness to three Brasilonema strains than to other filamentous cyanobacteria, as previously 

reported [14]. The TolD phylogenetic tree shows a similar branching pattern as for 16S rRNA 

(Figure 4-7B), suggesting the BGCs have the same evolutionary history as the cyanobacteria and 

were not separately acquired via lateral gene transfer. The TolD tree also supports our prior 
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observation [14] that the cyanobacterium HT-58-2 more closely aligns with strains of the genus 

Brasilonema than with those of Tolypothrix, as originally described [9]. 

 

Figure 4-7. Phylogenetic trees of 16S rRNA and TolD of cluster-containing cyanobacteria. The 

trees are drawn to scale with branch unit lengths (above the line) the same as those used to infer 

the phylogenetic tree. Aligned 16S rRNA sequences were 1,027 bases; sum of branch length = 

1.49. Aligned TolD proteins were 420 amino acids; sum of branch length = 1.28. Branch length is 

displayed above each branch line or hidden if shorter than 0.02.  All accession numbers are listed 

in experimental section.   
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4.3.5. Detection of tolyporphins in three samples containing cyanobacteria with putative 

tolyporphins BGC 

For evaluating the potential for tolyporphins production, we obtained and examined three 

of the cyanobacterial samples that contain a putative tolyporphins BGC: Nostoc sp. 106C, B. 

octagenarum UFV-E1, and Oculatella. sp. LEGE 06141. The three samples and HT-58-2 were 

grown in BG-11 or BG-11o with NH4HCO3 (1.87 mM) for 25 days and then extracted for 

examination of the presence of tolyporphins. HPLC analysis was carried out on the pigment 

extracts using the detection parameters characteristic of the mixture of tolyporphins isolated from 

HT-58-2 [16]. The results are shown in Figures S4-1 and S4-2. No signal characteristic of 

tolyporphins was observed in the three cyanobacteria under either growth condition. 

4.4. Outlook 

Cyanobacteria are known for rich biosynthetic capacity encompassing diverse natural 

products [2-8] of which tolyporphins are an excellent example. Tolyporphins hold the special 

position of being the only new class of tetrapyrrole macrocycles reported since the discovery of 

the F430 coenzyme of methanogenesis. Important questions concern whether tolyporphins are 

unique to the HT-58-2 culture, how tolyporphins are biosynthesized, and the functional roles that 

tolyporphins play in vivo. To pursue the biosynthesis of tolyporphins, given the identification of a 

putative BGC for tolyporphins (BGC-1) in strain HT-58-2, we used manual BLASTP database 

searching, rather than more automated methods similar to AntiSMASH [27] since the definitive 

role of tolyporphins BGCs has not been established, nor has the HT-58-2 BGC-1 been incorporated 

into commonly utilized BGC search engines. Nonetheless, focusing on signature components in 

BGC-1 as targets, such as clustered hemABCEF genes, traditional BLASTP searching yielded 

seven other cyanobacteria with putative tolyporphin BGCs. All of the seven hits are to filamentous 
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cyanobacteria. In what appears to be all cases, the BGC-containing cyanobacteria were isolated 

from communities associated with plants (Brasilonema sp.), in coralloid roots (Nostoc. sp. 106C 

and RF31YmG), or in complex microbial consortia (HT-58-2). Filamentous cyanobacteria living 

in complex environments might share nutrients or products with other members [33], whereby 

some of the tolyporphins biosynthetic enzyme candidates may be contributed by other members 

of the community. The occurrence of the putative tolyporphins BGCs in Nostoc and Brasilonema 

clades suggests focus on these genera is warranted to find producers of tolyporphins. 

 In conclusion, this study revealed seven new potential producers of tolyporphins based on 

protein sequences of BGC-1 of cyanobacterium HT-58-2 by the combination of genome mining 

and comparative genomics analysis. Considering the apparent yield difference of tolyporphins of 

HT-58-2 in distinct growth media, the newly identified cyanobacteria require examination under 

diverse growth conditions including light intensity and periodicity, CO2 concentration, nitrogen 

sources, and carbon sources. The identified filamentous cyanobacteria with BGCs all have 

unusually co-localized hem and tol genes, offering new opportunities for study of the biosynthesis, 

gene regulation and biological functions of tolyporphins.   

4.5. Experimental section 

4.5.1. Identification of tolyporphins BGCs Tol functions and BGCs from other 

cyanobacteria. 

The amino acid sequences of proteins encoded by the putative tol genes in BGC-1 from 

HT-58-2 were set as queries to perform BLASTP similarity searching against the non-redundant 

protein sequence database [34]. Genomes and genomic contigs containing corresponding Tol-like 

proteins were further investigated manually to ascertain whether such proteins were arranged in 

gene clusters.  The Genbank accessions of genomic DNA identified as containing BGCs with 
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multiple tol and hem genes are as follows: cyanobacterium sp. HT-58-2 (CP019636), Nostoc 

sp.106C (MTAW01000098), Nostoc sp. RF31YmG (MTAX01000063), Nostoc sp. FACHB-892 

(JACJTR010000005), Brasilonema octagenarum UFV-OR1 (QMEC01000008 and 

QMEC01000114), Brasilonema octagenarum UFV-E1 (CP030121), Brasilonema sennae 

CENA114 (CP030118) and Oculatella sp. LEGE 06141 (JADEWO010000054).   

4.5.2. Phylogenetic analysis 

The 16S ribosomal RNA sequences from the selected cyanobacteria were first aligned with 

ClustalW using default settings in MEGA X. Following removal of end gaps, the aligned 

sequences were used in phylogenetic tree construction using neighbor‐joining (NJ) methods [35] 

in MEGA X [36,37].  Statistical confidence of the inferred evolutionary relationships was assessed 

by bootstrapping (1,000 replicates) [38]. The evolutionary distances were computed using the 

Maximum Composite Likelihood method [39] and are in units of base substitutions per site.  For 

evolutionary analysis of protein sequences, proteins were aligned with ClustalW, followed by end 

gap deletion, and the inferred phylogenetic tree obtained by the neighbor‐joining method [36]. 

Evolutionary distances were computed using the Poisson correction method [40]. 

 The accession numbers for 16S rRNA analysis are as follows: B. octagenarum UFV‐E1 

(EF150854), B. octagenarum UFV‐OR1 (EF150855), B. sennae CENA114 (EF117246), 

Oculatella sp. LEGE 06141 (KU951789), Nostoc sp. PCC 7120 (X59559), B. bromeliae SPC 951 

(DQ486055), Nostoc sp. FACHB-892 (KF494241), Tolypothrix sp. NIES-4075 (LC497426).  16S 

rRNA sequences were extracted from the genome entries for Nostoc sp. 106C, Nostoc sp. 

RF31YmG, Scytonema sp. NIES-4073, Calothrix sp. NIES-4071, and cyanobacterium HT-58-2.  

All 16S rRNA sequences were trimmed to the same length of 1027 bp.   
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 Accession numbers for TolD-type protein sequences are as follows: cyanobacterium HT-

58-2 (ARV58988), B. octagenarum UFV‐E1 (QDL13739), B. octagenarum UFV‐OR1 

(NMF65696), B. sennae CENA114 (QDL07377), Oculatella. sp. LEGE 06141 (MBE9181921), 

Nostoc. sp. 106C (OUL31080), Nostoc. sp. RF31YmG (OUL25682), and Nostoc. sp. FACHB-892 

(MBD2726601). 

4.5.3. HPLC detection of MeOH extracts from cyanobacteria.   

The HT-58-2 culture and three other samples (Nostoc sp. 106C, B. octagenarum UFV‐E1, 

and Oculatella sp. LEGE 06141) were incubated in BG-11 medium as described previously [14] 

under continuous white light (62 µmol m-2 s-1) at 28 °C with shaking at 120 rpm for 25 days.  The 

four samples were also incubated in BG-11o medium [14] with 1.87 mM of NH4HCO3 for 25 days 

before collection for pigment extraction.  A 2-mL sample of each culture was collected and washed 

twice with 1X phosphate-buffered saline (PBS).  Pigments from the resulting cells were extracted 

by 1 mL of methanol (twice, 500 µL of MeOH for each extraction) and then dried immediately 

with a stream of nitrogen to avoid decomposition.  The resulting extracts were re-dissolved in 100 

µL of MeOH before being tested by HPLC using a C18 column (Zorbax 5 μm, 80 Å pore size, 150 

mm × 4.6 mm) and two solvents: MeOH (HPLC grade, 25°C) and H2O (HPLC grade, 25°C).  The 

composition of MeOH/H2O was increased from 70/30 (v/v) to 100/0 by a linear gradient over 30 

min. The flow rate was 0.5 mL/min.  The eluent was monitored with diode array detection at 403 

nm, 665 nm, and 676 nm (all bandpass = 4 nm)
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4.6. Supporting Data 

Table S4-1. Similarity between protein sequences of HT-58-2 BGC-1 and BGC-2 and those from other filamentous cyanobacteria. 

BGC-1 
Protein BGC-2 

Nostoc sp. 
106C 

(% identity) 

Nostoc sp. 
RF31YmG 

Nostoc sp. 
FACHB-892 

B. octagenarum 
UFV-E1  

B. sennae 
CENA114  

B. octagenarum 
UFV-OR1  

Oculatella sp. 
LEGE 06141 

TolA N/A OUL31076 
(86.9%) 

OUL25679 
（86.91%） 

N/A QDL13734 
(86.15%) 

QDL07372 
(86.15%) 

NMF65690 
(86.15%) 

MBE9181909 
(46.08%) 

MBE9181917 
(81.62%) 

TolB ARV58419 
(82.45%) 

OUL31075 
(85.67%) 

OUL25678 
（85.35%） 

MBD2726604 
(85.67%) 

QDL13733 
(86.31%) 

QDL07371 
(86.31%) 

NMF65689 
(86.31%) 

MBE9181916 
(82.80%) 

TolC 

ARV59273 
(91.64%) 

N/A N/A N/A N/A N/A N/A MBE9181926 
(52.03%) ARV59272 

(95.15%) 

TolD ARV59277 
(65.65%) 

OUL31080 
(59.85%) 

OUL25682 
(59.61%) 

MBD2726601 
(66.03%) 

QDL13739 
(70.52%) 

QDL07377 
(70.52%) 

NMF65696 
(70.52%) 

MBE9181920 
(60.44%) 

MBE9181921 
(61.52%) 

TolE N/A N/A N/A MBD2726603 
(66.06%) N/A N/A N/A MBE9181917 

(22.89%) 

TolF N/A N/A N/A N/A N/A N/A N/A N/A 

TolG ARV62985 
(52.67%) 

OUL31082 
(74.07%) 

OUL25684 
(74.29%) 

MBD2726588 
(27.74%) 

QDL13738 
(78.30%) 

QDL07376 
(78.30%) 

NMF65695 
(78.30%) 

MBE9181922 
(53.48%) 
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Table S4-1 (continued). Similarity between protein sequences of HT-58-2 BGC-1 and BGC-2 and those from other filamentous 

cyanobacteria. 

TolH ARV62985 
(51.22%) 

OUL31079 
(70.15%) 

OUL25681 
(70.37%) 

MBD2726588 
(30.79%) 

QDL13738 
(68.33%) 

QDL07376 
(68.33%) 

NMF65695 
(68.33%) 

MBE9181922 
(54.50%) 

TolI ARV59271 
(58.42%) 

OUL31085 
(81.77%) 

OUL25687 
(81.07%) 

MBD2726596 
(61.69%) 

QDL18491 
(80.58%) 

QDL12115 
(80.58%) 

NMF61862* 
(80.58%) 

MBE9181928 
(59.02%) 

TolJ 
WP_08753

9995.1 
(60.48%) 

OUL31084 
(59.27%) 

OUL25686 
(58.84%) 

MBD2726597 
(56.96%) 

QDL13742 
(59.01%) 

QDL07380 
(59.01%) 

NMF61861* 
(59.01%) 

MBE9181927 
(57.21%) 

TolK N/A N/A N/A N/A N/A N/A N/A N/A 

DUF3102 ARV59266 
(51.63%) N/A N/A N/A N/A N/A N/A N/A 

DevB ARV59268 
(73.26%) 

OUL31070 
(75.13%) 

OUL25673 
(75.63%) 

MBD2726609 
(71.43%) 

QDL13728 
(73.43%) 

QDL07366 
(73.43%) 

NMF65684 
(73.43%) 

MBE9181911 
(66.75%) 

DevC ARV59267 
(75.84%) 

OUL31069(
71.72%) 

OUL25672 
(72.24%) 

MBD2726610 
(70.95%) 

QDL13727 
(74.81%) 

QDL07365 
(74.81%) 

NMF65683 
(74.55%) 

MBE9181910 
(72.49%) 

* Denotes proteins similar to TolI and TolJ from B. octagenarum UFV-OR1, where the genes are clustered in another contig. 
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Four cyanobacterial samples, including HT-58-2, Nostoc sp.106C, Brasilonema 

octagenarum UFV-E1, and Oculatella sp. LEGE 06141, were incubated in BG-11 for 25 days 

before extraction of pigments and HPLC analysis.  The wavelengths of analysis include 403, 665, 

and 676 nm. The mixture of tolyporphins isolated from HT-58-2 under environmental stress 

exhibits absorption at 403 and 676 nm, whereas chlorophyll absorbs preferentially at 665 nm.   

The results of HPLC analysis are shown in Figure S4-1. No signal of tolyporphins (tR = 29–30 

min) was observed in any of the four cyanobacteria. Notably, even the original producer of 

tolyporphins, the HT-58-2 (Figure S4-1 panel A), does not show any trace of tolyporphins.   

 

Figure S4-1. HPLC trace with absorption detection (665 nm, 676 nm, and 403 nm) upon MeOH 

extracts from cultures of (A) HT-58-2, (B) Nostoc sp. 106C, (C) Brasilonema octagenarum UFV-

E1, and (D) Oculatella sp. LEGE 06141 grown in BG-11. Signals of tolyporphins appear at 29–

30 min, while signals of chlorophylls appear at 44–45 and 47–48 min. 
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Four cyanobacteria samples, including HT-58-2, Nostoc sp.106C, Brasilonema 

octagenarum UFV-E1, and Oculatella sp. LEGE 06141, were incubated in BG-11o containing 

NH4HCO3 for 25 days before extraction of pigments and HPLC analysis.  The results of HPLC 

detection are shown in Figure S4-2. The HT-58-2 sample (panel A) exhibited peaks with retention 

time in the region 29–30 min with absorption at 676 nm (red trace).  In contrast, none of the three 

other cyanobacteria exhibited peaks with similar retention times upon observation at 676 nm 

(panels B–D). 

 

Figure S4-2. HPLC trace with absorption detection (665 nm, 676 nm, and 403 nm) upon MeOH 

extracts from cultures of (A) HT-58-2, (B) Nostoc sp. 106C, (C) Brasilonema octagenarum UFV-

E1, and (D) Oculatella sp. LEGE 06141.  The cultures were incubated in BG-11o with NH4HCO3 

(1.87 mM) for 25 days before examination.  Signals of tolyporphins appear at 29–30 min, while 

signals of chlorophylls appear at 44–45 and 47–48 min.  
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CHAPTER 5 

Identification of Gene Clusters for Other Secondary Metabolites in the Genome of 

Cyanobacterium HT-58-2 

5.1. Preamble 

 This chapter has been published [1]. Xiaohe Jin, Eric S. Miller, and Jonathan S. Lindsey 

wrote the paper. All analysis was performed by Xiaohe Jin. 

5.2. Introduction 

Tolyporphins represent a class of compounds in the pigments of life family with structural 

features distinct from other prominent constituents, including heme, chlorophylls, 

bacteriochlorophylls, cobalamin, and coenzyme F430. Tolyporphin A, the first member of the 

tolyporphins family, was found in the lipophilic extract of a cyanobacterial sample. The sample, 

HT-58-2, was obtained from Nan Madol on the island of Pohnpei in Micronesia [2]. The discovery 

and identification of tolyporphin A originated with a broad screen of diverse cyanobacteria for 

anti-cancer activity [3]. Indeed, tolyporphin A was found to exhibit efflux pump inhibition and 

photocytotoxicity toward tumor cells [4-6]. 

An astonishing aspect of the discovery of tolyporphin A is the presence of a compound 

with a dioxobacteriochlorin chromophore in a cyanobacterial sample. Cyanobacteria employ 

chlorophyll, not bacteriochlorophyll, for photosynthesis, and the presence of compounds with a 

bacteriochlorin chromophore in a chlorin-based photosynthetic system is unprecedented. Over the 

years, fractionation of lipophilic extracts from HT-58-2 have led to the identification of a family 

of tolyporphins, now numbering 18 (A–R) [7-9] (Figure 5-1). Most of the tolyporphins are 

dioxobacteriochlorins, but three are oxochlorins, and one is a porphyrin. The structural diversity 

suggests an in vivo role for tolyporphins as secondary metabolites in as-yet-undefined defense 
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processes. If so, this represents a fundamentally new biological function in the pigments of life 

family. To date, the HT-58-2 sample remains the only known producer of tolyporphins.   

 

Figure 5-1. Structures of dioxobacteriochlorins (tolyporphins A–J, L–O), oxochlorins 

(tolyporphins K, Q, R), and a porphyrin (tolyporphin P). The p-chromophore is shown in magenta, 

green, and red, respectively. 

 

To pursue questions of biosynthesis and in vivo function of tolyporphins, in late 2015 we 

obtained the tolyporphins-producing culture HT-58-2.  Subsequent studies have revealed the 

following: (1) The HT-58-2 culture is dominated by a single filamentous cyanobacterium in a non-

axenic cyanobacterial-microbial consortium (Figure 5-2A–B) [10,11]. (2) Several-weeks growth 

under stress imparted by deprivation of soluble nitrate profoundly increases the production of 

tolyporphins, reaching a level rivalling that of chlorophyll [12]. (3) Tolyporphins are present in 

the sheath and cell septa of the filamentous cyanobacterium, as revealed by hyperspectral confocal 

fluorescence imaging revealed the presence of [12]. (4) The cyanobacterium contains a circular 

genome (7.85 Mbp) with genes for biosynthesis of heme, chlorophyll a, phycocyanobilin, and 

cobalamin (in part), as well as a putative biosynthetic gene cluster (here termed BGC-1) for the 
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biosynthesis of tolyporphins (Figure 5-2C) [10]. Notably, BGC-1 contains all genes in the core 

pathway (from L-glutamic acid to protoporphyrinogen IX) of tetrapyrrole biosynthesis, except 

hemD, which is located elsewhere in the genome. 

 

Figure 5-2. (A) Optical image of the HT-58-2 culture on a BG-11 agar plate shows community 

bacteria (red arrows) in the presence of filamentous cyanobacteria. (B) Scanning electron 

microscopy image shows community bacteria (red arrows) attached to the sheath of the 

filamentous bacteria. (C–D) Optical micrographs showing the clumping of HT-58-2 cyanobacteria 

(Neofluar 40X 0.75, Zeiss) grown in BG-11 for 35 days. (E) Genes identified for tetrapyrrole 

biosynthesis pathways (termed as hem genes) are distributed throughout the genome of the 

Nostocales HT-58-2 (7.85 Mbp, green rings are coding sequences), except in the proposed BGC 

for tolyporphins (BGC-1). 
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To pursue questions of biosynthesis and in vivo function of tolyporphins, in late 2015 we 

obtained the tolyporphins-producing culture HT-58-2. Subsequent studies have revealed the 

following: (1) The HT-58-2 culture is dominated by a single filamentous cyanobacterium in a non-

axenic cyanobacterial-microbial consortium (Figure 5-2A–B) [10,11]. (2) Several-weeks growth 

under stress imparted by deprivation of aqueous-soluble nitrate profoundly increases the 

production of tolyporphins, reaching a level rivalling that of chlorophyll [11]. (3) Tolyporphins 

are present in the sheath and cell septa of the filamentous cyanobacterium, as revealed by 

hyperspectral confocal fluorescence imaging [13]. (4) The cyanobacterium contains a circular 

genome (7.85 Mbp) with genes for biosynthesis of heme, chlorophyll a, phycocyanobilin, and 

cobalamin (in part), as well as a putative biosynthetic gene cluster (here termed BGC-1) for the 

biosynthesis of tolyporphins (Figure 5-2E) [10]. Notably, BGC-1 contains all genes in the core 

pathway (from L-glutamic acid to protoporphyrinogen IX) of tetrapyrrole biosynthesis, except 

hemD, which is located elsewhere in the genome. 

On initial report in 1992 [2], the Nostocales cyanobacterium HT-58-2 was categorized as 

Tolypothrix nodosa on the basis of visual inspection of the characteristic filamentous morphology 

(Figure 5-2C–D). The term “tolypothrix” refers to “a hairy ball of yarn” whereas “nodosa” denotes 

the presence of nodules, which are believed to be responsible for nitrogen fixation.  The availability 

of the sequence information enabled phylogenomic analysis, which showed the HT-58-2 

cyanobacterium to be more closely aligned with the genus Brasilonema according to 16S rRNA 

[10]. 

Scrutiny of the lipophilic extracts of the HT-58-2 culture has revealed other new natural 

products.  The natural products include tolypodiol (Figure 5-3), the first diterpenoid compound 

obtained from cyanobacteria [14]. A monoacetate derivative of tolypodiol was subsequently 
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synthesized by chemical means [14]. Both tolypodiol and the synthetic O-acetate derivative 

showed potent anti-inflammatory activity in a mouse ear edema assay. Recently, two tolypodiol 

analogues, 6-deoxytolypodiol and 11-hydroxytolypodiol, also were found in extracts from the HT-

58-2 culture. The structures and absolute configuration of the two tolypodiol analogues were 

determined, and the compounds were assayed for anti-inflammatory activity [15]. Prior work [10] 

annotating the genome of the Nostocales HT-58-2 suggested numerous genes for diverse functions 

but did not delve deeply into BGCs of natural products, including those for tolypodiols. 

 

Figure 5-3. Structure of tolypodiol and two analogues isolated from cyanobacterial strain HT-58-

2.  

 

In this paper, we report an evaluation of genes that support biosynthesis of tolypodiols as 

well as other natural products, deepening the coding potential survey of the genome that was 

initially reported [10]. A large impetus for this work stems from two facts: (1) the in vivo functions 

of tolyporphins and tolypodiols are not known, and (2) the biosynthesis of tolyporphins depends 

markedly on environmental conditions. The production of myriad natural products by 

cyanobacteria can be prompted by a host of environmental stimuli [16,17]. The issue then arises 

as to the biosynthetic capacity of HT-58-2, i.e., what other natural products might be produced 

either under normal or stressed conditions? 
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5.3. Results 

5.3.1. Putative tolypodiol BGC 

To pursue the biosynthesis of tolypodiols, a search for BGCs related to terpenoids in the 

Nostocales HT-58-2 was performed (hereafter in this study, “HT-58-2” will refer to the 

cyanobacterium unless otherwise noted). The biosynthesis of the terpenoid skeleton in 

cyanobacteria proceeds via a non-mevalonate pathway, termed the methylerythritol-4-phosphate 

(MEP) pathway. The pathway is shown in Figure 5-4 [18,19]. Specific genes that encode enzymes 

involved in the MEP pathway were annotated throughout the genome of HT-58-2; the annotation 

was done manually according to protein homology. A putative BGC of ~17 kbp with genes that 

encode almost the entire MEP pathway was found at 38,701 – 55,799 bp of the HT-58-2 genome 

(CP019636). Two of the requisite eight genes are absent, which code for 2-C-methyl-D-erythritol 

4-phosphate cytidylyltransferase (MCT) and 2-C-methyl-D-erythritol 2,4-cyclodiphosphate 

synthase (MDS), corresponding to the third and fifth steps as shown in Figure 5-4. The two genes 

missing in the BGC, ispD and ispF, occur elsewhere in the genome. The other six genes in the 

MEP pathway, including dxs, dxr, ispE, ispG, ispH, and crtE, appear both in the BGC and at least 

once elsewhere distributed in the genome of HT-58-2 (Figure 5-5). This situation resembles that 

of the putative BGC for tolyporphins, where a subset of genes within the BGC-1 also appear 

elsewhere in the genome. 
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Figure 5-4. Terpenoid biosynthesis via the MEP pathway in bacteria. Proteins (genes) labeled red 

are present in the putative tolypodiol BGC in HT-58-2. 
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Figure 5-5. Tolypodiol BGC and distribution of genes for the MEP pathway of terpenoid 

biosynthesis in the genome of HT-58-2. 

 

The assigned tolypodiol BGC is shown in Figure 5-6. In addition to the six genes for 

enzymes corresponding to the biosynthesis of the terpenoid backbone, four additional genes were 

identified that are expected to encode enzymes of the ubiquinone/terpenoid-quinone pathway. The 

latter pathway entails attachment of an all-trans-polyprenyl unit (such as geranylgeranyl) to the 3-

position of 4-hydroxybenzoate. The arene motif in the resulting polyprenyl benzoquinol has 

intriguing structural resemblance to the arene in tolypodiols.  The corresponding enzymes UbiC, 

UbiA, UbiH, and UbiE are known to catalyze the reactions shown in Figure 5-7 [20-24]. The 

product from the backbone MEP pathway of terpenoid biosynthesis, geranylgeranyl diphosphate, 
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might participate in the biosynthesis of terpenoid-quinone compounds (such as tolypodiols) given 

the co-clustering of ubi/isp/dxr/dxs/crtE genes.  The list of aligned proteins and corresponding 

genes is provided in Table 5-1. 

 

Figure 5-6. Assigned tolypodiol BGC at region 38,701 – 55,799 (17,099 bp) in HT-58-2. Genes 

encoding enzymes involved in the MEP pathway for terpenoid backbone biosynthesis are in dark 

blue, while those for ubiquinone/terpenoid-quinone are in light blue. 

Table 5-1. Aligned proteins from the putative tolypodiol BGC in HT-58-2a. 

HT-58-2 accession Aligned protein (gene) 

WP_015211021 2-Polyprenyl-6-methoxyphenol hydroxylase and related FAD-

dependent oxidoreductases (ubiH)b 

ARV62772 4-Hydroxybenzoate polyprenyltransferase (ubiA) 

ARV57253 Chorismate lyase (ubiC) 

ARV57254 1-Deoxy-D-xylulose-5-phosphate synthase (dxs) 

ARV57255 1-Hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase (ispG) 

ARV62773 Geranylgeranyl pyrophosphate synthase (crtE) 

ARV57256 Hypothetical protein 

ARV57257 Phenylpropionate dioxygenase or related ring-hydroxylating 

dioxygenase (hcaE) 

ARV57258 Ubiquinone/menaquinone biosynthesis C-methylase (ubiE) 

ARV57259 4-Hydroxy-3-methylbut-2-enyl diphosphate reductase (ispH) 

ARV57260 Cytochrome P450  

ARV62774 4-Diphosphocytidyl-2C-methyl-D-erythritol kinase (ispE) 

ARV62775 Dephospho-CoA kinase (coaE) 
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Table 5-1 (continued). Aligned proteins from the putative tolypodiol BGC in HT-58-2a. 

ARV57261 1-Deoxy-D-xylulose 5-phosphate reductoisomerase (dxr) 

ARV57262 Dienelactone hydrolase 
aAll E-values of aligned proteins are <2.8e-10.  bE-value is 1.6e-04. 

 

 

Figure 5-7. Reactions catalyzed by enzymes in the ubiquinone/terpenoid-quinone pathway. All 

genes for the Ubi enzymes shown here are present in the putative tolypodiol BGC in HT-58-2. 
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5.3.2. BGCs for diverse natural products 

In the genome of HT-58-2, eighteen clusters of genes were identified through use of 

AntiSMASH (Table 5-2). Further analysis showed that four of the eighteen clusters (hereafter 

BGCs) aligned with relatively high similarity (>50%) with known BGCs for the following 

compounds: (1) hapalosin, (2) anatoxin-a/homoanatoxin-a, (3) shinorine, and (4) heterocyst 

glycolipids (Figure 5-8). In-depth examination concerning the four BGCs is provided in the 

following section. 

Table 5-2. Putative BGCs for natural products identified in HT-58-2 by AntiSMASH. 

No. Region (bp) Length (nt) Type Similar known cluster 

1 308,169–329,626 21,458 lassopeptide  

2 344,287–393,016 49,759 NRPSa 

vioprolides,  

xenoamicins,  

cyanopeptin 

3 855,604–866,222 10,619 RiPP-likeb  

4* 958,778–1,011,938 53,161 hglE-KSc, T1PKSd heterocyst glycolipids 

5 1,080,296–1,132,473 52,178 T1PKS carbamidocyclophanes 

6 1,225,583–1,267,343 41,761 
phosphonate, 

terpene 
 

7 1,620,824–1,643,303 22,480 lassopeptide  

8 1,748,080–1,798,143 50,064 NRPS hapalosin 

9* 2,268,098–2,291,911 240,666 NRPS, T1PKS hapalosin 

10 2,303,699–2,508,763 20,507 NRPS, T1PKS nostopeptolide A2 

11* 2,683,411–2,768,967 85,557 T1PKS anatoxin-a 

12 3,624,228–3,644,311 20,084 terpene  

13 3,794,851–3,850,264 55,414 T1PKS chondrochloren A 

14 4,005,987–4,016,220 10,234 bacteriocin  

15* 4,105,987–4,016220 42,348 NRPS hexose-palythine-serine 
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Table 5-2 (continued). Putative BGCs for natural products identified in HT-58-2 by AntiSMASH. 

16 4,214,166–4,256,226 41,891 bacteriocin  

17 4,262,518–4,353,871 91,354 
NRPS, 

lanthipeptide 
nostopeptolide A2 

18 5,824,405–5,845,337 20,933 terpene  

*Clusters of known BGCs wherein >4 core genes were identified with high similarity. aNon-

ribosomal peptide synthetase cluster. bOther unspecified ribosomally synthesized and post-

translationally modified peptide product cluster. cHeterocyst glycolipid synthase-like 

polyketide synthase (PKS). dType I polyketide synthase (PKS). 

 
 
 
 

 

Figure 5-8. Natural products derived from putative BGCs (>50% similarity with reported ones) in 

HT-58-2. 
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5.3.3 Hapalosin BGC 

Hapalosin is a cyclodepsipeptide that has been shown to cause reversal of multi-drug 

resistance in tumor cell lines [24]. The compound has been detected from lipophilic extracts of 

three cyanobacterial strains: Hapalosiphon welwitschii UH strain IC-52-3, Westiella intricata UH 

strain HT-29-1, and Fischerella sp. PCC 9431. The UH strains were collected by the same team 

at the University of Hawaii that discovered HT-58-2 as part of a global search for novel natural 

products from diverse cyanobacteria [3]. Cloning and heterologous expression of the majority of 

the hapalosin BGC from Fischerella sp. PCC 9431 was recently described [25]. 

In HT-58-2, a non-ribosomal peptide synthase/Type I polyketide synthase (NRPS/T1PKS)-

related gene cluster was found spanning 240 kb (region 9) as shown in Table 5-2. More than ten 

T1PKS/NRPS domains are arranged in this region, which are likely involved in the biosynthesis 

of cyclic peptide-polyketides or lipopeptides, such as the cyclodepsipeptide hapalosin. Five genes 

in the BGC aligned with all five members from the hapalosin BGC from Fischerella sp. PCC 9431 

(Figure 5-9) [26]. The overall percent identity between amino acid sequences of HapA-E in the 

two BGCs is around 50–60% with E-value of 0.0 as given by BLASTP; the module domains of 

PKS and NRPS from HT-58-2 differed from those in Fischerella sp. PCC 9431 (Table 5-3). The 

distinct difference in sequences and modules suggests that hapalosin might not be the only product 

produced by this long BGC. A second group of hapalosin genes was identified (entry 8, Table 5-

2), but the corresponding pathway appears to be incomplete. 
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Figure 5-9. The putative hapalosin BGC identified from HT-58-2 (middle), aligned with that from 

Fischerella sp. PCC 9431 (top). Genes are color-coded to represent similarities. The lower panel 

shows the expansion of the 75.7 kb region of Nostocales HT-58-2 that contains 10 genes for 

NRPS/PKS systems. 

Table 5-3. Alignment between proteins of the putative HT-58-2 hapalosin BGC and those from 

Fisherella sp. PCC 9431. 

HT-58-2 accession Aligned protein E-value % identity* 

ARV58870 HapA, AMP-dependent synthetase 0.0 60.2% 

ARV58846 HapB, polyketide synthetase 0.0 51.6% 

ARV58869 HapC, non-ribosomal peptide synthetase  0.0 58.8% 

ARV58868 HapD, non-ribosomal peptide synthetase 0.0 63.6% 

ARV62947 HapE, polyketide synthetase 0.0 65.3% 

*The percent identity included >75% of aligned protein length from the two BGCs, except for 

HapD (42%). 

 

5.3.4. Anatoxin-a/homoanatoxin-a BGC   

Anatoxin-a belongs to a class of toxins produced by cyanobacteria that have been reported 

as threats to humans and animals [27,28].  Anatoxin-a was first isolated from Anabaena flos-aquae 
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in 1977 [29], and several analogues, including homoanatoxin-a, dihydroantoxin-a, and 

dihydrohomoanatoxin-a, were later identified from multiple genera of cyanobacteria [30].  Known 

as Very Fast Death Factor (VFDF), anatoxin-a can cause tremors, paralysis and death within a few 

minutes when injected into the body cavity of mice [31], and also has high acute oral toxicity [32]. 

Thus, monitoring water supplies for the presence of cyanobacteria that produce anatoxins has 

become an important issue. However, due to the limitations of many traditional means of 

observations such as light microscopy, it is preferable to employ genomic methods to identify 

cyanobacteria that have the potential to produce anatoxins. 

A putative anatoxin-a/homoanatoxin-a BGC was found between nucleotides 2,729,361 and 

2,752,515 bp in the genome of HT-58-2 (Figure 5-10). Aligned with the reported ana BGC from 

Oscillatoria sp. PCC 6506 [33,34], most genes (anaA-G) share 80–90% nucleotide and amino acid 

identity, except for that of AnaJ with 65% aligned amino acid identity (Table 5-4). The main 

difference between the two ana BGCs is the position of the thioesterase gene (anaA). anaA is 

observed upstream of the anaB-G cluster in Oscillatoria sp. PCC 6506 versus downstream of the 

BGC in HT-58-2 (Figure 5-10). Additionally, both predicted protein functions and identified 

functional domains in the polyketide synthases from HT-58-2 are extremely similar to those from 

Oscillatoria sp. PCC 6506, except for that of AnaG. In particular, three module domains (KS-AT-

ACP) were detected in AnaG of HT-58-2, while an additional SAM-dependent methyltransferase 

domain exists in Oscillatoria sp. PCC 6506. In Figure 5-11, a 599 amino acid gap was observed 

in the alignment of the two respective AnaG proteins, which corresponds to the methyl transferase 

region on the basis of module searching. The lack of a methyltransferase in the ana BGC of HT-

58-2 might preclude methyl extension of the acetyl group (forming the propionyl group) in the 
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conversion of anatoxin-a and dihydroanatoxin-a to the respective homoanatoxin-a and 

dihydrohomoanatoxin-a, unless a methyltransferase encoded elsewhere in the genome is used. 

 

Figure 5-10. BGCs for anatoxins from Oscillatoria sp. PCC 6506, Cylindrospermum stagnale 

PCC 7417 and HT-58-2. Genes are color-coded to represent similarities.  

Table 5-4. Alignment between proteins of the putative HT-58-2 anatoxin-a BGC and those from 

Oscillatoria sp. PCC 6506. 

HT-58-2 accession Aligned protein E-value % identity* 

ARV59080 AnaJ, cyclase 0.0 69.0% 

ARV59087 AnaA, thioesterase 3e-157 82.8% 

ARV59081 AnaB, acyl-CoA dehydrogenase  0.0 87.9% 

ARV59082 AnaC, proline adenylation 0.0 87.7% 

ARV59083 AnaD, acyl carrier protein 2e-51 87.4% 

ARV59084 AnaE, polyketide synthase 0.0 86.7% 

ARV59085 AnaF, polyketide synthase 0.0 82.2% 

ARV59086 AnaG, polyketide synthase 0.0 83.9% 

*The percent identity included >90% of aligned protein length from the two anatoxin-a BGCs. 
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Figure 5-11. Alignment between AnaG from HT-58-2 and from Oscillatoria sp. PCC 6506 via 

ClustalW Omega. The image was generated by ESPript 3. Red highlight indicates residues of 

identity or high similarity, non-highlighted fonts show non-matching amino acids, and dots 

indicate gaps in the sequence alignment. 

 

The BGC for anatoxins found in HT-58-2 is most closely related to that identified in 

Cylindrospermum stagnale PCC 7417 (Figure 5-10) on the basis of BLAST results (data not 

shown). C. stagnale PCC 7417 has been reported to produce dihydroanatoxin-a, rather than 

anatoxin-a/homoanatoxin-a [35]. In addition to the presence and alignment of AnaA-G and AnaJ, 
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a MATE efflux transporter is encoded by both BGCs but at distinct positions: downstream from 

the BGC for anatoxins in HT-58-2, while upstream in C. stagnale PCC 7417.  The MATE efflux 

transporter was reported to export cyanotoxin (encoded within the saxitoxin BGC) from growing 

cyanobacteria [36] and might play the same role in transporting anatoxins. 

5.3.5. Hexose-shinorine BGC 

Cyanobacteria are known to produce pigments that afford protection against ultraviolet 

light.  Mycosporine-like amino acids (MAAs) and scytonemins are two types of ultraviolet (UV)-

absorbing compounds for protection against UV-B and UV-A radiation, respectively [37]. 

Shinorine is one of the ~30 MAAs earlier identified in 28 cyanobacterial strains [38] and a red 

algae Porphyra umbilicalis [39]. The structure of shinorine contains a cyclohexenimine core 

bearing glycine and serine substituents. Shinorine has a strong UV absorbing potential due to a 

large molar absorption coefficient (ε = 28,100–50,000 M–1 cm–1) in the UV-A range [40], which 

generally is more penetrating than UV-B [41].   

A putative BGC for the biosynthesis of shinorine was identified from HT-58-2 at the region 

of 4,124,014 – 4,131,995 bp, which can be compared to the reported MAA producer Anabaena 

variabilis ATCC 29413 [42] (Figure 5-12). The shinorine BGC contains four coding sequences 

(CDSs), with the arrangement of genes and the predicted functions of each CDS shown in Figure 

5-12 and Table 5-5. Comparison can be made of an NRPS in A. variabilis ATCC 29413 (Ava_3855) 

and in HT-58-2 (ARV60046). The latter contains an additional condensation domain, which may 

affect the final product derived from the shinorine BGC. Such a condensation module was also 

observed in NRPSs from other cyanobacterial strains, e.g., Chlorogloeopsis fritschii PCC 6912 

[43] and Chlorogloeopsis sp. PCC 9212 [44]. The two Chlorogloeopsis strains were identified by 

the presence of a shinorine BGC similar to that of HT-58-2. 
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Figure 5-12. Alignment between shinorine BGCs from A. variabilis ATCC 29413 and HT-58-2. 

Genes are color-coded to represent similarities.  

Table 5-5. Alignment between proteins of the putative HT-58-2 shinorine BGC and those from A. 

variabilis ATCC 29413. 

HT-58-2 

accession 
Aligned protein 

E-value % identity* 

ARV60049 3-dehydroquinate synthase 3e-149 78.7% 

ARV60048 SAM-dependent methyltransferase 1e-109 74.2% 

ARV60047 ATP-grasp enzyme 1e-215 79.0% 

ARV60046 NRPS 0.0 72.9% 

*The percent identity included >66% of aligned protein length from the two shinorine BGCs. 

 

5.3.6. Heterocyst glycolipid BGC 

Heterocyst glycolipids (HGs) form a protective layer for oxygen-sensitive nitrogenase 

enzymes [45] in the envelope of heterocystous nitrogen-fixing cyanobacteria. Since the HT-58-2 

cyanobacterium is filamentous and is capable of nitrogen fixation [10], the presence of a BGC for 

HG biosynthesis in the genome of HT-58-2 seemed likely. Indeed, an HG BGC occurs in HT-58-

2 at position 974,174 – 991,938 bp. Six genes therein encode proteins aligned with high similarity 

(>63% identity) to a reported BGC for HGs from Nostoc sp. 'Peltigera membranacea cyanobiont' 
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[46]. The alignment of the two HG BGCs and the predicted product functions are shown in Figure 

5-13 and Table 5-6. A short-chain dehydrogenase/reductase (SDR) is absent in the HG BGC from 

HT-58-2, while a carboxypeptidase regulatory-like domain protein is present between HglG and 

HglE. Adjacent to the assumed HG BGC are twelve photosynthesis and phycobilisome-related 

proteins, for which the relationship to the formation of HGs remains unknown. Overall, the 

putative HG BGC in HT-58-2 aligned with 85% similarity to the proteins of the Nostoc sp., 

although the effect of the absent SDR on the biosynthesis of HGs requires further study. 

 

Figure 5-13. Heterocyst glycolipids BGCs from Nostoc sp. 'Peltigera membranacea cyanobiont' 

and HT-58-2. Genes are color-coded to represent similarities.  

Table 5-6. Alignment between proteins of the putative HT-58-2 heterocyst glycolipids BGC and 

those from Nostoc sp.. 

HT-58-2 accession Aligned protein E-value %identity* 

ARV57925 HetI, 4'-phosphopantetheinyl transferase 1e-125 71.2% 

ARV57926 HglB, thioester reductase 0.0 73.0% 

ARV62843 PfaD, polyunsaturated fatty 

acid/polyketide biosynthesis protein 
0.0 79.5% 

ARV57927 HglC, beta-ketoacyl synthase 0.0 63.6% 

ARV57928 HglG, polyketide synthase 0.0 65.3% 

ARV57929 carboxypeptidase regulatory protein N/A N/A 

ARV57930 HglE, polyketide synthase 0.0 66.8% 

*The percent identity included >97% of aligned protein length from the two HG BGCs. 
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5.3.7. Putative BGC for nitrogen fixation  

Genes for nitrogen fixation enable cyanobacteria to grow in the absence of dissolved 

nitrogenous compounds. The presence of a minimum set of six genes, termed nifHDK and nifENB 

for catalytic and biosynthetic components, respectively, has been reported to be essential for 

nitrogen fixation [47]. In HT-58-2, genes for nitrogen fixation were found to be concentrated in 

two regions: 4,862,885 – 4,900,602 bp (nif cluster 1) and 4,972,977 – 4,986,558 bp (nif cluster 2) 

(Figure 5-14). The former cluster contains five of the six genes (missing nifB) whereas the latter 

cluster contains three genes (missing nifENK); regardless, all six required genes are represented 

among the two clusters. The expression of the genes in the two clusters may differ under distinct 

growth conditions [48]. 

In addition to the nif and vnf genes encoding nitrogenases (the latter a vanadium-dependent 

nitrogenase), modABC genes are present in cluster 1, which encode proteins involved in the high 

affinity molybdate/tungsten uptake system. The presence of Mo-related proteins in the nif gene 

cluster 1 supports the inferred role of Mo transport in regulating nitrogen fixation by HT-58-2. 

 

Figure 5-14. Gene clusters related to nitrogen fixation in HT-58-2. Nitrogen fixation genes are 

labeled in magenta, while additional genes related to ion transport or energy production are in 

maroon. 
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5.4. Discussion 

Cyanobacteria are essential constituents of the earth’s biota and occupy diverse terrestrial 

and aquatic ecosystems [49,50]. Cyanobacteria provide a tremendous treasury of natural products 

with rich applications to serve human needs in the pharmaceutical, food, and energy industries 

[51]. The culture HT-58-2, which contains a filamentous cyanobacterium and several other 

bacteria (mostly photoheterotrophic bacteria), is known to produce two distinct classes of natural 

products: tolyporphins, new members of the tetrapyrrole macrocycle family; and tolypodiols, 

which are diterpenoids. Both sets of natural products have been subjected to initial evaluation for 

biological activities. Tolyporphin A was found to inhibit the efflux pump activity and thereby 

reverse multidrug resistance (MDR) in tumor cells [2,4,5]. Tolypodiols and analogues were 

evaluated for anti-inflammatory properties germane to neurological disorders [14,15]. In contrast 

with the intriguing reports concerning bioactive properties, the biosynthetic pathways to 

tolyporphins and tolypodiols have been little explored, and essentially nothing is known 

concerning the functional roles of these natural products in the cyanobacterium and associated 

community bacteria. 

Knowledge of the full genome of the Nostocales HT-58-2 enables identification of genes 

or BGCs that might contribute to the biosynthesis of tolyporphins and tolypodiols. Studies of the 

tolyporphins BGC (BGC-1) will be reported elsewhere. Here, a BGC was examined that contains 

almost all genes in the MEP pathway related to the backbone biosynthesis of terpenoids. Genes 

co-localizing with those in the MEP pathway are ubi genes, which are involved in the terpenoid-

quinone pathway. Additionally, the significant product of the MEP pathway, geranylgeranyl 

diphosphate, could react with 4-hydroxybenzoate (a product of the UbiC-catalyzed reaction 

derived from the common precursor chorismic acid) to afford many important aromatic 
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compounds such as ubiquinone and vitamin K [52]. Such a BGC for tolypodiols requires further 

analysis to establish the complete biosynthetic steps derived from the MEP pathway. The absence 

of genes (ispD and ispF) corresponding to MCT and MDS proteins in the tolypodiol BGC is (1) 

not believed to result from incompleteness of sequencing reads when assembling and closing the 

circular genome of Nostocales HT-58-2 [10], and (2) is not concerning with regards to 

biosynthesis, as such genes are present elsewhere in the genome. 

The HT-58-2 culture grows under a medium deprived of aqueous-soluble nitrate (BG-11o), 

consistent with a presumed nitrogen fixation capacity of heterocyst-forming cyanobacteria [12]. 

The production of tolyporphins is profoundly increased in the absence versus presence of soluble 

nitrate [12]. A minimum set of six conserved nif genes (nifHDKENB) is required for nitrogen 

fixation [47]. Genes for two different nitrogenases (nif and vnf) were found in two clustered 

regions. Nitrogen fixation in HT-58-2 is probably regulated by metal ion concentrations, since 

molybdate-dependent transporters (mod) and nitrogenases (nif, vnf) are co-localized. Further 

studies may probe co-relationships of gene expression for nitrogen fixation and tolyporphins 

production in the face of environmental stimuli.   

The studies reported here suggest that HT-58-2 may be capable of producing diverse 

natural products beyond tolyporphins and tolypodiols. Four BGCs are aligned with relatively high 

similarity (above 50% similarity) with those reported for the biosynthesis of hapalosin, anatoxin-

a/homoanatoxin-a, hexose-shinorine, and heterocyst glycolipids. The alignments are not complete, 

as a gap region occurs in the putative hapalosin BGC and at least one component is absent in the 

other BGCs. Alignment and conserved domain analysis of the protein AnaG did not reveal a means 

for methylation of anatoxin-a and dihydroanatoxin-a to form the corresponding homoanatoxin-a 
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and dihydrohomoanatoxin-a. However, the effects on product structures of absent domains, or 

differences in domains of individual components, remains unknown. 

Traditional methods of discovering bioactive products from microorganisms are often 

limited by available cultivation conditions or purification methodologies [53]. Genome mining 

and bioinformatics provide complementary strategies for exploring biosynthetic pathways of 

metabolites. Though none of the four natural products (hapalosin, anatoxin-a/homoanatoxin-a, 

hexose-shinorine, and heterocyst glycolipids) has yet been isolated from the HT-58-2 culture, the 

identification of the putative BGCs highlights potential opportunities. The potential presence of 

anatoxins and analogues in particular should prompt caution in handling the HT-58-2 cultures and 

extracts thereof, given their known physiological effects. Moreover, biological assays with crude 

extracts must be cautiously interpreted given the possible presence of numerous bioactive natural 

products. Identification of putative BGCs enables further work to address issues concerning 

possible evolutionary origin. Taken together, the putative BGCs described in this study establish 

a framework for the investigation of the biosynthesis of tolypodiols and other natural products as 

well as nitrogen fixation and regulation in the HT-58-2 cyanobacterial-bacterial consortium. 

5.5. Experimental section 

The HT-58-2 sample was incubated in BG-11 medium as described previously [10] under 

continuous white light (62 µmol m-2 s-1) at 28 °C with shaking at 120 rpm.  BG-11 medium 

provides aqueous-soluble nitrogen in the form of NaNO3. 

Analysis of genes for the biosynthesis of natural products within the genome of Nostocales 

HT-58-2 (accession number: CP019636) was performed by use of AntiSMASH [54], PRISM [55], 

and ARTS [56] with default settings.  Putative BGCs for tolypodiols and nitrogen fixation were 

annotated and labeled manually based on protein homology searching and conserved domain 
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analysis via the BLASTP program [57].  Individual gene or protein alignments were performed 

with Clustal Omega [58] and formatted with ESPript 3.0 [59]. 

GenBank accession numbers for components in the hapalosin BGC from Fischerella sp. 

PCC 9431 for protein alignment are as follows: HapA (WP_026723805), HapB (WP_035121546), 

HapC (WP_081656241), HapD (WP_051206727), and HapE (WP_035122279). 

GenBank accession numbers for components in the anatoxin-a BGC from Oscillatoria sp. 

PCC 6506 are as follows: AnaJ (ACR33072), AnaA (ACR33073), AnaB (ACR33074), AnaC 

(ACR33075), AnaD (ACR33076), AnaE (ACR33077), AnaF (ACR33078), and AnaG 

(ACR33079).   

GenBank accession numbers for components in the shinorine BGC from Anabaena 

variabilis ATCC 29413 are as follows: Ava_3855 (ABA23460), Ava_3856 (ABA23461), 

Ava_3857 (ABA23462), and Ava_3858 (ABA23463).   

GenBank accession numbers for components in the HGs BGC from Nostoc sp. 'Peltigera 

membranacea cyanobiont' are as follows: HetI (AGJ76607), SDR (AGJ76606), HglB (AGJ76605), 

PfaD (AGJ76604), HglC (AGJ76603), HglG (AGJ76602), and HglE (AGJ76601). 
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CHAPTER 6 

Media Influence and External Chemical Effects on the Yield of Tolyporphins 

6.1. Introduction 

 Tolyporphins are unusual tetrapyrrole pigments produced by a cyanobacterial-community 

bacterial holobiont HT-58-2 [1–4]. Unlike other natural-occurring tetrapyrroles (chlorophylls, 

heme, and vitamin B12, etc.), the biological producer, biosynthetic pathway, and biological 

function of tolyporphins remained unknown, as well as regulation in HT-58-2. In 2015, we 

obtained the recovered HT-58-2 sample from University of Hawaii, and several findings were 

made since then, including the investigation of the influence of nitrogen stress to the yield of 

tolyporphins and chlorophyll a (Chl a) for HT-58-2 [5,6]. Absorption spectra accompanied by 

multicomponent analysis (MCA) [7] of pigment extracts from HT-58-2 grown with and without 

nitrogen stress led to the following conclusions:  

• The yield of tolyporphins was lower than Chl a under all growth conditions. Among all 

tolyporphins, tolyporphin A comprised the highest peak.  

• The yield of tolyporphin A was higher in BG-11o medium than in BG-11. BG-11o medium 

is BG-11 lacking NaNO3.  

• Production of Chl a and culture cell mass increased after addition of NaNO3.  

 Recently, a new observation was reported from our collaborator, that HT-58-2 grown in 

A3M7 produced more tolyporphins than incubation in the original BG-11 medium. Such 

phenomenon indicates the probable media influence on the yield of tolyporphins. Hence, multiple 

attempts related to growth conditions have been proposed and performed, including: (i) To 

increase the expression of tolyporphins in HT-58-2 by the additional of photosynthesis inhibitors; 
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(ii) To pursue the proper nitrogen source for tolyporphin production; and (iii) to increase the 

concentration of sodium chloride in the growth medium for HT-58-2.  

 The first assumption of decreasing the precursors of photosynthetic pigments 

(chlorophylls, hemes, etc.) may be achieved by blocking the tetrapyrrole pathway. As published 

previously, the P-glycoprotein efflux pump inhibition and photocytotoxicity of tolyporphins was 

observed for specific cancer cell lines [2,8]. Hence, the biological function of tolyporphins might 

be related to protection of the cyanobacterium from other community bacteria in the culture.  

 To test our hypothesis, the addition of photosynthetic inhibitors impairing to the growth of 

cyanobacteria [9], such as herbicides, is highly possible to induce the expression of tolyporphins 

in HT-58-2. Protoporphyrinogen IX oxidase (PPO; EC 1.3.3.4) inhibitor is one of the 

photosynthetic inhibitors that could block the synthesis of protoporphyrinogen IX (PPIX) to 

protoporphyrin IX (Figure 6-1), which is an essential step leading to heme and chlorophylls. In 

photosynthetic organisms with capability of photosynthesis, PPO inhibitors may cause the 

accumulation of PPIX, which then will be spontaneously oxidized by oxygen in the mitochondrion 

and chloroplast [10]. During the non-enzymatical process, single oxygen will be generated when 

exposed to light [11].  
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Figure 6-1. Pathway of biosynthesis of modified tetrapyrrole macrocycles. PPO inhibitors block 

the oxidation of PPIX to protoporphyrin IX, the accumulation of which will cause cell death with 

light.  

 

Several chemical families, including diphenylether, N-phenylphthalimide, oxadiazole, 

pyrimidindione, thiadiazole, and triazolinone have been developed as commercial herbicides 

targeting PPO [12,13]. Notably, three families of compounds (Figure 6-2) were applied on 

cyanobacteria for toxicity and a photosynthesis study [9]. Therefore, oxyfluorfen was selected as 

a photosynthetic inhibitor for HT-58-2. Among them, advantages of oxyfluorfen are overwhelmed 

than the others, including effective photo-inhibition effects on cyanobacteria and an acceptable 

price.  

 

Figure 6-2. Structures of PPO inhibitors applied on cyanobacteria.  
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 The second hypothesis about the influence of nitrogen source on the yield of tolyporphins 

is derived from the results of nitrogen stress mentioned above [6]. In detail, the alternative growth 

medium A3M7 is a modified Allen's medium for cyanobacteria growth [15] (Table 6-1). Though 

both media contain NaNO3 as a nitrogen source, A3M7 has NH4Cl to provide nitrogen as well. 

Ammonium is also present in BG-11/BG-11o media. The concentration of ammonium in A3M7 

is 3.6-times that in BG-11/BG-11o, while the concentration of NO3- is 7.5 times greater in BG-11 

than in A3M7. Chloride from BG-11 mainly comes from CaCl2 • 2H2O, the concentration of which 

is 245 µM. Compared with the amount of NH4Cl and CaCl2 • 2H2O in A3M7 medium, the 

concentration of chloride is almost the same in both media. More unique trace metals are also 

present in the recipe of A3M7.  

Table 6-1. Composition of media BG-11/BG-11o and A3M7. 

BG-11/BG-11o Conc./L A3M7 Conc./L 

Na2MgEDTA 1 mg Na2EDTA 3 mg 

Ferric ammonium citrate 

(NH₄)₅[Fe(C₆H₄O₇)₂] 

6 mg 

(10.4 µM) NH4Cl 
10 mg 

(187 µM) 
Citric acid • 1H2O 6 mg 

CaCl2 • 2H2O 36 mg 

(245 µM) 

CaCl2 • 2H2O 

 

13 mg 

(88.4 µM) 

MgSO4 • 7H2O 75 mg MgSO4 • 7H2O 50 mg 

K2HPO4 • 3H2O 40 mg K2HPO4 50 mg 

Na2CO3 20 mg MOPS  

(3-Morpholinopropane-

1-sulfonic acid) 

627 mg 

NaNO3* 1.5 g 

(17.7 mM) 

NaNO3 200 mg 

(2.4 mM) 

Trace salts  FeCl3 0.32 mg 
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Table 6-1 (continued). Composition of media BG-11/BG-11o and A3M7. 

H3BO3 2.9 mg H3BO3 0.62 mg 

MnCl2 • 4H2O 1.8 mg MnCl2 • 4H2O 1.4 mg 

ZnSO4 • 7H2O 0.22 mg ZnCl2 0.1 mg 

CuSO4 • 5H2O 0.79 mg CuCl2 • 2H2O 0.034 µg 

COCl2 • 6H2O 0.05 mg CoCl2 • 6H2O 0.005 mg 

NaMoO4 •2H2O 0.39 mg Trace salts  

  MoO3 (85%) 2.49 µg 

  NH4VO3 2.76 µg 

  NiSO4 • H2O 5.37 µg 

  Na2WO4 • H2O 2.15 µg 

  Al2(SO4)3 3.81 µg 

  CdCl2 0.98 µg 

  SrSO4 1.26 µg 

  PbCl2 0.81 µg 

  LiCl 3.67 µg 

  NaBr 0.77 µg 

  KI 0.79 µg 

  NaF 1.33 µg 

* BG-11 contains NaNO3, while BG-11o doesn’t.  

 

 To investigate the influence of media on the production of tolyporphins, we focused on the 

nitrogen sources of NH4+ versus NO3-. Nitrate (NO3-), nitrite (NO2-), and ammonium (NH4+) are 

commonly used inorganic sources of nitrogen for cyanobacteria [15]. Among them, most 

cyanobacteria have a preference for ammonium, though high concentration of NH4+ (> 100 µM) 

may inhibit nitrogen uptake and cell growth [16]. Moreover, the ratio of NH4+ versus NO3- may 

also affect the nitrogen assimilation and cell density process for cyanobacterium Microcystis [17]. 

According to previous study, the cyanobacterium from HT-58-2 culture is filamentous with 
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heterocysts that are capable of fixation of nitrogen from the atmosphere. Ammonium might be a 

preferable nitrogen supply, as for other cyanobacteria, for cyanobacterium HT-58-2. Hence, to 

pursue the possible stimulation effect on tolyporphins, various inorganic ammonium salts were 

designed to be added into the nitrogen depletion medium (BG-11o).  

 The third suggestion is about to increase the concentration of NaCl in the growth medium 

for HT-58-2. The soil sample HT-58-2 was initially isolated at a shoreline [5]. Saline concentration 

within the original growing environment might be higher than in current BG-11. 

6.2. Results and Discussion 

6.2.1. Incubation of HT-58-2 with oxyfluorfen 

 HT-58-2 cells were spread evenly in six-well-plates after the addition of herbicides in BG-

11 medium. After one-day-incubation with illumination, there was little difference among cells 

under different concentrations of oxyfluorfen treatments (Figure 6-3A). As a control, Anabaena 

sp. PCC 7120 cells remained green and grew healthily in the presence of a high concentration of 

oxyfluorfen, representing the inhibition by herbicides probably affects in late. However, after 

incubation of 10 days, the appearance of cells treated with different concentrations of oxyfluorfen 

varied.  
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Figure 6-3. HT-58-2 treated with oxyfluorfen for 10 days. (A) Day 0, immediately after adding 

different amounts of oxyfluorfen, HT-58-2 cells were evenly dispersed in the BG-11 medium. (B) 

Day 1, after 22 hours of incubation with oxyfluorfen, little effect was shown by the HT-58-2 

culture. (C) Day 10 with oxyfluorfen, the appearances of cells were distinct among different 

treatments of oxyfluorfen. 
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 As shown in Figure 6-3C, a high concentration of oxyfluorfen (221.2 µM) led to an increase 

of the turbidity of the culture. However, HT-58-2 cells remained green with the addition of 

oxyfluorfen, revealing the presence of chlorophyll a. The oxyfluorfen seemed to have slight 

influence on the photosynthetic pigments in the cyanobacteria for ten days.  

 To further analyze the composition of pigments with the addition of oxyfluorfen, pigments 

were extracted from all samples by MeOH and analyzed by absorption spectroscopy. In Figure 6-

4, only a single peak representing Chl a was observed at the wavelength 650–700 nm from all HT-

58-2 samples. Interestingly, there was no tolyporphins signal observed from the HT-58-2 pigment 

extracts, which did not correspond to the results published previously [6]. Such negative detection 

of tolyporphins happened again for the cloning and heterologous experiments (Chapter 2).  
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Figure 6-4. Absorbance of pigments extracted from HT-58-2 grown in BG-11 after treatment with 

different concentrations of oxyfluorfen for one (A) and ten days (B). No tolyporphins signal was 

detected. 
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 In this case, BG-11 was replaced by the nitrogen depletion medium BG-11o, and the 

concentrations of oxyfluorfen were changed to 0, 20, 40, and 80 µg/mL. After a total incubation 

of 12 days, the culture of HT-58-2 treated with high concentrations of oxyfluorfen turned more 

turbid (Figure 6-5), which may result from cell death. Notably, cells treated with 20 µg/mL of 

oxyfluorfen seemed greener and more robust than others, representing a possible improvement of 

photosynthesis and production of Chl a under the certain herbicide stress.  

 

Figure 6-5. HT-58-2 grown in BG-11o with the addition of oxyfluorfen (0, 55.3, 111, and 221 

µM) for 12 days. 

 

 Pigments were extracted from the HT-58-2 samples under different conditions and 

analyzed by absorption spectroscopy. In Figure 6-6, a shoulder representing tolyporphins was 

observed from extracts of HT-58-2 grown in BG-11o. However, there was no stimulation of 

tolyporphins production when increasing the concentration of oxyfluorfen. This was identical with 

the results obtained from the last oxyfluorfen inhibition test, where there were no detectable 

tolyporphins extracted from HT-58-2 grown in BG-11 media. In contrast, an apparent peak of 

tolyporphins at ~676 nm was exhibited from the extract from HT-58-2 grown in A3M7 medium. 

All other conditions were the same for HT-58-2, except the media composition.  



   

 199 

 

Figure 6-6. Absorbance of pigments extracted from HT-58-2 grown in BG-11o (A) and BG-11 

(B) after treatment with different concentrations of oxyfluorfen for 12 days (wavelength 620–720 

nm). No tolyporphins signal was detected from samples grown in BG-11, while an absorption 

shoulder for tolyporphins was observed from BG-11o (red arrow in panel A).  
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 In all, though the expression of tolyporphins was not boosted by the addition of the 

protoporphyrinogen inhibitor oxyfluorfen with or without nitrogen stress, new findings were 

obtained. The results of pigment analysis were distinct compared with the data published 

previously, that almost no tolyporphin signal was detected from samples grown in BG-11 medium. 

Interestingly, corresponding to a phenomenon observed from the cloning and heterologous 

expression experiment, there was a promotion of production of tolyporphins from HT-58-2 cells 

that were cultivated in A3M7 medium, while all the other growth conditions examined, such as 

variation in light intensity and temperature, gave the same effects as those grown in BG-11. Hence, 

it is more worthwhile to pursue the influence of media on the yield of tolyporphins, especially for 

comparing the compositions of A3M7, BG-11, and BG-11o.  

6.2.2. Preliminary investigation of media (BG-11/BG-11o and A3M7) influence on the yield 

of tolyporphins. 

To confirm the probable stimulation effect on the production of tolyporphins by the 

medium A3M7, HT-58-2 was incubated in BG-11, BG-11o, and A3M7 for 25, 35, and 43 days 

before pigment extraction and analysis. As shown in Figure 6-7, the pigment extract from HT-58-

2 in A3M7 for 35 days exhibited a peak around 677 nm, which is an extra absorption peak 

comparing with pigment extracts from cyanobacteria incubated in BG-11o/BG-11. Interestingly, 

the representative peak of tolyporphins was absent for day 25 and 43, which might be because of 

the detection limitation of absorption spectroscopy. The cultivation period may also affect the yield 

of tolyporphins, accordingly. Nevertheless, the extract from HT-58-2 incubated in A3M7 for 35 

days led to the most obvious peak of tolyporphins, confirming that the A3M7 medium could 

stimulate the yield of tolyporphins. However, the relative ratio of Chl a and tolyporphins requires 

further calculation based on the collected cell mass.  
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Figure 6-7. Normalized absorption spectrum at the range of 600–800 nm for pigment extracts 

from HT-58-2 grown in different media (BG-11o, blue; A3M7, red; and BG-11, black) for 25 (A), 

35 (B), and 43 days (C). The absorption spectra of chlorophyll a (light green) and tolyporphins 

(dark green) are shown for comparison.  
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6.2.3. Evaluation of influence of ammonium on the yield of tolyporphins. 

 According to the results of MCA and absorption analysis, HT-58-2 cultivated in A3M7 

medium resulted in the greatest amount of tolyporphins per mg cell. In contrast, cells grown in 

BG-11 led to no observation of tolyporphins. Moreover, the increase in the actual amount of 

tolyporphins in A3M7 was accompanied by a decrease of Chl a. The biosynthesis of tolyporphins 

might benefit from ammonium as a nitrogen source rather than nitrate. Further experiments were 

then performed to evaluate the influence of ammonium on the production of tolyporphins. In detail, 

HT-58-2 culture was incubated in growth media supplied with different ammonium salts, including 

NH4Cl, (NH4)2SO4, and NH4HCO3. The concentrations of ammonium salts and media 

compositions are listed in Table 6-2.  

Table 6-2. The compositions of growth media for ammonium effect analysis. 

No. BG-11 (N+) BG-11o (N-) A3M7 NH4Cl (NH4)2SO4 NH4HCO3 NaCl 

1 ü*       

2  ü      

3   ü     

4  ü  187 µM    

5  ü  561 µM    

6  ü  1.87 mM    

7  ü   93.5 µM   

8  ü   935 µM   

9  ü    187 µM  

10  ü    1.87 mM  

11  ü     187 µM 

* Represents the major media base is whether BG-11, BG-11o, or A3M7.  
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 After incubation for 30 days in distinct growth media, the appearance of the HT-58-2 

cultures grown in BG-11o with high concentrations of ammonium seemed more pale than others 

(Figure 6-8), indicating a large amount of NH4+ might impair the health of the cyanobacteria. The 

growth rate of HT-58-2 in A3M7 and BG-11o with ammonium salts was faster than those in BG-

11 and BG-11o. Thus, the increased concentration of NH4+ may not only contribute to an 

improvement in the yield of tolyporphins, but also accelerate the growth rate of HT-58-2 cells. 

 

Figure 6-8. HT-58-2 cultivated in different media for 30 days. (A) HT-58-2 grown in BG-11o and 

with the addition of NH4+ salts of different concentrations. (B) HT-58-2 grown in BG-11o and in 

BG-11o with NH4Cl at 187 µM, 561 µM, and 1.87 mM. (C) HT-58-2 grown in BG-11o and in 

BG-11o with (NH4)2SO4 at 93.5 µM and 935 µM. (D) HT-58-2 grown in BG-11o and in BG-11o 

with NH4HCO3 at 187 µM and 1.87 mM. (E) HT-58-2 grown in BG-11, BG-11o, and A3M7. The 

recipe of BG-11o is the same as BG-11 but without NaNO3 (17.7 mM). The control group that 

HT-58-2 in BG-11o with NaCl (187 µM) does not show in the figure. 
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 The aforementioned groups of HT-58-2 cells were dried, weighed, and extracted by 

CH2Cl2/2-propanol (1:1). The resulting pigment extracts were analyzed by absorption 

spectroscopy, and the absorption spectra (Qy, 620–720 nm) are shown in Figure 6-9. In panel A, 

the absorption spectra of cells grown in pure BG-11o and with NaCl (low concentration, 187 µM) 

are almost overlapped, which indicates that the Cl- had merely no effect on the production of 

tolyporphins. After the additional of NH4Cl at low concentration (187 µM), a shoulder of 

tolyporphins appeared. Since the concentrations of NH4Cl were the same, the absorption spectra 

of pigment extracts from A3M7 and from BG-11o with low concentration. of NH4Cl were alike. 

When increasing the concentration of NH4Cl three-fold (561 µM), the peak of tolyporphins 

became more apparent, while little change was observed for the Chl a peak. However, when the 

concentration of NH4Cl reached 10-fold (1.87 mM), the peak of Chl a decreased. In contrast, the 

peak of tolyporphins remained high. The effect of (NH4)2SO4 at both low and high concentrations 

(93.5 µM and 935 µM) on the absorbance of pigment extracts was similar to NH4Cl stimulation. 

The slight difference resulted from ammonium salts is present in the NH4HCO3 group (panel C). 

In detail, NH4HCO3 at low concentration (187 µM) led to a small shoulder in the absorbance at 

676 nm. Unlike other groups, NH4HCO3 at high concentration (1.87 mM) did not cause a decrease 

of the Chl a peak. Overall, the results indicate the yield of tolyporphins might have little 

relationship with anions of ammonium salts, but was massively influenced by the concentration of 

NH4+. The higher the concentration of NH4+ in the growth media over the range examined, the 

more apparent a peak of tolyporphins was detected from pigment extracts of HT-58-2.  
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Figure 6-9. (A) Standard spectra of chlorophyll a and tolyporphin A in CH2Cl2/isopropanol (1:1). 

(B) The normalized absorption spectra of pigment extracts from HT-58-2 grown in BG-11 (black 

solid line), BG-11o (red solid line), and A3M7 (blue dash line). 
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 The ratio of Chl a versus tolyporphins within pigment extracts from HT-58-2 grown in the 

presence of NH4+ salts was further analyzed by MCA. As shown in Figure 6-10, all MCA results 

corresponded to absorption spectra detected in Figure 6-9. Accordingly, a rough calculation of the 

concentration of tolyporphin mixture and Chl a per mg cell was performed, and calculation results 

are shown in Table 6-3. Here, two absorption epsilon coefficients used are: 86296 M-1cm-1 for Chl 

a at 661 nm, and 44,600 M-1cm-1 for tolyporphins at 678 nm. The molar mass for the tolyporphin 

mixture is the average of tolyporphins A-D. With the increase of concentration of NH4+, the ratio 

of Chl a/Tolys was decreasing. When the concentration of NH4+ reached 1.87 mM, a greater 

amount of tolyporphins was produced than chlorophyll a, which differs dramatically than pigments 

produced in the original BG-11o medium.  Moreover, NaCl at low concentration does not induce 

the formation of tolyporphins. 
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Figure 6-10. The MCA results of pigments extracted from HT-58-2 grown in BG-11, BG-11o, 

and A3M7 (A-C). (D-F) With the additional of NH4Cl at different concentrations, more 

tolyporphins was analyzed from the pigment mixtures. (G-H) Similar results of fitted spectra are 

shown after the addition of (NH4)2SO4. (I-J) MCA of HT-58-2 grown in BG-11o with NH4HCO3. 

(K) Based on the MCA of pigment extracted from HT-58-2 incubated in BG-11o with NaCl (low 

concentration), no tolyporphins were detected. 
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Figure 6-10 (continued). The MCA results of pigments extracted from HT-58-2 grown in BG-11, 

BG-11o, and A3M7 (A-C). (D-F) With the additional of NH4Cl at different concentrations, more 

tolyporphins was analyzed from the pigment mixtures. (G-H) Similar results of fitted spectra are 

shown after the addition of (NH4)2SO4. (I-J) MCA of HT-58-2 grown in BG-11o with NH4HCO3. 

(K) Based on the MCA of pigment extracted from HT-58-2 incubated in BG-11o with NaCl (low 

concentration), no tolyporphins were detected. 
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Table 6-3. Amount of Chl a and tolyporphins versus per mg of HT-58-2 cells in different media. 

No. Sample Chl a (nmol/mg 

cell) 

Tolys (nmol/mg 

cell) 

Tolys/Chl a 

1 BG-11 (N+) 18.7 0.0 0.0 

2 BG-11o (N-) 13.4 0.0 0.0 

3 A3M7 6.00 3.56 0.59 

4 BG-11o + NH4Cl (187 µM)  8.21 5.96 0.73 

5 BG-11o + NH4Cl (561 µM)  3.93 5.90 1.50 

6 BG-11o + NH4Cl (1.87 mM)  2.42 10.2 4.19 

7 BG-11o + (NH4)2SO4 (93.5 µM)  4.86 4.90 1.01 

8 BG-11o + (NH4)2SO4 (935 µM)  0.84 4.38 5.20 

9 BG-11o + NH4HCO3 (187 µM)  8.61 2.19 0.25 

10 BG-11o + NH4HCO3 (1.87 mM)  4.45 6.61 1.49 

11 BG-11o + NaCl (187 µM)  7.70 1.14 0.15 

 

6.2.4. Investigation of the effect of NaCl on the production of tolyporphins 

 Since the HT-58-2 soil sample was isolated nearby the shoreline of Nan Madol, the 

concentration of saline in the growth environment might be higher than that of BG-11 or A3M7. 

Therefore, the investigation of the influence of NaCl concentration on the production of 

tolyporphins was performed. HT-58-2 cultures were cultivated in BG-11 supplied with different 

concentrations of NaCl (0, 50 mM, 100 mM, 250 mM, and 500 mM) for 30 days. Cells were 

harvested and pigment was extracted from each sample for examination by the same method as 

previous detection.  

 The cell appearance of each HT-58-2 culture is shown in Figure 6-11. No cells grow in 

media with high concentration of NaCl (0.25 M and 0.5 M), while the others grew well with NaCl. 

HT-58-2 was also incubated in BG-11 with NH4Cl for a positive control of tolyporphins 

production.  
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Figure 6-11. Culture of HT-58-2 grown in BG-11media containing different concentrations of 

NaCl after incubation of 30 days. 

 

The absorption spectra (Qy 620–720 nm) from each pigment extract are shown in Figure 

6-12. Among the six groups, only cells in BG-11 with 100 µM of NH4Cl show an obvious shoulder 

for tolyporphins at 676 nm. No pigment was analyzed from a culture grown with a high 

concentration of NaCl (grey lines).   



   

 211 

 

Figure 6-12. The absorption spectra of pigments extract from HT-58-2 grown in different media 

containing NaCl: (1) BG-11 with no NaCl (black solid line); (2) BG-11 with 50 mM NaCl (orange 

solid line); (3) BG-11 with 100 mM NaCl (blue dash line); (4) BG-11 with 250 mM NaCl (light 

grey line); (5) BG-11 with 500 mM NaCl (dark grey line); and (6) BG-11 with 100 µM NH4Cl 

(red dash line). 

 

 Above all, we tested the influence of ammonium salts and their concentrations on the yield 

of tolyporphins, as well as NaCl. To summarize the growth media investigation, here are several 

conclusions: 

• The yield of tolyporphins from HT-58-2 culture grown in BG-11 was undetectable by 

absorption spectroscopy. 
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• The additional of NH4+ induced the production of tolyporphins, as well as a decrease of the 

amount of Chl a. The more NH4+ is added (in the range of 10–100 mg/L), the more 

tolyporphins is produced by HT-58-2.  

• The anions might be related to the production of tolyporphins, such as bicarbonate. 

However, chloride does not provide an effect. 

• The ammonium might also increase the growth rate of HT-58-2, which requires further 

observation and more critical analysis.  

• HT-58-2 culture cannot grow in BG-11 media containing a high concentration of NaCl. 

• The addition of NaCl does not cause an increase in the production of tolyporphins. 

Considering the distinct ratio change of Chl a and tolyporphins caused by ammonium 

bicarbonate, the ratio between carbon and nitrogen source may also be critical to the production of 

Chl a and tolyporphins in HT-58-2. Moreover, because MCA relies more on prediction of 

composition, a more accurate quantitative approach could be applied for evaluation of the effects 

of NH4+. The increase of tolyporphins resulting from ammonium may also inform the search for 

gene/gene cluster pertaining to the biosynthesis of tolyporphins. It is highly possible that the 

expression of genes encoding enzymes in the biosynthetic pathway or regulation of tolyporphins 

is increased with the addition of NH4+. Hence, proteomics analysis or RNA-seq may be performed 

to evaluate the expression level of genes in the genome of HT-58-2 under media stress. 

6.3. Experimental section 

6.3.1. Preparation of HT-58-2 culture for PPO inhibitor experiment  

An HT-58-2 culture (50 mL, 30 days) was homogenized at 8,000 rpm for 10 min to disrupt 

cell clumps, and cells were collected by centrifugation. The pelleted HT-58-2 cells were washed 

by deionized water twice and then resuspend in 6 mL fresh BG-11. 
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6.3.2. Evaluation of probable inhibition effect by oxyfluorfen on HT-58-2 

50 mL of a 30-day-HT-58-2 culture in BG-11 was collected and homogenized evenly to 

disrupt cell clumps, and then washed twice with fresh BG-11 medium. The resulting cells were 

resuspended in 6-mL of BG-11, and 500 µL of HT-58-2 was spread into each well with 4.5 mL of 

BG-11 in a six-well plate. A stock of oxyfluorfen (5 mg/mL, 13.8 mM) was prepared ahead in 

ethanol. A certain amount of the herbicide stock was added to each well, forming gradient 

concentrations of 0, 5 µg/mL, 20 µg/mL, and 80 µg/mL. The experiments were carried out in 

duplicate. The samples were incubated together with herbicides for 10 days under continuous 

illumination (~ 25 µmol photons m-2 s-1). Cells in plates were cultivated with continuous shaking 

at 120 rpm to keep the spread of herbicides evenly in the culture. The filamentous cyanobacterium 

Anabaena sp. PCC 7120 was incubated with the same amount of oxyfluorfen under the same 

growth condition as a control for the possible inhibition effect.  

6.3.3. Pigment analysis of cyanobacterium HT-58-2 treated with oxyfluorfen  

After 1, 10, and 12 days of incubation with oxyfluorfen, cyanobacterial cells were collected 

by centrifugation at 4,500 rpm for 10 min. Pigments within each group of cells with treatments 

were extracted by 2 mL of methanol. The resulting extracts were examined by absorption 

spectroscopy. 

6.3.4. Culture conditions, pigment extraction, and analysis for media influence investigation 

HT-58-2 culture was incubated in BG-11 media for 15 days, and then washed twice by 

BG-11o media to remove excess NaNO3. The washed cells were pelleted down and resuspended 

in 5 mL of different media: BG-11o, A3M7, and BG-11. The suspended culture was then 

inoculated into 45 mL of the corresponded media and incubated for an extra few days. The total 

incubation periods were 25, 35, and 43 days. Another experiment to investigate the influence of 
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ammonium salts on tolyporphins was carried out in the same way. Different groups of HT-58-2 

were incubated with BG-11, BG-11o, BG-11o with NH4Cl, NH4)2SO4, and NH4HCO3 at different 

concentrations (187 µM, 561 µM, and 1.87 mM of NH4+). The detailed compositions of media 

used in this experiment are listed in Table 5-2. The total incubation days for ammonium 

experimental groups were 32 days. All Erlenmeyer flasks containing HT-58-2 samples were 

incubated with continuous shaking at 120 rpm under white light (~30 µmol m-2 s-1). The positions 

of flasks were changed every two days to avoid uneven light intensity.  

Then, the cells from each group were washed twice by water, collected, and dried. The 

resulting lyophilized cells were extracted with 3 mL of CH2Cl2/2-propanol (1:1) which led to 

“LE1” as described in the previous paper [6]. Pigment extracts were measured by absorption 

spectroscopy to analyze the components. To further distinguish tolyporphins from chlorophyll a 

from each extract at the range of 630 to 690 nm (Qy band), all absorption spectra were examined 

by a multiple component analysis (MCA) method. Here, three points (661, 670, and 678 nm) were 

used as the default setting. The composite spectrum affording the best fit with the actual spectrum 

affords the percentages of the components. Based on the percentage of chlorophyll a and all 

tolyporphins (represented by tolyporphin A), the amount of each component was calculated for 

per mg of HT-58-2 cells. The MCA was applied to evaluate the effects of ammonium salts 

following the same protocol and parameter settings as mentioned above. 

6.3.4. Examination of the production of tolyporphins by increasing NaCl concentration in 

the growth media for HT-58-2 

50 mL of HT-58-2 cells were first inoculated in BG-11 media for 15 days. The cells were 

then collected and homogenized to break clustered filaments. The resulting cells were re-

suspended in 12 mL of BG-11 before being dispersed evenly into different media: BG-11; BG-11 
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with different concentrations of NaCl (50 mM, 100 mM, 250 mM, and 500 mM, and BG-11 with 

100 µM NH4Cl. The resulting cell cultures were further incubated for 15 days before collection. 

Pigment from each HT-58-2 sample was extracted by 3 mL of MeOH. The detection of pigments 

was performed by absorption spectroscopy.  
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