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 Marine Synechococcus is an abundant, globally distributed group of 

picocyanobacteria that are highly diverse, with at least ten subclades described.  Copper 

can be both a micronutrient and a toxicant and of the main phytoplankton groups marine 

Synechococcus is the most sensitive to copper toxicity, however, there are not many 

genes identified that are involved in copper response in marine Synechococcus.   
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Global expression microarrays and copper growth assays were used to compare 

copper stress response between coastal and open ocean strains of marine Synechococcus 

and found that coastal strains are more tolerant to copper stress and that in one coastal 

strain the source of this tolerance may lie in its horizontally transferred genomic regions.  

This was further investigated through functional characterization of two copper-

responsive genes in genomic islands.  Through inactivation, both genes were found to 

provide copper tolerance and one of the genes was more abundant in the winter months at 

a coastal monitoring site.  Two genes that were commonly induced by the coastal and 

open ocean strains were also characterized.  One gene of unknown function that may bind 

copper was found to be involved in copper tolerance.  The other gene, putative Deg-

protease, was found to be essential for alkaline phosphatase induction and for outer 

membrane reorganization.   

Synechococcus clade IV is an important coastally abundant clade and clade IV 

representative CC9902 is missing some genes that were copper-responsive in the other 

two strains.  Proteome and transcriptome analyses of CC9902 were done following 

copper stress and validated transcriptional copper stress response at the protein level as 

well as identified unique and common responses for this strain.  Response of natural 

assemblages of coastal marine Synechococcus were assessed through transcriptional 

response to copper as well as shifts in diversity of the Synechococcus community 

following copper addition and verified several copper responsive genes from culture 

studies and furthermore found that a unique population was enriched following copper 

addition. 
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 For this dissertation, genes and pathways involved in marine 

Synechococcus copper stress response were identified and characterized, contributing to 

our understanding of the ecology and physiology of this globally important group with 

regards to this environmentally relevant metal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

	  

	  

1	  

INTRODUCTION 

 

 A marine bacterium experiences a dynamic biochemical environment and must 

be able to sense and respond to changes in order to survive in this environment.  

Understanding and classifying these responses can help us to better describe the 

environment as these bacteria are experiencing it and even predict distribution and 

abundance based on this knowledge.  The term stress response, by its general nature, 

encompasses a wide range of mechanisms used by organisms to sense and respond to 

stressors in a changing environment, but what about a stressor that is also a 

micronutrient?  In this case an organism must maintain a precise balance between 

limitation on the one hand and toxicity on the other.  Such is the case for copper stress 

response.   

Marine picocyanobacteria including Synechococcus and its sister taxa 

Prochlorococcus are a highly diverse group that are found throughout the world 

oceans and contribute significantly to primary production and carbon cycling (1, 2).  

At least ten Synechococcus clades have been identified using various phylogenetic 

marker genes and many of these groups are found to coexist in a single location (3-5).  

The physiological and ecological traits associated with this diversity are not 

completely understood.   

Maintaining metal homeostasis is an important challenge for marine 

Synechococcus, and the group is especially prone to copper stress as compared to the 

other major phytoplankton groups, probably by virtue of its high surface area to 

volume ratio that allows it to more efficiently take up limiting resources but may also
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 toxins easier entry (6, 7).  Copper levels (both natural and anthropogenic) have been 

shown to influence marine picocyanobacterial distribution (8, 9), moreover 

picocyanobacteria and other phytoplankton are changing metal abundances in the 

surface waters by both uptake and production of strong extracellular binding ligands 

(10-12).  Copper in the surface waters is mostly complexed by organic ligands of 

varying strengths and free copper (Cu2+ ions) is quite scarce although in some water 

masses it has been shown to increase with depth (13).  Copper inputs into the marine 

environment include coastal runoff, mixing from depth, and atmospheric aerosol 

deposition all of which could potentially lead to episodic pulses of copper into the 

marine environment with rains, tidal surges or even wind (14-16).  The coastal runoff 

include anthropogenic sources such as copper used in brake linings and antifouling 

paint, and anthropogenic copper pollution is on the rise in California coastal waters 

(17).   

Copper toxicity is thought to arise from several mechanisms.  Free copper can 

redox cycle in a Fenton-like reaction leading to the production of reactive oxygen 

species (ROS).  Copper is also a competitor for binding sites of other essential metals 

like iron, especially in the periplasm, and because of this can lead to both Fe limitation 

and inhibition of essential FeS complex biogenesis (18, 19).  Bacterial copper stress 

response is best characterized in Escherichia coli (E.coli) which has several copper 

sensing systems for both the periplasm and the cytoplasm (CusRS and CueR) as well 

as efflux pumps for both compartments (CopA and CusCBA) and a multicopper 

oxidase, CueO, which oxidizes Cu(II) to Cu(I) in the periplasm (Reviewed in (20)).  In 

E.coli copper stress response can overlap both the envelope stress response pathways 
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and the oxidative stress response pathways.  For example, CopA is regulated by both 

CpxR (cell envelope stress sensor) and CueR and CuSO4 activates the soxS, which 

mediates oxidative stress response (20, 21).  More closely related to marine 

Synechococcus is Synechocystis PCC6803, a freshwater cyanobacterium, which has a 

well-described copper metallochaperone, Atx1, that interacts with two copper-

transporting P1-type ATPases, PacS and CtaA, to deliver copper to plastocyanin (22).  

It has been known for some time that some marine Synechococcus strains in 

culture produce a strong organic copper binding ligand in response to excess copper 

and although the molecular weights of these ligands have been characterized, the 

genes associated with this response are not known (12, 23).  This indicates that marine 

Synechococcus does have a specialized copper stress response and conversely there 

are also several copper proteins that indicate a potential need for copper including 

plastocyanin and cytochrome c oxidase which are present in most marine 

Synechococcus genomes as well as a multicopper oxidase and a CuZn superoxide 

dismutase present in only some strains.  Of the above-mentioned copper response 

proteins from other systems all marine Synechococcus genomes include a CtaA 

homolog, but aside from this no other copper metallochaperones, copper sensors or 

copper transporters have been definitively identified in marine Synechococcus.  This 

dissertation seeks to identify pathways of copper stress response in marine 

Synechococcus and compare these pathways between strains.   

In Chapter 1, copper response in coastal and open ocean strains of marine 

Synechococcus are compared using global expression microarrays.  Several of the 

genes identified in this survey in the coastal strain, CC9311, were in putative 
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horizontally transferred regions and Chapter 2 explores the function of two of these 

genes through both inactivation and a survey of temporal and spatial distribution of 

one of the genes in marine environment.  Chapter 3 characterizes two genes through 

inactivation that were commonly induced in both the coastal (CC9311) and open 

ocean (WH8102) strains in order to further characterize common copper stress 

response in marine Synechococcus.  Chapter 4 explores proteomic and transcriptomic 

response to copper stress in another coastal strain, CC9902, in order to further 

characterize coastal Synechococcus response to copper stress as well as validate 

transcriptomic response in the proteome.  Finally, Chapter 5 looks at the response of 

natural Synechococcus communities to copper stress, examining transcriptional 

response after 2 hours using expression microarrays as well as looking at long term 

changes in Synechococcus community diversity following copper additions.   

When characterizing a stress response in marine Synechococcus it is important 

to consider the diversity within the group in order to put the response in an ecological 

and physiological context.  From the differences between groups we can gain 

ecological perspective about the different environments they have adapted to, as well 

as potential mechanisms of adaptation (i.e. horizontal gene transfer), and from the 

similarities between the groups we can work towards characterizing common copper 

response pathways in marine Synechococcus with the ultimate goal of identifying this 

response in natural communities.  This dissertation has helped characterize copper 

stress response in several marine Synechococcus groups and thus allowed us to better 

understand a potential driver of Synechococcus diversity and distribution. 
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Chapter 1, in full, is a reprint of the material as it appears in Stuart, Rhona K,  

Dupont, Chris L., Johnson, D. Aaron, Paulsen, Ian T., and Palenik, Brian. Applied and 

Environmental Microbiology. Volume 75:15, pages 5047-5057. The dissertation 

author was the primary investigator and first author of this paper. 
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CHAPTER 2 

Genomic island genes in a coastal marine Synechococcus strain confer enhanced 

tolerance to copper and methyl viologen stress 

Abstract 

Highly variable regions called genomic islands that are found in the genomes of 

marine picocyanobacteria have been predicted to be involved in niche adaptation. 

These picocyanobacteria are highly sensitive to copper stress and thus copper 

tolerance could confer a selective advantage under some conditions seen in the marine 

environment.  Through targeted gene inactivations of genomic island genes that were 

known to be upregulated in response to copper stress in Synechococcus strain CC9311, 

we found two genes (sync_1495 and sync_1217) conferred tolerance to both methyl 

viologen and copper stress.  Additionally, one of these, sync_1495, had a predictable 

temporal variability in abundance at a coastal monitoring site.  Together, this suggests 

that genomic island genes can confer an adaptive advantage to specific stresses in 

marine Synechococcus.   

Introduction 

With the advent of genome sequencing and the ability to compare whole 

genomes of these related strains it has been discovered that there are a large number of 

unique genes only found in individual strains and that these genes are concentrated in 

highly variable regions of the genome called “genomic islands” (1-3).  These regions 

appear to evolve quite rapidly via horizontal gene transfer as evidenced in part by a 

Synechococcus-enriched metagenome from coastal California waters that showed high 
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recruitment to sequenced reference genomes except in these island regions (4).    

Genomic islands have been found in a wide range of bacterial phyla and in 

many cases carry genes known to be involved in niche differentiation, such as nitrogen 

fixation genes in the symbiotic Rhizobiaceae species (5). These acquisitions are 

considered by some to drive evolution of bacterial species (6) and it was predicted that 

these islands might be a driving force behind niche differentiation in 

picocyanobacteria (2).  However, while some predictions can be made based on 

known gene function, these islands are characterized by their high number of novel 

genes of unknown function making it difficult to fully assess their ecological role (7).   

Several studies of phosphate acquisition genes in Prochlorococcus have found 

evidence that certain phosphate associated genes are only found in regions with low 

phosphate levels and can be found in many phylogenetically distinct clades, indicating 

that these genes are likely laterally transferred at a high rate dependent on 

environmental conditions (8, 9).  Moreover, metatranscriptomic analyses have found 

that some of these variable genes in Prochlorococcus are very highly expressed and 

thus may be important to cellular processes in specific strains, despite their low 

abundance in the metagenomic datasets (10). Additionally, a recent study by Avrani et 

al. found that one island in Prochlorococcus is in involved in phage-resistance (11).  

These studies, and others, have been key to our understanding of the role of these 

islands in marine picocyanobacterial ecology, but targeted gene inactivation of 

genomic island genes to prove they confer an adaptive response has not been done to 

our knowledge. 
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When the genome of coastal Synechococcus sp. strain CC9311 (CC9311) was 

sequenced it was found to have a large number of genes involved in metal homeostasis 

and many of these genes were concentrated in genomic islands (1).  Marine 

picocyanobacteria are known to be the most sensitive of the phytoplankton groups to 

copper stress (12) and given our knowledge of the temporal and spatial variability of 

copper in the marine environment (13, 14) it seems likely that tolerance to elevated 

copper levels could be an ecological advantage.  Indeed, copper has been suggested to 

affect marine picocyanobacterial distribution (15) and Synechococcus is known to 

produce strong extracellular binding ligands in response to excess copper (16).  

Copper toxicity is thought to result from a number of different mechanisms including 

production of hydroxyl radicals, the blocking of essential metal binding sites and 

inhibition of electron transport in PSII (17-19).  Much of characterized copper stress 

response can consequently overlap with oxidative stress response.  Since copper is 

both a toxicant and a micronutrient, identification of copper stress response can be 

more complex and it can be helpful to study simple oxidative stress response along 

with copper stress.   

In a previous study done on transcriptional response to copper stress we found 

that CC9311 had a distinct response from its open ocean cousin (Synechococcus sp. 

strain WH8102) in that a large percentage of the genes it upregulated came from 

putative horizontally transferred genes (20).  In particular, two of the most highly 

upregulated operons were from two genomic islands in this strain.  The most highly 

expressed operon contains four genes that are predicted to be a thioredoxin-like 

protein (sync_1496), a cytochrome C biogenesis protein (sync_1495), an ECF sigma-
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70 factor (sync_1494) and an anti-sigma factor (sync_1493).   There is another 

cytochrome C biogenesis protein in CC9311, sync_2327, which has close homologs in 

the other marine Synechococcus genomes and as well as a conserved syntenous operon 

with other genes involved in cytochrome biogenesis and thus we believe sync_1495 is 

misannotated and should be annotated more generally as a putative disulfide bond 

oxidoreductase.  It is on an 83kb island, the largest island predicted in the genome, 

with 78 genes, many of which are metal-related (21).  From our expression studies, 24 

of these 78 genes were upregulated in response to copper (20). The second most 

upregulated operon includes an ABC transporter (sync_1214-1215), an HlyD secretion 

protein (sync_1216) and a 6.5kb RTX toxin protein (sync_1217).  This operon is on a 

much smaller island (14 kb) with only 8 genes of which the 5 described above were 

upregulated in response to copper (20, 21).  

Close homologs of these copper-regulated genes are not often found in marine 

metagenomic datasets likely due to their low abundance and consequently we have 

little information regarding their distribution in the marine environment.  From 

sequenced genomes we can see that the closest homologs come from either 

Synechococcus sp. strain WH5701 (an estuarine Synechococcus) or Cyanobium 

PCC7001 (another estuarine cyanobacterium), however to make any predictions 

regarding the ecological role of these genes it is necessary to find out whether they can 

be found at all in the marine environment and whether they have a predictable 

distribution.   

Using targeted gene inactivations of predicted copper tolerance genes as well 

as investigation of the temporal and spatial distribution of one of these genes in the 
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marine environment, we have sought to better understand the functional and 

ecological role of genomic island genes in Synechococcus, using copper stress 

tolerance in the coastal strain CC9311 as a model. 

Materials and Methods 

Cell culture and growth assays 

1L batch cultures of CC9311, sync1495- and sync1217- were grown in 

chelexed SOW on stir plates as previously described in Stuart et al. (20).  For mutant 

cultures, spectinomycin and streptomycin were both added at 2 µg/ml concentrations 

at time of inoculation, to maintain the insertion.  For growth assays, cultures were 

grown to early log phase and 50 ml were aliquoted in triplicate into acid-washed glass 

flasks and grown with shaking at 23°C.  Cultures were given 24 hours in these 

conditions to adjust to the transfer after which Cu/EDTA was added in triplicate at 10 

µM, 2.5 µM, 1 µM, 0.25 µM for the copper stress, while sterile milliQ water was 

added to the control.  Using a MINEQL calculation this approximately corresponds to 

equilibrium free copper levels equivalent to pCu 10.1, pCu 10.5, pCu 11.1 and pCu 

11.5.  For methyl viologen stress, methyl viologen (Sigma, St. Louis, MO) was added 

at 500 nM, 100 nM, 50 nM and 5 nM. For AlexaFluor-488 C5 maleimide (Life 

Technologies, Carlsbad, CA) treatment it was added at 1 µM.  Flow cytometry 

samples were collected daily for up to 7 days and were fixed and analyzed as 

described in Stuart et al. 2009 (20). 

RNA extraction and QRTPCR 
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Cells were harvested and RNA extracted as described in Stuart et al., 2009 (20) 

with the following modifications: the 65ºC incubation was for 30 min instead of 60 

min, a Zymo PCR inhibitor removal kit (Zymo Inc, Irvine CA) was used to purify 

RNA instead of the Qiagen RNeasy kit.  Semiquantitative PCR was performed as 

described in Stuart et al., 2009 (20) with the following changes: cDNA was generated 

using 250 ng of total RNA using Ambion’s Retroscript kit (Life Technologies, 

Carlsbad, CA) according to the manufacturer’s specifications. QPCR was performed 

on a Qiagen RotorGene-Q with Promega GoTaq qPCR mastermix (Promega, 

Madison, WI)  according to the manufacturer’s specifications. 

Insertional inactivation of sync_1495 and sync_1217 

Gene inactivations were conducted as described in Brahamsha, 1996 (22).  

Synechococcus sp. strain sync1495- and sync1217- in which the genomic gene 

sync_1495 or sync_1217 is interrupted by a duplication and insertion of a 

nonreplicating plasmid was constructed as follows. First, the omega cassette 

conferring spectinomycin/streptomycin resistance was cut from the pDW9 vector (23) 

using BamHI and cloned into the BamHI site of pBR322 (NEB, Ipswich, MA) 

resulting in plasmid pBR322_Ω. A 399 bp segment of sync_1495 that is completely 

internal to the gene was amplified from CC9311 genomic DNA using primers 

1495mutfwd and 1495mutrvs (Table S1). A 500 bp segment of sync_1217 that is 

completely internal to the gene was also amplified from CC9311 genomic DNA using 

primers 1217mutfwd and 1217mutrvs. The amplified fragments were ligated 

separately into pCR®2.1-TOPO® (Life Technologies, Carlsbad, CA) according to the 
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manufacturers specifications resulting in plasmids TOPO_1495 and TOPO_1217 

respectively and insertion of the correct fragment was verified by sequencing.  The 

399bp+10 bp EcoRI fragment from TOPO_1495 was ligated into the EcoRI site of 

pBR322_Ω resulting in plasmid pBR322_ Ω _1495. The 500bp+10 bp EcoRI 

fragment from TOPO_1217 was ligated into the EcoRI site of pBR322_Ω resulting in 

plasmid pBR322_ Ω _1217.  Both plasmids were then separately introduced via 

conjugation into Synechococcus sp. strain CC9311 as described in Brahamsha. 1996 

(22), with the following modifications: SN pour plates contained 0.4% (wt/vol) 

SeaPlaque agar (Lonza Koeln, Germany) and 2 µg/ml of each spectinomycin and 

streptomycin.  Exconjugants were screened by PCR to verify that no wild-type copy of 

the gene remained and that insertion had occurred at the predicted region (Fig. S1 and 

Table S1).   

Environmental clone library construction and QPCR   

Perfect primers were designed to amplify 254 base pairs of the sync_1495 gene 

(Table S1).  DNA from Tai et al, 2009 (24) was used first to generate a clone library 

from one sample (5/14/2006) using TOPO® TA Cloning® Kit (Life Technologies, 

Carlsbad CA) according to the manufacturers specifications. Five clones were picked 

and sequenced using the forward primer included in the kit.  Quantitative PCR was 

performed on a Stratagene Mx300P using Promega GoTaq qPCR master mix 

(Promega, Madison WI) according to the manufacturers specifications using primers 

for sync_1495 and RPOC Clade I (Table S1).  DNA from monthly samples from 2005 

(no February or August samples due to sample loss) and 2007 are from Tai et al. 
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(2009) (24).  DNA from depth samples were collected in July, 2007 as described in 

Tai at al., 2011 (25).  

Results 

Expression of sync_1495 in wild type in response to stress 

Since the response to copper stress often shares similarities to the oxidative 

stress response, we wanted to determine whether copper-responsive genes could be 

induced by other sources of oxidative stress.  Additionally, specialized stress response 

genes tend to be upregulated for longer time periods following stress (relative to 

general stress response genes) so we wanted to investigate timing of upregulation of 

copper responsive genes.  The first two genes in operon sync_1496-1493 (Fig.2.1C) 

had very high induction in response to copper (6.3 and 6.1 log2 fold changes 

respectively), more than double log2 fold changes of other induced genes, so we chose 

one, sync_1495, to further investigate specificity of this response.  In QRTPCR 

experiments the gene was only significantly induced by methyl viologen (Fig.2.1A), 

which generates superoxide anions (O2.-)(26).  The gene was not induced by 

AlexaFluor-488 C5 maleimide, which binds to surface free thiols (Fig.2.1A) and in 

microarray experiments, the gene was also not significantly induced by ethidium 

bromide, mitomycin C, or salt shock (B.Palenik, I.Paulsen, S. Tetu, unpublished data).  

Induction in response to copper stress was significant at 2 and 6 hours after treatment 

(one sample t-test of log2 fold changes, p-values of 0.0022 and 0.0103 respectively), 

but began to decrease by 12 hours with more variation between the three biological 

replicates (Fig.2.1B).  In addition sync_1217 was also induced by MV (data not 
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shown).  These results provide evidence that these acquired operons are responsive to 

oxidative stress rather than another aspect of copper toxicity.   

Mutant sensitivity to methyl viologen and copper stress 

Insertional inactivations of sync_1495 (designated strain “sync1495-”) and 

sync_1217 (designated strain “sync1217-”) were validated using PCR (Fig. 2.2). 

Growth assays with methyl viologen additions showed that both sync1495- and 

sync1217- exhibited significant sensitivity to methyl viologen stress relative to the 

wild type.  By four days after methyl viologen treatment at 50nM the wild type had no 

difference in growth rate from the control treatment whereas the mutants exhibited 

significantly slower growth rates under the 50nM methyl viologen treatment (Fig.2.3, 

Fig.2.4, Table 2.2). 

The response to copper stress in both mutants was slightly more complicated 

since copper is both a micronutrient and a toxicant so growth stimulation is possible 

with copper additions.  However, the mutants were both sensitive to copper stress 

relative to the wild type as evidenced by the differences in maximum yield (Fig.2.5, 

Table 2.3).  In the wild type the growth rate and the maximum yield for pCu11.5 (Cu2+ 

ion concentration of 10-11.5 M; 0.25 µM CuEDTA, the lowest copper addition) was not 

significantly different from the no-Cu control.  By contrast, both mutants showed 

significantly lower maximum yields in the copper treated cultures (Fig.2.5, Table 2).  

Additionally, for the next highest copper level, pCu11.1, the wild type showed no 

difference in either growth rates or maximum yield from the control whereas 

sync1495- had a significantly slower growth rate than the control and sync1217- had 
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significantly fewer cells/ml (Fig.2.6, Table 2.3).   From the maximum yields, it 

appears that sync1217- had higher total yields than the wild type, however the mean 

cell size of sync1217- over the course of the experiment was significantly smaller than 

the wild type and probably accounts for this difference in cell number (Fig.2.7). 

Downstream gene expression in sync1495- 

Since insertional inactivation can sometimes lead to inactivation of 

downstream genes, we looked at expression of downstream genes in the sync_1495 

operon (Fig.2.1C).  QRTPCR of the genes surrounding sync_1495 in the wild type 

revealed that the upstream gene and two downstream genes were highly upregulated in 

response to 2 hours of copper stress (Fig.2.8a).  In the mutant, transcripts of these two 

downstream genes were detectable (Fig.2.8b), but there was no induction of these 

genes under copper stress relative to the control (Fig.2.8c) 

Temporal and spatial distribution of gene in the marine environment 

Perfect primers to sync_1495 were designed to amplify a 254-bp region (Table 

2.1).  The primers were tested for specificity to sync_1495 in one DNA sample 

extracted from water collected at the Scripps Institution of Oceanography (SIO) pier 

by generating a clone library from which 5 clones were sequenced.  All five clones 

aligned very closely to sync_1495 with 98.0-100% identity at the nucleotide level 

(Fig. 2.9).  Using QRTPCR the above primers along with Clade I-specific RPOC 

primers from Tai et al, 2009 (24) were then used on monthly DNA samples from 2005 

and 2007 from surface waters off the SIO pier.  Sync_1495 was more abundant in the 

winter months and decreased to almost undetectable levels in the summer, relative to 
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total Clade I Synechococcus abundance (Fig.2.10).  This trend is not correlated to 

either total Synechococcus numbers or Clade I Synechococcus abundance (Fig.2.11).  

Additionally, from two sites off the California coast, DNA from several depths was 

obtained in July of 2007.  Site 93.40, which was closer to the coast, showed an 

increase in sync_1495 abundance with depth. At site 93.40 the increase of sync_1495 

abundance at 60 m coincides with a sharp decrease in total Synechococcus numbers 

(Fig.2.12; (25)) and a increase in total Cu (Fig.2.12; K.Buck, K.Barbeau, R.Bundy 

unpubl. data). Site 93.65, which was further from shore, did not show an increase with 

depth (Fig.2.12). 

Discussion 

The present data show that both sync_1495 and sync_1217 confer methyl 

viologen and copper tolerance to CC9311, suggesting that both have a role in 

oxidative stress response.  Sync_1495 is upregulated in the wild type in response to 

methyl viologen, but not other stressors again suggesting its role in oxidative stress.  

The increase in expression of sync_1495 is sustained over at least 6 hours after copper 

stress in wild type indicating it may be necessary for more than just early shock 

response.  In contrast with the wild type, in sync1495- the genes downstream of 

sync_1495 were not induced by copper, indicating that its phenotype may involve 

polar effects.  

 As might be expected for genes that are not part of the Synechococcus core 

genome, the tolerance is manifested as a decrease in growth rate in response to methyl 

viologen in the mutants at levels that elicited no effect in the wild type.  In response to 



	  

	  

30	  

copper the effect is slightly more complex since copper can be both a micronutrient 

and a toxicant.  However, although the growth rates are not quite as significant as for 

the methyl viologen treatments, comparison of the maximum yields clearly indicate 

that both mutants are impaired by copper levels that have no effect on wild type cell 

yields.   

The gene sync_1495 has a conserved domain, DsbD, that in Escherichia coli is 

a inner membrane-bound protein that passes electrons to DsbC, a disulfide isomerase 

that repairs non-native disulfide bonds (27) and DsbE, a thioredoxin protein essential 

to cytochrome-c maturation (28).  In E.coli the knockout is extremely copper sensitive, 

which is not surprising since copper as a redox metal catalyzes disulfide bonds quite 

readily (29) and the entire pathway is thought to be involved in copper resistance and 

potentially other oxidative stressors (30).  Indeed, in Synechocystis PCC6803 the 

operon is transcriptionally upregulated in response to H2O2 stress, osmotic stress and 

DCMU (31).  This operon in CC9311 may use a similar mechanism of disulfide repair 

to confer increased copper tolerance.  

Rtx toxin proteins like sync_1217 have a range of functions from enzymatic 

toxins to protective S-layer proteins, but most are secreted (32). An S-layer-localized 

RTX toxin protein in Synechocystis PCC6803 (sll1951) was found to be important in 

resistance to heavy metals, antibiotics and osmotic stress suggesting a role as general 

barrier against these stressors (33). Although not an ortholog, the sync_1214-1217 

operon may secrete the Rtx toxin to function as an outer membrane barrier.  Although 

the localization of this protein in strain CC9311 is not known, we have some initial 

indications that a large protein of this size (the largest predicted protein in the genome) 



	  

	  

31	  

can be found in the outer membrane (R.Stuart, B.Brahamsha, unpublished data).  

Interestingly, the closest homologs to both these operons are found in estuarine 

cyanobacteria (Synechococcus WH5701 gene locus WH5701_04100 and Cyanobium 

PCC7001 gene locus CPCC7001_837) suggesting the possibility of gene flow 

between coastal marine and estuarine populations of cyanobacteria.  Based on GC 

content, the genes in these two estuarine strains do not appear to have been laterally 

acquired. 

Based on QPCR, sync_1495 was more abundant in the winter months in 2005 

and 2007 off the SIO pier and this variation does not correlate with total Clade I 

abundance.  At one site in the Southern California Bight the gene also appeared to 

increase with depth but more samples might be needed to explain the depth 

distribution pattern seen since the two sites sampled were quite different.  In Tai et al. 

(2011) distribution of several subclades from clades I and IV were quantified at these 

sites and it was found that at site 93.40 (and other coastal stations) the main clade I 

groups increased with depth whereas the dominant clade IV group decreased with 

depth.  In contrast, at site 93.65 most of the groups increased with depth and thus at 

depth these sites had quite different relative abundances of the various groups (25).   

Perfect primers to the CC9311 version of sync_1495 were used, and although 

we know little about the rate of transfer of these genomic island genes, unless it is very 

rapid, it is likely that these primers only amplify versions of this gene that are in 

strains closely related to CC9311, that is, the clade I species.  Our data thus indicate 

that the subpopulation that includes sync_1495 is under a different selective pressure 

than the clade I species as a whole. The surface waters off the pier in the winter 
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months are characterized by lower water temperature, a higher degree of mixing and 

more runoff from rains among other factors, and the latter two of these could lead to 

episodic pulses of higher copper in surface waters (34). All these factors likely 

increase the possibility of increased oxidative stress. Moreover, at site 93.40 where 

sync_1495 was also found to increase, total copper did increase sharply between 40 m 

and 70 m and copper generally does tend to increase with depth (13). 

 Most intraclade variability appears to lie within these genomic islands (4) and 

accordingly it is likely that the island(s) carried by this subpopulation are the drivers 

of the seasonal variability of this one gene.  While it is possible that copper is driving 

this trend, the more important point may be that a genomic island gene that is known 

to confer stress tolerance in cultures is temporally variable in a predictable manner, 

irrespective of seasonal variability of the main clade species. This suggests that certain 

strains have advantages carried on genomic islands that allow them to increase in 

abundance under certain stress conditions relative to other strains.  A collection of 

subpopulations with different genomic islands could contribute to the overall fitness of 

Synechococcus in dynamic coastal conditions.   

Different models of ecotype formation, such as the recurrent niche-invasion 

model and the nano-niche model, do predict that multiple ecotypes can exist in a 

single sequence group through either high rates of gene transfer or subpopulations 

using various proportions of the same resources (35).  In Prochlorococcus, 

macronutrient levels in the ocean are predicted to drive genomic content and ecotype 

formation, potentially through lateral gene transfer (2, 8, 9, 36).  Our data predicts that 

stress response differentiation can also drive genomic content and may be an 
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additional mechanism of ecotype formation in picocyanobacteria.   

When the genome of CC9311 was sequenced it was predicted that the genomic 

islands in this strain contained genes involved in adaptation to a coastal environment, 

contrasting with the genome of the open ocean strain Synechococcus WH8102, and it 

was suggested that horizontal transfer of these islands provided a mechanism in this 

group for niche adaptation (1). While copper stress might not be an exclusively coastal 

marine stressor, coastal marine systems tend to be more dynamic and there is a higher 

potential for temporal variability with regards to copper levels.  Here we provide 

genetic evidence that these genomic island genes can confer stress tolerance and may 

provide a selective advantage under certain environmental conditions associated with 

coastal surface waters in the winter months.  Further investigation of genomic islands 

genes would help us to gain insight into what genes are necessary for adaptation to 

specific niches and perhaps eventually even aid us in predicting local conditions based 

on the abundance of these stress-specific genomic island genes. 
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Table 2.1 Primers used in study 
Primer  Primer Sequence (5’-3’)   Temp (°C) Size (bp) Source 
RPOC362F-I  TGA AAG GGA TYC CCA GTT ATG T  59   304  (24) 
RPOC665R-I  CCC TTA CTI CCA GCA ATC TC      
1495QPCRfwd TGG ATT TAC CTT CGC TTT GG 59  254 this work 
1495QPCRrvs AGA TCC CAC CCA ATG TCA GC  
1496QPCRfwd GCCACGTCTCTACAAGGGAA  56  261 this work 
1496QPCRrvs AGCACCGGTTTCTGGATTGA 
1494QPCRfwd TGAAGCCATTAGTCCAGAGGAG 56  197 this work 
1494QPCRrvs ATCGGGTCAGCAGCAAAAG 
1493QPCRfwd TTGAGAAGCATTCTGCACCG  56  464 this work 
1493QPCRrvs CAGTTTTGTTGCTGATCCGG   
1495mutfwd GGAGGCGGATTGATTGCCAG  60  399 this work 
1495mutrvs GGCAAGAACAGGGCTTGCGC  
1495ckfwd GCCATCAAGAAAACTCGTTC  65  786 (wt) this work 
1495ckrvs AAGAAGACATCGTGAGTGAG 
EcoRI CC GCTTATCGATGATAAGCTGTCAAA 58  650 (1495-) this work 
1217mutfwd TGTTTCTCCTACAAATCTTT  54  500 this work 
1217mutrvs ATATTGACCCAAAGATGGTT 
1217ckfwd TCACTAGTGATATAGGCAAT  60  706(wt) this work 
1217ckrvs ATGCTATTGACGTGCTGTAT   
EcoRI CW ATAGGCGTATCACGAGGCCCT  58  650 (1217-) this work 
 
Temp. is the annealing temperature used for amplification. Size is the nucleotide length of the PCR 
product in base pairs (bp).  
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Table 2.2 Growth rates and maximum yield after methyl viologen treatments  
Treatmenta wild typeb sync1495-b sync1217-b 

0 

(no-MV 
control) 

0.2281 ± 0.026 

(3.023 ± 0.23) 

0.2245 ± 0.010 

(8.366 ± 0.518) 

0.2325 ± 0.017 

(12.193 ± 1.726) 

50 nM 
0.2010 ± 0.016 

(1.303 ± 0.131) 

0.1212 ± 0.012 

(1.972 ± 0.468) 

0.08528 ± 0.010 

(1.369 ± 0.154) 

5nMc 
0.2414 ± 0.019 

(2.806 ± 0.696) 

0.1824 ± 0.011 

(6.065 ± 0.753) 

0.1832 ± 0.017 

(5.682 ± 1.037) 

aconcentration methyl viologen (MV) added 
bgrowth rate (log10 cells/ml/day) ± 1 standard deviation; (maximum yield cells/ml (*10^8) ± 1 standard 
deviation); bold indicates significant difference from no-MV control treatment (p<0.05, one sample t-
test) 
 
Table 2.3 Growth rates and maximum yield after copper treatments 
treatmenta wild typeb sync1495-b sync1217-b 

0 

(no-Cu 
control) 

0.2891 ± 0.019 

(4.269 ± 0.288) 

0.2440 ± 0.018 

(5.781 ± 0.765) 

0.1308 ± 0.0123 

(8.447 ± 0.870) 

pCu10.1 
-0.2479 ± 0.041 

(0.195 ± 0.008) 

-0.2773 ± 0.052 

(0.206 ± 0.020) 

-1.175 ± 0.252 

(0.642 ± 0.057) 

pCu10.5 
-0.09397 ± 0.071 

(0.447 ± 0.006) 

-0.1016 ± 0.037 

(0.406 ± 0.107) 

-0.5114 ± 0.060 

(0.762 ± 0.0186) 

pCu11.1 
0.2092 ± 0.034 

(3.783 ± 0.951) 

0.1883 ± 0.018 

(3.565 ± 1.145) 

0.1001 ± 0.011 

(4.129 ± 1.954) 

pCu11.5 
0.2653 ± 0.022 

(3.983 ± 0.633) 

0.2014 ± 0.027 

(2.985 ± 0.851) 

0.1143 ± 0.007 

(4.767 ± 1.010) 

aconcentration copper added 
bgrowth rate (log10 cells/ml/day) ± 1 standard deviation; (maximum yield cells/ml (*10^8) ± 1 standard 
deviation); bold indicates significant difference from no-Cu control treatment (p<0.05, one sample t-
test) 
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Figure 2.1: QRTPCR gene expression of sync_1495 relative to a housekeeping gene 
(RPOC).  Log2 fold change is calculated relative to a control treatment. Errors bars 
represent one standard deviation between three biological replicates.  (A) is gene 
expression in response to various stressors, “Cu” is after 2 hours of copper addition 
(pCu10.1, 10 µM CuEDTA), and “MV” is methyl viologen treatment 2 hours after 
addition (100nM).  “AF Mal” is AlexaFluor-488 C5 maleimide 2 hours after addition. 
(1µM) (B) is gene expression of sync_1495 over 24 hours after copper stress 
(pCu10.1, 10 µM CuEDTA). (C) is a schematic of the operon sync_1496-1493. 
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Figure 2.2 QPCR verification of sync1495- and sync1217- mutant. “1495-“ or “1217-“ 
indicates PCR of mutant, “wt” indicates PCR of wild type, and “neg” indicates 
negative control PCR in which no DNA was added.  In panel A, lanes 1-3 use primers 
1495ckfwd and 1495ckrvs (Table S2) flanking the 399-bp region of recombination 
such that in wild type a 786-bp product is expected.  In the mutant, this 786-bp wild-
type fragment is missing. Lanes 4-6 use primers 1495ckfwd and EcoRI CC, which is 
expected to amplify a 650-bp region in only the mutant, as the second primer is on the 
vector.  There should be no amplification in the wild-type as it does not contain the 
integrated plasmid..  Lanes 7-9 shows the results of amplification using primers to 
another genomic gene, sync_1539 used for a positive control to show that the mutant 
DNA is amplifiable.  On panel B lanes 1-2 use primers 1217ckfwd and EcoRI CW 
(Table S1), lanes 3-4 use 1217ckfwd and 1217ckrvs and lanes 5-6 use primers to 
another genomic gene sync1233 used for a positive control to show the mutant DNA 
is amplifiable.  Panel C is a schematic showing annealing locations of primers on both 
wild type and mutant chromosomes. 

A

C

B

7

54321 6 754321 6

8 9
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Figure 2.3: Growth rates after methyl viologen treatments in both wild type CC9311 
(“wt”), sync1495- and sync_1217.  Cells/ml were log10 transformed and a linear 
regression was performed on each.  Bars represent linear regression slope, error bars 
represent one standard deviation between three biological replicates. Star indicates 
significant difference from no-Cu control treatment (one sample t-test, p<0.05). 
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Figure 2.4:  Growth assays after methyl viologen treatments in both wild type CC9311 
(“wt”), sync1495- and sync1217-.  Cells/ml were log10 transformed and a linear 
regression was performed on each.  Points represent log10 cells/ml and lines represent 
linear regression. Error bars represent one standard deviation between three biological 
replicates.  
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Figure 2.5: Maximum yield (cells/ml) of copper-treated and no-Cu control treatments 
of both wild type and mutant strains. Star indicates significant difference from no-Cu 
control treatment (one sample t-test, p<0.05).  Cells/ml do not take into account mean 
cell size, which was significantly smaller in sync1217- (see Figure2.7) 
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Figure 2.6: Growth assays after copper treatments in both wild type CC9311 (A), 
sync1495- (B) and sync1217- (C). Error bars represent one standard deviation between 
three biological replicates.  
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Figure 2.7: Mean cell size as determined by side scatter measurements from flow 
cytometry.  All represent mean cell size over 12 days of three biological replicates, all 
are from no-Cu control treatments from copper growth assay experiments.  Error bars 
represent one standard deviation between three biological replicates. * indicates 
significant difference from wild type (one sample t-test, p<0.01). 
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Figure 2.8 Gene expression in both wild type CC9311 (“wt” a and c)  and sync1495- 
(b and c) of sync_1495 and surrounding genes under both 2 hours of copper stress 
(pCu10.1) and control conditions (no Cu added).  Expression is relative to a 
housekeeping gene (RPOC) and in (c) log2 fold change of the copper treatment over 
the control. Error bars represent one standard deviation between three biological 
replicates.  
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Figure 2.9 Alignment of cloned nucleotide sequences from 1495QPCR forward and 
reverse primers tested on SIO pier DNA sample.  “sync_1495” is genomic DNA 
sequence.  Alignment done using T-Coffee.  “% ID” is the calculated percentage 
identity from pairwise alignments of each clone to sync_1495. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

Clone1
Clone2
Clone3
Clone4
Clone5

sync_1495

Clone1
Clone2
Clone3
Clone4
Clone5

sync_1495

Clone1
Clone2
Clone3
Clone4
Clone5

sync_1495

85
85
85
85
85
85

AGA TCCCACCAAA TGTCAGCAGAACCA TGGCACTGA TTCCCGTGA TCTGA TCACCTCGTT TGAGCAGCTGGCGGCGAAGACCACC
AGA TCCCACCAAA TGTCAGCAGAACCA TGGCACTGA TTCCCGTGA TCTGA TCACCTCGTT TGAGCAGCTGGCGGCGCAGACCACC
AGA TCCCACCAAA TGTCAGCAGAACCA TGGCACTGA TTCCCGTGA TCTGA TCACCTCGTT TGAGCAGCTGGCGGCGAAGACCACC
AGA TCCCACCAAA TGTCAGCAGAACCA TGGCACTGA TTCCCGTGA TCTGA TCACCTCGTT TGAGCAGCTGGCGGCGAAGACCACC
AGA TCCCACCAAA TGTCAGCAGAACCA TTGCACTGA TTCCCGTGACCTGA TCACCTCGTT TGAGCAGCTGGCGGCGCAGACCACC
AGA TCCCACCAAA TGTCAGCAGAACCA TGGCACTGA TTCCCGTGA TCTGA TCACCTCGTT TGAGCAGCTGGCGGCGAAGACCACC

170
170
170
170
170
170

GAGTTCAACACCTAACCCTGCTAGCAAAA TCACCA TGCTGTA TCCAA TGGCA TACAAGACCA TTGCTGCGACTGCCAAAGGTGGG
AAGTTCAACACCTAACCCTGCTAGCAAAA TCACCA TGCTGTA TCCAA TGGCA TACAAGACCA TTGCTGCGACTGCCAAAGGTGGT
GAGTTCAACACCTAACCCTGCTAGCAAAA TCACCA TGCTGTA TCCAA TGGCA TACAAGACCA TTGCTGCGACTGCCAAAGGTGGG
GAGTTCAACACCTAACCCTGCTAGCAAAA TCACCA TGCTGTA TCCAA TGGCA TACAAGACCA TTGCTGCGACTGCCAAAGGTGGG
GAGTTCAACACCTAACCCTGCTAGCAAAA TCACCA TGCTGTA TCCAA TGGCA TACAAGACCA TTGCTGCGACTGCCAAAGGTGGG
GAGTTCAACACCTAACCCTGCTAGCAAAA TCACCA TGCTGTA TCCAA TGGCA TACAAGACCA TTGCTGCGACTGCCAAAGGTGGG

254
254
254
254
254
254

GAGCTTGTGGCTGCAGA TGCACTGAGTACGGCGGCAAGAACAGGGCTTGCGCAGGGAGA TGTGACCAAAGCGAAGGTAAA TCCA
GAGCTTGTGGCTGCGGCTGCACTGAGTACGGCGGCAAGAACAGGGCTTGCGCAGGGAGA TGTGACCAAAGCGAAGGTAAA TCCA
GAGCTTGTGGCTGCAGA TGCACTGAGTACGGCGGCAAGAACAGGGCTTGCGCAGGGAGGTGTGACCAAAGCGAAGGTAAA TCCA
GAGCTTGTGGCTGCAGA TGCACTGAGTACGGCGGCAAGAACAGGGCTTGCGCAGGGAGA TGTGACCAAAGCGAAGGTAAA TCCA
GAGCTTGTGGCTGCAGCTGCACTGAGTACGGCGGCAAGAACAGGGCTTGCGCAGGGAGA TGTGACCAAAGCGAAGGTAAA TCCA
GAGCTTGTGGCTGCAGA TGCACTGAGTACGGCGGCAAGAACAGGGCTTGCGCAGGGAGA TGTGACCAAAGCGAAGGTAAA TCCA

% ID
100.0
98.03
99.60
100.0
98.43
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Figure 2.10: QPCR showing temporal distribution of sync_1495 as a percentage of 
total Clade I Synechococcus abundance (as determined by Clade I RPOC abundance) 
in surface samples off the Scripps Institution of Oceanography pier monthly in both 
2005 and 2007. Error bars represent +/- one SEM between 2 replicate years (2005 and 
2007). For Feb. and Aug. months no data was available for 2005 and only 2007 value 
is shown.   
  
 
 

 
Figure 2.11: Correlation test between sync1495 abundance and either Clade I 
abundance or total Synechococcus/ml.   
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Figure 2.12: QPCR showing spatial distribution of sync_1495 as a percentage of total 
Clade I Synechococcus abundance (as determined by Clade I RPOC abundance) from 
two stations in the Southern California Bight.  Numbers in parentheses indicate 
distance from shore.  Error bars represent one standard deviation between three 
technical replicates.  Total syne/ml represent Synechococcus counts from flow 
cytometry, total nM Cu represent Cu measured by ICPMS. Nitrate, temperature and 
oxygen measurements from CTD casts. 
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CHAPTER 3 

Characterization of two copper-stress induced genes in marine Synechococcus sp. 

strain WH8102 

 

Abstract 

The response of diverse groups within Synechococcus to environmental stresses is 

important for our understanding of their adaptations to different ecological niches.  

Deg-family proteases are a periplasmic-associated group of proteins that are known to 

be involved in envelope stress response and are found in all marine Synechococcus 

strains. We previously found that one of these, (SYNW2176/sync_2523), was induced 

by copper stress in two marine Synechococcus strains (WH8102 and CC9311).  

Through gene inactivation we show that this Deg protease is required for inducible 

alkaline phosphatase activity and outer membrane reorganization in strain WH8102.  

We also inactivated another copper-regulated protein in WH8102, SYNW0921 and 

characterized its copper sensitivity. 

Introduction 

With at least ten subclades, marine Synechococcus is a highly diverse group 

and to fully comprehend its ecological role it is important to understand the 

commonalities as well as the differences between these clades (1, 2).  Responses to 

environmental stress response can be an important comparative indicator of niche 

differentiation since coastal and open ocean groups may have evolved different 

mechanisms in adapting to their respective environmental stressors, while maintaining
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 responses to common stressors.  In an earlier paper on copper stress comparing an 

open ocean strain, Synechococcus sp. strain WH8102 (WH8102), and a coastal strain, 

Synechococcus sp. strain CC9311 (CC9311), we found many differences in 

transcriptional induction, but there were also some interesting commonalities 

including some upregulated genes that suggested a common envelope stress and 

osmoregulatory-like response (3).   

One specific gene that was up-regulated in both Synechococcus strains was a 

serine protease, SYNW2176, which is a member of the Deg-family of serine proteases 

(also called the HtrA-type).  This group is characterized by a protease domain and one 

or more C-terminal PDZ domains, is found in most organisms from bacteria to 

humans, and in prokaryotes can often be involved in tolerance to protein folding 

stresses (4).  Most bacteria have at least one of these proteins, but many have multiple 

paralogs, which can have variable functions.  The group has been well-characterized 

in Escherichia coli (E.coli) which has three Deg proteases, DegS, DegP and DegQ, 

that are either periplasmic or embedded in the membrane and facing the periplasm 

(Reviewed in (5)).  DegS serves a regulatory role by sensing damaged outer 

membrane proteins and subsequently degrading an anti-sigma factor (RseA) that binds 

σE which then induces an envelope-stress regulatory cascade.  DegS is the only one of 

the three that is an essential gene in E.coli (6).  DegP can act as both a protease and a 

chaperone dependent on temperature and is thought to be a protective factor degrading 

misfolded proteins and folding other proteins and is regulated by both the Cpx and σE 

envelope stress pathways (5, 7).  DegQ is perhaps the least well-characterized of the 

three in E.coli but overexpression has been shown to partially rescue a DegP null 
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phenotype and DegQ exhibits higher chaperone and lower protease activity in vitro 

than DegP, indicating overlapping but distinct functions for these two (8, 9).  

Highlighting the concept of distinct, overlapping functions of these genes, knockout 

mutants in other systems can reveal a range of phenotypes, for example in 

Pseudomonas aeruginosa, a MucD (DegP homolog) mutant is heat and H2O2 sensitive 

whereas a AlgW (another DegP homolog) mutant is sensitive to methyl viologen as 

well as heat and H2O2.  Synechocystis PCC6803, a fresh water cyanobacterium, also 

has three Deg proteases (slr1204/htrA/degP, sll1679/hhoA/degQ and 

sl1427/hhoB/degS) which have transcriptionally distinct and overlapping responses, 

with all responding to light to dark transitions, htrA and hhoB responding to salt 

stress, hhoB only to high light and htrA only to cold shock (10).  Interestingly, in 

Synechocystis PCC6803, when any two of the three are knocked out doubly there is no 

obvious phenotype, all three need to be knocked out in order to observe a phenotype 

which then includes both light and heat sensitivity as well as an hyperpiliated outer 

membrane (11).  Thus, in contrast to E.coli where DegS is an essential protein, all 

three Deg proteins in Synechococystis PCC6803 are nonessential and appear to have 

overlapping functions, despite differing transcriptional induction responses.   

Along with upregulation in response to copper stress, SYNW2176 is 

downregulated in response to phosphate starvation and co-culturing with Vibrio 

parahemolyticus (which can induce phosphate stress) and a homolog in 

Synechococcus sp. strain WH7803 is induced by methyl viologen and H2O2, but not 

high light (12-14).  Based on this and the information from other systems, we 
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predicted that SYNW2176 may be involved in envelope stress or misfolded protein 

stress in marine Synechococcus.   

Another gene of interest that was commonly upregulated in response to copper 

in the two strains tested previously (WH8102 and CC9311) was a gene of unknown 

function only found in marine Synechococcus, SYNW0921, that when the homologs 

were aligned had four conserved cysteines as essentially the only conserved residues, 

indicating a potential for copper binding (3). We predicted that SYNW0921 might be 

more specifically involved in the common elements of the copper stress response 

found in these two strains.  In order to better understand the common stress response 

shared by at least two Synechococcus strains we knocked out SYNW2176 and 

SYNW0921 in strain WH8012 and examined the phenotypes of the mutants.   

Materials and Methods 

QRTPCR of WH8102 following copper addition 

3 L batch cultures of WH8102 were grown to mid-exponential phase and 10 

µM CuEDTA (pCu10.1) was added.  At 1, 2, 4, 6 and 8 hours after addition 500ml of 

culture was harvested by centrifugation, the RNA was extracted, cDNA synthesized 

and QRTPCR performed as described in Stuart et al., 2009 (3), with the exception that 

QRTPCR was normalized to total RNA, 250ng of total RNA was used in triplicate 

cDNA reactions for each sample. Primers for genes assayed are listed in Table 3.1.   

Insertional inactivation of SYNW2176 and SYNW0921 

Gene inactivations were conducted as described in Brahamsha et al. (1996) 

with several modifications in vector construction for the selection of double 
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recombinants.  Synechococcus sp. strains SYNW2176- and SYNW0921- in which the 

genes SYNW2176 and SYNW0921 are interrupted by an antibiotic resistance cassette, 

kanamycin (kanR) or spectinomycin/streptomycin (Ω), respectively, were constructed 

as follows.  For SYNW2176 a 1997-bp region surrounding the 1,125-bp gene was 

PCR-amplified (Table 3.1, 2176dbl primers) or SYNW0921 a 1279-bp region 

surrounding the 258-bp gene was PCR-amplified (Table 3.1, 0921dbl primers) and 

both were separately cloned into pCR®2.1-TOPO® (Life Technologies, Carlsbad CA) 

according to the manufacturers specifications.  For SYNW2176, the vector was then 

digested with EcoRI and the 1997bp+10bp insert was ligated into the EcoRI site of 

pBR322, digested with SmaI and the kanamycin resistance cassette (kanR) from 

pUC4K (15) was ligated in.  For SYNW0921, using QuikChange Site-directed 

mutagenesis (Agilent, Santa Clara, CA; Table 3.1 0921QC primers) an AatII 

restriction enzyme site was inserted 168-bp past the start site of the gene in the vector 

(CTCGAA changed to GACGTC).  The vector was then digested with AatII and SacII 

to remove 113-bp from the gene and blunted using DNA polymerase I, large fragment 

(NEB, Ipswich, MA).  The omega cassette conferring spectinomycin/streptomycin 

resistance was cut from the pDW9 vector (16) using BamHI, blunted using DNA 

polymerase I, large fragment (NEB, Ipswich, MA), then ligated into the SYNW0921 

construct.  Both constructs were then digested with EcoRI and the inserts were ligated 

into pRL271 a vector for sacB-mediated positive selection for double recombinants in 

gram-negative bacteria (17). The new vectors, pRL271_Ω_0921, and 

pRL271_kanR_2176 were then transformed into E. coli MC1061 (pRK24, pRL528) 

and introduced separately via conjugation into Synechococcus sp. strain WH8102 as 
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described in Brahamsha et al.1996 (18). The pour plates contained 5% sucrose to 

select for double recombinants, and 2 µg/ml of each spectinomycin and streptomycin 

for the SYNW0921 construct and 25 µg/ml kanamycin for the SYNW2176 constructs. 

Mutants were verified using PCR (Fig 3.1, Table 3.1). 

Cell culture and growth assays 

1 L batch cultures of Synechococcus sp. strain WH8102 (WH8102), 

SYNW2176- and SYNW0921- were grown in chelexed SOW with stirring as 

previously described in Stuart et al (3).  For mutant cultures, spectinomycin and 

streptomycin or kanamycin were added at 2 µg/ml or 20 µg/ml concentration 

respectively to 50 ml stock cultures that were transferred weekly, but not to 1 L 

growth assay cultures.  For growth assays, cultures were grown up to early log phase 

and 50 ml were aliquoted into acid-washed glass flasks and placed on a shaker plate at 

23°C.  Cultures were given one day in these conditions to adjust to the transfer, after 

which CuEDTA was added in triplicate at 10 µM, 2.5 µM, 1 µM, or 0.25 µM and 

sterile milliQ was added to the controls.  Using a MINEQL calculation this 

approximately corresponds to equilibrium free copper levels equivalent to pCu 10.1, 

pCu 10.5, pCu 11.1 and pCu 11.5.  Flow cytometry samples were collected daily for 

up to 7 days and were fixed and analyzed as described in Stuart et al. 2009 (3). 

Outer membrane protein preparations and band excision 

Outer membrane protein preparation was done as described in (19, 20) with the 

exception that SOW medium was used for culturing and washing instead of SN.  

Briefly, 1 L of WH8102 or 2176- was grown up to the mid-exponential phase.  For the 
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phosphate-limiting conditions the SOW medium was made with 25 µM instead of 86 

µM PO4 and the cultures were grown up to late exponential/early stationary phase.  10 

ml of culture was filtered through a 0.2 µm polycarbonate filter and the spent medium 

was frozen at -80°C.  Cells were harvested by centrifugation, washed with sterile 

medium, and resuspended in 50mM Tris pH 8,0, 50mM EDTA and 15% sucrose and 

incubated on ice for 30 minutes.  Samples were subsequently spun down at 10,000 x g 

for 10 minutes at 4°C.  The cell pellet from which the outer membrane had been 

stripped was frozen and the supernatant containing the outer membrane fraction was 

spun at 28,000 x g for 90 minutes.  The resulting high speed pellet (HSP), which 

consists of the outer membrane, was resuspended in sterile water and the high-speed 

supernatant (HSS), which contains periplasmic proteins as well cell-surface proteins 

solubilized by EDTA, was concentrated with an Amicon Ultra 4 30,000 MWCO filter 

(Millipore, Billerica, MA).  Protein fractions were run on NuPAGE Novex Tris-

Acetate 7% gels (Life Technologies, Carlsbad, CA) under denaturing conditions 

according to the manufacturer’s specifications.  For imaging, gels were stained with 

SYPRO Ruby stain (Life Technologies, Carlsbad, CA) according to the 

manufacturer’s specifications.  For band excision, Coomassie Blue R-250 (Thermo 

Scientific) was used to stain according to the manufacturer’s specifications.  Excised 

bands were sequenced by the UCSD Biomolecular/Proteomics Mass Spectrometry 

Facility.   

Alkaline phosphatase activity assay and P analysis 
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Alkaline phosphatase activity assays and phosphate analysis were carried out 

as described in (12).  Duplicate 50 ml cultures were inoculated with either wild type 

WH8102 or SYNW2176- into SOW media and assayed for 14 days.  Flow cytometry 

samples were taken for cell counts and run on a BD FACSort as described in (3). 

Results 

Phylogenetic grouping of Deg proteases 

Eleven sequenced genomes of marine Synechococcus all contain 3 Deg-family 

proteases, which can be separated phylogenetically into three main groups and of the 

three Prochlorococcus genomes included in the analysis, two (MED4 and SS120) and 

did not have a group 3 Deg protease (Fig.3.1).  

All Deg proteases have one protease domain and one PDZ domain at the C-

terminus, consistent with Synechococystis PCC6803.  However, some of the genes 

have a transmembrane domain and signal sequence preceding the protease domain, 

others have only a transmembrane or only a signal sequence, and some have neither.  

This does not correlate consistently with the different phylogenetic groups, but most 

group 2 members do not have a transmembrane domain, with the exception on 

PMM1490 and Pro1645, from the two Prochlorococcus strains that lack a group 3 

member and, inexplicably, SynWH7803_2067.  In addition, most group 3 members do 

not have either a transmembrane domain or a signal sequence with the exception of 

SynWH7803_0701 and WH7805_14403 and which both have signal sequences.  

Group 1 was the most diverse in this respect with all combinations of transmembrane 

domains and signal sequences represented. 
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Induction of expression of SYNW2176 in wild type  

In previous microarray expression work on copper stress, we found that 

SYNW2176 was induced after 2 hours of copper stress at both pCu10.1 (10 µM 

CuEDTA) and pCu11.1 (1 µM CuEDTA).  Timing of induction can help clarify the 

type of response of a gene of unknown function since typically general stress response 

genes such as the GroEL chaperonin (SYNW0514) are induced only shortly after a 

stress whereas more specialized responses are sustained over longer time periods 

following a stress.  We compared induction in response to copper stress (pCu10.1 

addition) of four genes including SYNW2176, SYNW0921, SYNW0807 (a sensor 

histidine kinase thought to be involved in osmoregulatory response) and GroEL 

chaperonin (SYNW0514).  As predicted, the putative specialized stress response 

genes, SYNW2176 and SYNW0807, both sustained induction over 8 hours in 

response to copper stress whereas GroEL, the general stress response gene, was only 

induced at 2 hours after copper stress (Fig.3.2).  SYNW0921, however, showed a 

different induction pattern from the other genes with only significant induction at 6 

hours after copper addition.  This was in contrast to microarray experiments that 

detected induction at 2 hours.  We also looked at expression following a lower copper 

addition (pCu11.1) over 24 hours and found that SYNW0921 was still induced by 

these lower levels by 8 hours after induction, but unlike SYNW0807 and SYNW2176 

it does not maintain induction over 24 hours (Fig.3.3).  There was not sufficient 

sample collected at the 8 hour time point to test SYNW2176 and GroEL, but 

SYNW2176 was induced at both 2 and 24 hours and GroEL did not appear to be 

induced at all at this low level of copper.   
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Mutant growth in response to stress 

Double recombinant insertional inactivations of SYNW2176 (designated strain 

“SYNW2176-“) and SYNW0921 (designated strain “SYNW0921-“) were validated 

using PCR (Fig. 3.4, Table 3.1).  Growth assays with copper additions showed that 

SYNW2176- exhibited increased tolerance to copper stress relative to the wild type.  

The wild type strain showed decreased growth rates relative to the no-Cu control in 

response to every copper level but pCu11.5 (0.4 µM CuEDTA, Cu2+ at 10-11.5 M, the 

lowest level added) whereas SYNW2176- only showed a significantly decreased 

growth rate at the highest copper level (Fig.3.5, Table 3.2).  In contrast, SYNW0921- 

exhibited sensitivity to copper at pCu11.5 with no net growth whereas the wild type 

had no difference in growth from the no-Cu control treatment at this level (Fig3.5, 

Table 3.2).  Interestingly, since copper can be both a micronutrient and a toxicant, 

copper could potentially stimulate growth and this seemed to occur initially in strain 

SYNW0921- at the lowest copper level where cell numbers went quite high but then 

quickly crashed (Fig.3.6). 

SYNW2176- outer membrane composition 

Fractionated outer membrane preparations run on SDS-PAGE gels revealed a 

distinctly different pattern of bands in SYNW2176- relative to the wild type while in 

exponential growth (Fig.3.7A and B).   Most notably, there was an extra band in the 

mutant at around 120 kDA, detectable in all three fractions, which was not detectable 

in the wild type (Fig. 3.7B, labeled “1”).  There was also a distinct difference in the 
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~70 kDA region in the mutant in the soluble and insoluble fractions.  In the mutant the 

band was sharper and darker relative to the wild type (Fig.3.7B, labeled “2”).   

The 120 kDA region (Fig.3.7B, labeled “1”) of the SYNW2176-  soluble 

fraction was excised and sequenced and the top hit was SYNW0762, an atypical 

alkaline phosphatase with both a phytase and RTX domain (Table 3.3).  Also present 

in lesser proportion in the band was an alkaline phosphatase (SYNW2391) and 

SYNW0406, an abundant heavily glycosylated integral membrane protein.  The 70 

kDA region of both the mutant and the wild type soluble fractions were excised and 

sequenced as well (Fig.3.7B, labeled “2”) and a clear difference between the wild type 

and the mutant was apparent (Table 3.4).  Both mutant and wild type bands contained 

SYNW2391, an alkaline phosphatase, and SYNW0406, the glycosylated membrane 

protein but in the mutant the alkaline phosphatase appeared to comprise most of the 

band, with 72% of the total peptide hits (predicted with 95% confidence to CC9902 

genome) whereas in the wild type only 10.9% of the total peptide hits were to the 

alkaline phosphatase.  Additionally SYNW0165, a gene annotated as a phosphate 

inducible protein and transcriptionally upregulated under phosphate stress (12), was 

only detected in the mutant sample.  All outer membrane preparations were obtained 

from exponentially growing cultures (in media with 86 µM PO4) and were not 

expected to be phosphate-limited at this stage of growth.  There was also a difference 

in the proteins present in the concentrated spent media fraction (Fig.3.8) that appeared 

to mirror many of the outer membrane fraction differences.   

SYNW2176- alkaline phosphatase activity and phosphate-limiting outer membrane 
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Almost all the proteins identified in the sequenced bands from the outer 

membrane preparations are phosphate-starvation inducible genes and SYNW2176 

itself is downregulated in response to late phosphate starvation (12).  Considering that 

the mutant appeared to have more alkaline phosphatase in the sequenced band and an 

extra protein that may be an atypical alkaline phosphatase, we decided to compare 

alkaline phosphatase activity, a hallmark of the onset of phosphate limitation, between 

SYNW2176- and the wild type.  The mutant exhibited a significantly different alkaline 

phosphatase induction relative to wild type (Fig.3.9).  In wild type, as expected, 

alkaline phosphatase activity was very low in both duplicates until day 11, when 

phosphate levels began to decrease and the cultures transitioned into stationary phase.  

By contrast, in the mutant, low activity was detected in both duplicates by day 6, when 

phosphate levels were still high, and activity stayed low but detectable throughout the 

rest of the experiment.  The mutant grew slightly slower than the wild type under these 

conditions, but by day 6 after inoculation both strains were in exponential phase 

(Fig.3.9B).  Since the alkaline phosphatase assay has a low sensitivity threshold, to 

confirm the early time points when cell numbers were low we replicated the 

experiment and concentrated the samples 50-fold before measurement.  From this we 

were able to confirm that while in exponential growth (days 6 and 7), the mutant does 

have slightly higher activity (8.3x10-10 µmoles/min/100000 cells/ml ± 4.0x10-10) than 

the wild type (3.58x10-10 µmoles/min/100000 cells/ml ± 4.6*10-11) while both had high 

phosphate levels (wild type 50 µM ± 1.4 and mutant 74 µM ± 8.3). From both these 

experiments it is clear that the mutant maintains alkaline phosphatase activity around 

1.0x10-9 µmoles/min/100000 cells/ml never having levels above 2.0x10-9 
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µmoles/min/100000 cells/ml, whereas the wild type has very low activity until 

phosphate levels decrease after which it induces activity sharply to around 6.0 x10-9 

µmoles/min/100000 cells/ml. 

To further explore the response of the mutant to phosphate limitation, we 

prepared outer membranes from duplicate cultures of both the wild type and 

SYNW2176- grown under phosphate-limiting conditions (Fig.3.7C).  The wild type 

appeared to drastically change its outer membrane composition by reducing or 

changing the 70 kDA region of the gel which includes the heavily glycosylated protein 

(SYNW0406) and highly inducing an unknown protein running at around 40 kDA in 

the insoluble fraction.  By contrast the mutant had relatively few changes in the 

insoluble outer membrane fraction from the exponential, phosphate replete growth.  

The extra 120 kDA band appeared to be reduced but still present and there appears to 

be an extra band at around 20 kDA.  In the soluble outer membrane fraction the 

mutant appears to lose a band around 40 kDA in the phosphate limited condition and 

the extra 120 kDA band is no longer visible.  However, the 130 kDA band appears 

bigger and the extra band may be included in this band.  This further confirms that the 

mutant does not induce the same response to phosphate stress as wild type.   

Discussion 

The phylogenetic grouping of the Deg-family proteases shows three distinct 

groups.  Group 1 members SYNW2176 and sync_2523 are both upregulated in 

response to copper addition and SYNW2176 is downregulated in response to 

phosphate starvation (3, 12).  Copper can lead to oxidative stress (21) and consistent 
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with this the group 1 member SynWH7803_2187 is up in response to methyl viologen 

and H2O2, also oxidative stressors (14).  In contrast, neither group 2 or 3 members in 

either strain is upregulated in response to copper and in WH7803 the group 3 member 

is very slightly upregulated in response to methyl viologen and H2O2 (14).   

Thus, from published transcriptional response data in marine Synechococcus it 

appears that the group 1 Deg proteases are the most stress-inducible group (3, 12, 14), 

and, in fact, SYNW2176 exhibits a sustained high level of induction following copper 

stress for at least 24 hours.  This is in contrast to GroEL chaperonin, which is induced 

only at 2 hours following the high copper addition.  In E.coli DegP and DegQ are 

thought to serve as chaperones like GroEL they are active in the periplasmic space and 

specifically protect outer membrane proteins, and DegP also can act as a protease as 

well in a temperature-dependent manner (5).   In E.coli, the majority of redox active 

copper is in the periplasm (22) and many copper response mechanisms involve 

periplasmic copper detoxification, indicating that copper stress and cell envelope 

stress can be related.  Indeed, in E.coli, CopA, a cytoplasmic copper efflux protein, is 

also regulated by CpxR, an envelope stress response pathways, and CutC, a copper 

chaperone, is regulated by RpoE, part of the sigmaE envelope stress response pathway 

(23).  The Deg proteases are specialized for periplasmic and outer membrane stress 

and more likely to stay induced following an envelope type stress like copper stress.  

Interestingly, some Prochlorococcus strains do not have a group 3 Deg-

protease (and are some of the only strains that have transmembrane domains in their 

group 2 members) suggesting that group 3 may serve a redundant function. Although 

there currently are not equivalent transcriptional stress response experiments on 
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Prochlorococcus, from data available on high light stress in Prochlorococcus strain 

MED4, there is upregulation of the group 2 member in response to high light and blue 

light, but no regulation of the group 1 member in response to light, nitrogen, 

phosphate or iron stress (24-27).  However, in a manner more similar to 

Synechococcus, Prochlorococcus MIT9313, which has 3 Deg proteases, upregulates 

its group 1 member in response to nitrogen limitation but does not appear to 

upregulate either of its other Deg proteases in response to nitrogen, phosphate or iron 

stress (25-27).  From these limited data it appears that the Prochlorococcus strains 

lacking a group 3 member may have different induction responses to stress for the 

remaining two Deg proteases. There are many prokaryotic groups with only two Deg 

proteases with one DegP/Q homolog that appears to function as both a chaperone and 

protease in the periplasm.  In one example of this in Rhodobacter capsulatus when the 

DegQ homolog is knocked out in DsbA- background (DsbA is a dithiol:Disulfide 

oxidoreductase and its inactivation leads to high envelope stress conditions) the 

knockout is lethal and the authors suggest that in a species with only two Deg-

proteases these might be constitutively expressed and essential under certain stress 

conditions, whereas species with three Deg-proteases there may be one Deg-protease 

is stress-responsive and non-essential (28).  Given the lack of induction seen in the 

Prochlorococcus strains the case may be similar for these strains that have a more 

streamlined genome.   

From our results it is clear that in Synechococcus sp. strain WH8102 the group 

1 Deg-protease SYNW2176 has a specialized role that cannot be completely 

compensated for by the other two Deg-proteases.  Unlike in Synechocystis PCC6803 
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where the Deg mutants had no discernable phenotype unless all three were knocked 

out (11), SYNW2176- exhibits constitutive low alkaline phosphatase activity 

throughout growth that is not induced in response to phosphate levels, an altered outer 

membrane composition during exponential growth with a possible extra alkaline 

phosphatase and hardly any changes in its insoluble outer membrane composition in 

response to phosphate starvation.  It does appear to alter its soluble outer membrane 

composition by losing a 40 kDA band and possibly losing its extra 120 kDa band in 

this fraction.  Surprisingly, it also exhibits increased tolerance to copper stress.   

It seems that the mutant has a different or impaired response to phosphate 

limitation.  During exponential growth SYNW2176-  has a higher level of alkaline 

phosphatase activity than wild type, which has virtually undetectable levels until 

phosphate levels decrease.  It also has an extra protein in its outer membrane that is an 

atypical alkaline phosphatase (SYNW0762) that in wild type is transcriptionally 

induced under phosphate limitation (12).  However, under low phosphate levels the 

mutant does not appear to induce higher alkaline phosphatase activity and thus its 

activity never reaches the same high level that it does in wild type.  Additionally, in 

wild type under phosphate-limiting conditions the outer membrane composition 

changes quite a bit, with induction of a 40 kDa unknown protein and potential changes 

in abundance of the other outer membrane proteins.  In contrast, the mutant outer 

membrane under phosphate-limiting conditions looks more similar to exponential 

growth, with a slight decrease in the “extra” atypical alkaline phosphatase 

(SYNW0762) band relative to the other bands, an additional band at around 20 kDa 

and a loss of a 40 kDA band in the soluble outer membrane fraction.  From this data it 
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is clear that along with constant low alkaline phosphatase activity throughout growth 

the mutant also does not induce the same outer membrane response to phosphate 

limitation that wild type does.  Microarray expression work done on WH8102 under 

phosphate limitation found expression changes in the genes for most of the known 

abundant outer membrane proteins in this strain and additionally found a 

downregulation of SYNW2176 itself (12).  So the phosphate limitation response seen 

in the outer membrane of the wild type may be related to these considerable changes 

that appear to be induced by phosphate limitation.  From our data, SYNW2176- does 

not appear to induce this typical phosphate limitation response (induction of alkaline 

phosphatase and changing outer membrane) but it does seem to have some of this 

response turned on permanently regardless of phosphate levels as indicated by the 

alkaline phosphatase activity.  

It is clear from the literature that these Deg-family proteases are periplasmic 

and involved in outer membrane and cell envelope processes both in a regulatory and 

chaperone/protease capacity.  In E.coli, DegP is involved in preventing accumulation 

of damaged proteins in the cell envelope, by means of both proteolytic and chaperone 

activity (29, 30) and in Synechococystis PCC6803, the triple Deg mutant had higher 

level of membrane proteins with ROS-induced damage following high light treatment 

than wild type, especially in the 29-60 kDa size range, indicating that the Deg 

proteases may play a role in preventing build up of these damaged proteins (11).  The 

altered outer membrane of SYNW2176- may be a result of both damaged protein 

buildup and effects of the loss of proteins that SYNW2176 is responsible for 

refolding.  Thus the effects we see may be a combination of both over-induced early 
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phosphate limitation response combined with the inability to fully manifest that state 

of phosphate limitation that is achieved in wild type.   

The increased copper tolerance is puzzling although there is some evidence 

that knocking out members of this group can lead to increasing levels of stress 

tolerance.  Bacillus subtilis has three Deg proteases, two of which are quite similar 

phylogenetically and in induction response, but when one of these two Deg proteases 

is knocked out singly it can result in increased tolerance to heat and oxidative stress 

because the other Deg protease can overcompensate by increased expression (31).   

However, unlike in B.subtilis where the two complementary genes are both induced in 

response to multiple stresses, SYNW2176 is the only one of the three Deg proteases 

that exhibits induction in response to copper stress in WH8102 and is it possible that 

the other Deg-proteases in WH8102 are regulated by different mechanisms.  It could 

be that some of the outer membrane changes that appear to be permanently induced in 

the mutant are somehow involved in either binding copper or keeping it out of the 

periplasm.   There are several lines of evidence tying copper tolerance to outer 

membrane proteins, such as efflux transporters (Reviewed in (32)) and extracellular 

polymeric substances (EPS) which can bind copper and other metals (33) and porins 

which can be copper regulated, can bind copper, and may allow passive import of 

unchelated copper (34-36).   

In contrast to SYNW2176-, SYNW0921- exhibited increased sensitivity to 

copper stress, suggesting a role for this protein in copper tolerance.  Additionally, at 

the lowest copper addition tested (pCu11.5, 0.4 µM CuETDA), SYNW0921- initially 

spiked in growth above the no-copper control after which cell numbers rapidly 
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decreased, indicating that copper could initially stimulate growth in the mutant at a 

level that did not have an effect on wild type.  However, this growth was short-lived 

and the copper addition ultimately led to death of the cultures.  SYNW0921 was 

significantly induced by both the high and low copper additions in wild type, but 

followed a different induction pattern than the other genes tested.  From the QRTPCR 

experiments we were unable to replicate the 2 hour induction that was seen in the 

microarray experiments (and validated with QRTPCR on microarray RNA samples), 

but we found that the gene was induced significantly by 6 and 8 hours following 

copper additions.  This indicates that the early induction of SYNW0921 can be 

variable, but it seems that by 6 and 8 hours it is more consistently induced, albeit at a 

much lower level of induction than SYNW2176.   

From this characterization of SYNW0921 it seems unlikely that it is binding 

copper for detoxification purposes, like CueO in E.coli that oxidizes Cu(I) to Cu(II) in 

the periplasm or CueP in Salmonella enterica sv. typhimurium that likely sequesters 

copper in the periplasm, since this would likely require rapid induction, as is seen for 

SYNW2176 (23, 37, 38).  Additionally, if SYNW0921 was the primary means of 

copper detoxification, SYNW0921- would likely be quite sensitive to copper and thus 

not have been able to grow at all at the lowest copper addition.  Indeed, the growth 

assay results indicate that SYNW0921 is involved somehow in suppression of copper-

stimulated growth along with tolerance to copper stress.  There are a wide array of 

copper-activated transcriptional regulators, in E.coli there are two described copper 

sensing systems, a two-component signal transduction system CusRS that is involved 

with periplasmic copper sensing and CueR, a MerR-like transcriptional activator that 
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is involved with cytoplasmic copper sensing (reviewed in (23)),  Mycobacterium 

tuberculosis has a copper-specific repressor, CsoR, (39) and recently a copper sensing 

sigma-factor, CorE, in Myxococcus xanthus has been described (40).  However, in 

marine Synechococcus there are no close homologs to any of these copper sensing 

regulators, and given the wide diversity between them, this may not be surprising.  

The most recently discovered copper sensing regulators are previously undescribed 

proteins and of the described metal sensors there is a diverse range of regulatory 

proteins that can be either metal-activated repressors or activators (41).  It could be 

that SYNW0921 is a copper activated regulator of a set of genes that are important to 

copper tolerance.   

 In the present study we have shown SYNW2176, a Deg-family protease, is 

required for inducible alkaline phosphatase activity and reorganization of the outer 

membrane.  The Deg proteases are well-conserved in marine Synechococcus and their 

phylogeny appears to inform function.  We have also shown that SYNW0921 is 

important to copper tolerance in WH8102 and may be involved in suppression of cell 

growth in response to copper.  Better understanding of the role that these genes play in 

marine Synechococcus copper stress response can help us to better understand the 

common conserved responses to copper stress between strains.   
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Table 3.1 Primers used in study. Temp. is the annealing temperature used for amplification. Size is the 
nucleotide length of the PCR product in base pairs (bp) in wild type and (mutant where applicable) 
Primer  Primer Sequence (5’-3’)   Temp (°C) Size (bp)   

2176QPCRfwd CCAGTCTCCGACCTTCAATC  58  293 

2176QPCRrvs CACTCTTCCGCCATTTCTTT 

0807QPCRfwd CTGAAGGAAGGGTCAACACC  58  242 

0807QPCRrvs GACGAGCAAGGACGGAATAA   

GrELQPCRfwd GCGAAATACGGGGAGATGTA  58  151 

GrELQPCRrvs ACGAAGAAGTCGGCAAGATG 

2176dblfwd GTGATTTTGCCCTCGTTGTC  56  1997  

2176dblrvs CGTGAGTTCGAAGGAGCTGT      

2176ckfwd TGGGCGATTGCCGTTGGCAA  59  411 (1670)  

2176ckrvs  GATCACGTCACCCGGCTTCA 

0921dblfwd GCACAAACGCCTCAGCGAAG  59  1279  

0921dblrvs CGTCCGGTCTCTCGATCCAG 

0921QCfwd CGTTCACCTGCGATTGTTTTGA 55  5210  
CGTCCAGTGCCCAAGGTGCGG 

0921QCrvs GCAAGTGGACGCTAACAAAACTG 
CAGGTCCACAGGGTTCCACGCC  

0921ckfwd GTTCCGTCGACATCCTTGTG  59  1749 (3315) 

0921ckrvs CGCTGCTCTGAAGTTCTCTC 

omegafwd CATACTTGAAGCTAGACAGGC 59 
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Table 3.2 Growth rates and maximum yields of wild type and mutant cultures with copper treatment. 
treatmenta wild typeb SYNW2176-b SYNW0921-b 

0 (no-Cu 
control) 

0.1310 ± 0.03146 

1.90  ± 0.3585 

0.1543 ± 0.01463 

3.854 ± 0.7370 

0.1152 ± 0.04395 

2.868 ± 0.7443 

pCu10.1 
-1.461 ± 0.1633 

1.340 ± 0.1292 

-0.005887 ± 0.009091 

 0.9199 ± 0.1461 

0.05508 ± 0.03579 

0.9103 ± 0.6380 

pCu10.5 
-0.5930 ± 0.04762 

1.461 ± 0.1166 

0.11040 ± 0.007924 

2.683  ± 0.1908 

-0.02509 ± 0.036260 

1.126 ± 0.07583 

pCu11.1 
-0.4939 ± 0.08817 

1.593  ± 0.0019 

0.1649 ± 0.01067 

4.540  ± 0.1898 

-0.2804 ± 0.08740 

1.351 ± 0.1293 

pCu11.5 
0.07413 ± 0.03245 

1.655  ± 0.1529 

0.1490 ± 0.01642 

4.457 ± 0.6871 

-0.67170 ± 0.07898 

2.687 ± 0.4709 

aconcentration copper added 
bgrowth rate (log10 cells/ml/day) ± 1 standard deviation; (maximum yield cells/ml (*10^8) ± 1 standard 
deviation); bold indicates significant difference from no-Cu control treatment (p<0.05, one sample t-
test) 
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Table 3.3 Band excision protein sequencing from the soluble outer membrane fraction region 1.  
Sequenced protein hits as a percentage of total hits identified with 95% confidence to CC9902 from 
~120kDa region band excision in SYNW2176-.  

Locus Protein description 
% total hits 

in band 

Microarry P-
starvation 
inducible?a 

SYNW0762 Putative atypical alkaline phosphatase with 
phytase and RTX domain 54.8 Y 

SYNW2391 Alkaline phosphatase 26.9 Y 

SYNW0406 Heavily glycosylated glycoprotein 13.0 Y 

SYNW0085 SwmA-cell surface protein required for 
swimming motility 2.6 Y 

SYNW0165 PsiP1 phosphate inducible protein 1 2.6 Y 

a From Tetu et al., 2009 (12) 
 
Table 3.4 Band excision protein sequencing from the soluble outer membrane fraction region 2.  
Sequenced protein hits as a percentage of total hits identified with 95% confidence to CC9902 from 
~70kDa region band excision in SYNW2176- and wild type. 

Locus Protein description Wild type SYNW2176- 

Microarry 
P-

starvation 
inducible?a 

SYNW2391 Alkaline phosphatase 10.9  72.3  Y 

SYNW0406 Heavily glycosylated glycoprotein 80.3  18.1 Y 

SYNW0165 PsiP1 phosphate inducible protein 
1 ND 7.8  Y 

SYNW2293 hemolysin-type calcium-binding 
protein 5.8 1.8  N 

SYNW1815 
ABC transporter, substrate 
binding protein, phosphate 2.2 ND Y 

SYNW0085 
SwmA-cell surface protein 
required for swimming motility 0.7 ND Y 

a From Tetu et al., 2009 (12) 
 



	  

	  

74	  

 
Figure 3.1 Phylogenetic tree of amino acid sequence alignment of serine proteases in 
eleven marine Synechococcus and three Prochlorococcus strains.  Alignment was 
done using MUSCLE and tree built using PhyML.  Values at nodes represent aLRT 
support values.  Labels are locus number/amino acid positions aligned and strain.  
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Figure 3.2 QRTPCR of four genes in WH8102 following pCu10.1 addition.  All 
values are calculated log2 fold changes over control no-copper treatment.  Error bars 
represent one standard deviation between three biological replicates for SYNW2176, 
SYNW0807 and GroEL.  Due to sample loss, SYNW0921 bars represent one standard 
deviation between two biological replicates or one replicate for 8h bar. Stars represent 
statistical significance (p<0.05) of one sample t-test (mean=0).  

 
Figure 3.3 QRTPCR of 2 genes in WH8102 following pCu11.1 addition. All values 
are calculated log2 fold changes over control no-copper treatment.  Error bars represent 
one standard deviation between two biological replicates. Stars represent statistical 
significance (p<0.05) of one sample t-test (mean=0). “NA” indicates no data due to 
sample loss.   
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Figure 3.4 PCR verification of SYNW2176- (A) and SYNW0921- (B), (C) is 
schematic.  “wt” is wild type WH8102, “2176-“ is strain SYNW2176- and “0921-“ is 
strain SYNW0921-, and “neg” is the negative control PCR with no input DNA.  In 
panel A from left to right first three columns after ladder are PCR using 2176ck 
primers (verification primers).  Next three columns are PCR using positive control 
primers to amplify 1279bp around SYNW0921.  In panel B after the ladder the first 2 
lanes are primers 0921ck (verification primers).  The next 2 lanes are 0921ck_fwd and 
omegafwd, which amplifies 1,505bp in SYNW0921- and no band in wt, which lacks 
the omega cassette.  Final three lanes are positive control primers to amplify 150bp of 
SYNW0808.  
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Figure 3.5 Growth rates for all three strains in control or copper-treated cultures.  
Calculated from slope of linear regression on ln-transformed cells/ml from three 
biological replicates over at least 3 days of exponential growth after treatment.  Error 
bars represent one standard deviation between three biological replicates.   
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Figure 3.6  Growth curve of copper-treated SYNW0921- .  Error bars represent one 
standard deviation between 3 biological replicates.  Day 0 is when copper was added 
to treatments.  
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Figure 3.7 SDS-PAGE protein gels (3-7% Tris-Acetate) of cellular fractions of wild 
type WH8102 and SYNW2176-.  (A) shows insoluble outer membrane fraction (HSP), 
(B) concentrated high speed supernatant (HSS) representing the soluble fraction of the 
outer membrane and (C) phosphate limited outer membrane fractions from each strain.  
Numbers and white lines represent approximate location of band excision for 
sequencing. 
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Figure 3.8 SDS-PAGE protein gels (3-7% Tris-Acetate) of concentrated spent medium 
from both wild type WH8102 and SYNW2176-.  

kDa:

wt 2176-

spent 
media

130

80

150

100

60



	  

	  

81	  

  
Figure 3.9 Alkaline phosphatase activity (A), cell counts (B) and phosphate levels (C) 
in both the wild type and 2176- mutant over 16 days. 
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Chapter 4 

Global proteomic and transcriptomic response to copper stress response in marine 

Synechococcus sp. strain CC9902 

 

Abstract 

Copper is both a micronutrient and toxicant to marine Synechococcus and 

understanding its copper stress response is important to our understanding of 

Synechococcus physiology and ecology, especially in coastal strains which are likely 

to experience more dynamic conditions.  Two coastal subclades of Synechococcus, 

clades I and IV, have been found to co-occur at a coastal monitoring site and fluctuate 

seasonally in relative abundance.  In a previous study we looked at transcriptional 

copper stress response in a clade I member, CC9311, and found an osmoregulatory-

like response that was potentially regulated by a response regulator pair that is not 

present in the genome of Synechococcus sp. strain CC9902 (CC9902).   This study 

investigated the proteomic and transcriptomic response of a coastal Synechococcus 

clade IV strain, CC9902, and identified a unique induced response to cell envelope 

stress response, a potential common general stress response regulator, and a multi-

gene metal homeostasis response involved with reguation of cellular Fe-levels.  The 

transcriptional copper stress response was further validated at the protein level.   

Introduction 

Maintaining metal homeostasis is an important challenge for marine 

Synechococcus, especially the coastal groups, considering the dynamic nature of the 
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coastal marine environment where metal levels can fluctuate rapidly as a result of 

runoff and mixing (1).  Marine Synechococcus is especially prone to copper stress as 

compared to the other major phytoplankton groups, probably by virtue of its high 

surface area to volume ratio that allows it to better take up limiting resources but may 

be a liability allowing toxin entry (2, 3).  High levels of copper can lead to increased 

levels of reactive oxygen species (ROS) and thus in many systems copper can trigger 

an oxidative stress response, as in E.coli where CuSO4 induces soxS, which is part of 

the oxidative stress regulon, SoxRS (4).  Additionally in E.coli, the majority of redox 

active copper is in the periplasm (5) and many copper response mechanisms involve 

periplasmic copper detoxification, indicating that copper stress and cell envelope 

stress can be related.  Indeed, in E.coli CopA, a cytoplasmic copper efflux protein, is 

also regulated by CpxR, and envelope stress response pathway, and CutC, a copper 

chaperone, is regulated by RpoE, part of the sigmaE envelope stress response pathway 

(6).  We found some evidence of this overlap in the transcriptional response of 

CC9311 and WH8102, in which both strains activated osmoregulatory-response genes, 

a Deg-family protease, and transport or synthesis of osmolytes, presumably as means 

to combat copper-induced envelope and oxidative stresses. 

Synechococcus sp. strain CC9902 (CC9902) is a member of the Clade IV 

group of marine Synechococcus which was found to be the dominant clade most of the 

year at a coastal monitoring site (7).  The other group that seasonally became 

dominant was Clade I, of which Synechococcus sp. strain CC9311 (CC9311) is a 

member (7).  The reasons behind the fluctuations between these clades is poorly 

understood.  When comparing the genome of CC9902 with other sequenced marine 
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Synechococcus genomes there are some genes predicted to be involved in 

osmoregulatory, cell envelope and oxidative stress response that are missing in 

CC9902.  We noted a putative osmoregulatory response regulator pair (Crr72/Chk91) 

present in all sequenced marine Synechococcus genomes except CC9902 and BL107 

(another closely related Clade IV strain) and that were transcriptionally upregulated in 

response to copper in both WH8102 and CC9311 (8).  The response regulator 

(classified as Crr72) is an OmpR family transcriptional regulator and the histidine 

kinase (classified as Chk91) is a HKIII class with similar domain structure to a 

characterized histidine kinase in Synechococystis PCC6803 that responds, along with 

its OmpR regulator, to hyperosmotic stress and is thought to serve a similar function 

as OmpR/EnvZ in Escherichia coli (9, 10).  There is also a cytochrome oxidase ctaII 

that is involved in oxidative stress response in Synechococystis PCC6803 whose 

homolog is missing in CC9902 (11), but again present in sequenced marine 

Synechococcus genomes except BL107.  CC9902 is also missing DpsA, a DNA-

binding protein that might protect against oxidative stress and is involved in copper 

homeostasis in E.coli and moreover is induced in response to copper stress in CC9311 

(8, 12, 13).  Given these missing components, some of which were copper-responsive 

in two other Synechococcus clade members, we predicted that CC9902 would have a 

different response to copper than these two strains.  Along with potentially revealing 

some key differences in cell envelope stress response, investigating the copper stress 

response in CC9902 could help us to better understand the regulation of common 

stress response between diverse strains by looking at the overlap in response.  

Moreover, CC9902 copper stress could provide insight into how two phylogenetically 
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distinct clades of Synechococcus, clades I and IV, can co-exist in dynamic coastal 

environments. 

 Quantitative proteomic analyses of copper stress response in marine 

Synechococcus has not been done to our knowledge and this technology provides an 

opportunity to validate copper stress response at the protein level in marine 

Synechococcus.  Post-transcriptional regulation is increasingly found to be important 

in bacterial stress responses.  The sigmaE pathway in Escherichia coli, for example, 

induces expression of several small RNAs (sRNA) which can reduce periplasmic 

protein expression and whose effects would not be clear at the transcriptional level 

(reviewed in (14)).  In order to better understand both the common and diverse 

features of copper stress response in coastal marine Synechococcus, this study looks at 

the transcriptomic and proteomic of CC9902 in response to copper stress. 

Materials and Methods 

Cell culture and growth assays 

1 L or 2 L batch cultures of Synechococcus sp. strain CC9902 were grown in 

chelexed SOW media with stirring as previously described in Stuart et al (8) with the 

exception that CC9902 is not axenic and heterotrophic bacteria were present 

throughout growth.  For growth assays, cultures were grown up to early log phase and 

50 ml were aliquoted into acid-washed glass flasks and placed on a shaker plate at 

23°C.  Cultures were given one day in these conditions to adjust to the transfer after 

which for the copper stress, CuEDTA was added in triplicate at 10 µM, 2.5 µM, 1 µM, 

0.25 µM as well as controls with sterile milliQ water added.  Using a MINEQL 
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calculation this approximately corresponds to equilibrium free copper levels 

equivalent to pCu 10.1, pCu 10.5, pCu 11.1 and pCu 11.5.  Flow cytometry samples 

were collected daily for up to 7 days and were fixed and analyzed as described in 

Stuart et al. 2009 (8). 

RNA extraction 

For microarray expression triplicate 2 L cultures of both no-Cu controls and 10 

µM 2 hour CuEDTA addition were grown up to mid-exponential and harvested by 

centrifugation and RNA extracted as described in Stuart et al., 2009 (8) with the 

following modifications: the 65ºC incubation was for 30 min instead of 60 min, a 

Zymo PCR inhibitor removal kit (Zymo, Irvine, CA) was used to purify RNA instead 

of the Qiagen RNeasy kit. 

Agilent microarray design 

Agilent expression microarray was designed using Agilent’s microarray design 

website (earray.chem.agilent.com).  An custom single color 8 X 15k slide (8 arrays per 

slide) was designed with 150004 60 bp oligonucleotide probes based on all annotated 

genes in both Synechococcus sp. strain CC9902 and Synechococcus sp. strain CC9311.  

Each gene had three unique probes optimized to span the length of the gene.  A 

randomized design was used with 20 randomized replicate probes in addition to 

Agilent-designed controls.   

RNA to cDNA and labeling; Array hybridization, scanning  

Total RNA samples were checked for concentration and purity on a Nanodrop 

ND-1000 spectrophotometer.  RNA integrity was determined using a Bioanalyzer 
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RNA 6000 Nano chip run on prokaryotic total RNA nano setting on an Agilent 

Bioanalyzer 2100.  Single-stranded cDNA was generated from 10 µg of total RNA 

using the Invitrogen SuperScript Plus Indirect cDNA Labeling Kit Core Module (Life 

Technologies, Carlsbad, CA).  Single-stranded cDNA was labeled using the Alexa 

Fluor 555 dye provided in the labeling kit.  After purification on the columns provided 

in the kit, outputs were between 0.6 and 1.1 µg of ss-cDNA with a dye incorporation 

of 20 – 25 nucleotide bases per dye unit.  300ng of Alexa 555-labeled ss-cDNA was 

heat denatured for three minutes at 98°C and cooled to room temperature over a period 

of five minutes before adding 2X Hi-RPM Hybridization Buffer from the Agilent GE 

Hyb Kit (Agilent Technologies, Santa Clara, CA) and applying the hybridization 

mixture to an Agilent custom, 8x15k gene expression microarray (Synechococcus, 

AMADID 030524).  The arrays were hybridized for 17 hours at 65°C and 10rpm in an 

Agilent hybridization oven.  They were disassembled and washed in Agilent Gene 

Expression Wash Buffers (Agilent Technologies, Santa Clara, CA).  Microarray slides 

were scanned on an Agilent C scanner at 5 µm resolution using 20 bit imaging.  Data 

was extracted using Agilent Feature Extraction 10.10.1.1. 

Microarray statistical analyses 

Microarray results were analyzed using Agilent GeneSpring GX software to 

normalize signal intensity across arrays and generate both gene-level and probe level 

signals. Log2 transformed signal ratios were then calculated on each replicate copper 

and no-Cu control and Statistical Analyses of Microarrays algorithms used with a 5% 



	  

	  

92	  

false discovery rate (FDR) cutoff and a 0.4/-0.4 log2 fold change cutoff as described in 

Stuart et al., 2009 (8) to generate significant gene hits and probe hits.   

RT-PCR and semi-quantitative Real time PCR (QRTPCR) validation of microarray 

results 

QRTPCR validation was done similarly to in Stuart et al., 2009 (8) with the 

following exceptions.  An Ambion cDNA kit (Life Technologies, Carlsbad, CA) and 

Promega GoTaq QPCR mastermix (Promega, Madison, WI) were used both according 

to manufacturers specifications and samples were run on a Qiagen Rotor-Gene Q 

(Qiagen, Valencia, CA).  Ten genes were chosen to validate with a range of log2 fold 

changes from microarray expression results.  Quantitative PCR results correlated well 

with microarray expression (Figure 4.1). 

Total protein extraction 

For 8 h protein expression, two 1.5 L cultures were grown up to mid-

exponential at which point they were combined and re-separated and 10 µM CuEDTA 

was added to one.  After 8 hours both were harvested by centrifugation and this 

process was repeated for a duplicate set.  For 4 h protein expression duplicate 3 L 

cultures were grown up to mid-exponential and 1.5 L of each was harvested as the no-

Cu control, after which 10 µM CuEDTA was added to each bottle and after 4 hours, 

both were harvested.  Crude protein extract was extracted for all samples as done in 

Johnson et al., 2011 (15).  

iTraq protein sequencing 

Protein-bead complexes were diluted in TNE (50 mM Tris pH 8.0, 100 mM 
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NaCl, 1 mM EDTA) buffer. RapiGest SF reagent (Waters Corp.) was added to the mix 

to a final concentration of 0.1% and samples were boiled for 5 min. TCEP (Tris (2-

carboxyethyl) phosphine) was added to 1 mM (final concentration) and the samples 

were incubated at 37°C for 30 min. Subsequently, the samples were 

carboxymethylated with 0.5 mg/ml of iodoacetamide for 30 min at 37°C followed by 

neutralization with 2 mM TCEP (final concentration).  Proteins samples prepared as 

above were digested with trypsin (trypsin:protein ratio - 1:50) overnight at 37°C. 

RapiGest was degraded and removed by treating the samples with 250 mM HCl at 

37°C for 1 h followed by centrifugation at 14000 rpm for 30 min at 4°C. The soluble 

fraction was then added to a new tube and the peptides were extracted and desalted 

using Aspire RP30 desalting columns (Thermo Scientific).  

The trypsinized samples (4 samples) were labeled with isobaric tags (iTRAQ, 

ABSCIEX, Ross et al 2004), where each sample was labeled with a specific tag to its 

peptides. Each set of experiments where then pooled and fractionated using high pH 

reverse phase chromatography (HPRP-Xterra C18 reverse phase, 4.6 mmx10 mm 5µ 

particle (Waters)). The chromatography conditions were as follows; the column was 

heated to 37C and a linear gradient from 5-35% B (Buffer A-20 mM ammonium 

formate pH 10 aqueous, Buffer B-20 mM ammonium formate pH 10 in 80% ACN-

water) was applied for 80 minutes at 0.5 ml/min flow rate. A total of 48 fractions of 

0.5ml volume where collected for LC-MSMS analysis. Each of these fractions were 

analyzed by high pressure liquid chromatography (HPLC) coupled with tandem mass 

spectroscopy (LC-MS/MS) using nano-spray ionization. The nanospray ionization 

experiments were performed using a QSTAR-Elite hybrid mass spectrometer 
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(ABSCIEX) interfaced with nano-scale reversed-phase HPLC (Tempo) using a 10 cm-

180 micron ID glass capillary packed with 5-µm C18 ZorbaxTM beads (Agilent 

Technologies, Santa Clara, CA).  Peptides were eluted from the C18 column into the 

mass spectrometer using a linear gradient (5–30%) of ACN (Acetonitrile) at a flow 

rate of 550 µl/min for 100minutes. The buffers used to create the ACN gradient were: 

Buffer A (98% H2O, 2% ACN, 0.2% formic acid, and 0.005% TFA) and Buffer B 

(100% ACN, 0.2% formic acid, and 0.005% TFA). MS/MS data were acquired in a 

data-dependent manner in which the MS1 data was acquired at m/z of 400 to 1800 Da 

and the MS/MS data was acquired from m/z of 50 to 2,000 Da.  Finally, the collected 

data were analyzed as a single experiment using and Protein Pilot 4.0 (ABSCIEX) for 

peptide identifications and protein quantification. 

Protein statistical analyses 

ProteinPilot software v.4.0 (Applied Biosystems, MDS-Sciex) was used to 

identify and quantify proteins with the Paragon search algorithm (16).  The database 

used for the search included Synechococcus CC9902 proteins and a reverse decoy 

database generated by ProteinPilot, which also generated a false discovery rate (FDR) 

for proteins detected.  Ratios between each copper treated and no-copper control 

replicates were generated using ProteinPilot software.  Proteins with less than two 

unique peptides hits at 95% confidence were discarded and duplicate ratios were 

averaged.  Ratio cutoffs with an average above 1.3 or below 0.8 with a standard 

deviation between replicates less than 0.2 were considered significant.  Duplicates 

with opposite regulation (that is, one fold change greater than 1.1 and one less than 



	  

	  

95	  

0.9) were discarded. For microarray comparison purposes, the protein fold changes 

were log2-transformed when in a table or figure with microarray results.   

Results and Discussion 

Overview of significant genes and overlap between datasets 

From the microarray data, 125 genes were found to be significantly 

differentially expressed in response to two hours of copper stress using a 5% false 

discovery rate (FDR).  An additional 34 genes had one or two probes (of three 

possible probes per gene) with differential expression again with a 5% FDR.  Of these 

159 differentially expressed genes, 125 were upregulated and 34 were downregulated 

(Table A1).     

From the protein expression response after 4 hours of copper treatment, there 

were a total of 667 proteins identified (with more than one unique peptide identified at 

95% confidence).  Of these, 72 proteins were upregulated and 74 were downregulated 

(Table A1).  From the protein expression response after 8 hours there were a total of 

559 proteins identified, 92 of which were significantly differentially expressed in the 

copper samples, with 54 downregulated and 38 upregulated (Table A1). 

Of a possible 159 significant genes from the microarray, 41 proteins at 4 hours 

and 36 proteins at 8 hours were significantly detectable in the protein datasets.  Of all 

the significant genes only three were significantly differentially expressed in all three 

datasets.  At 8 hours after copper addition 21 of the identified proteins that were 

differentially expressed under copper stress were also transcriptionally differentially 

expressed at 2 hours after copper addition (Figure 4.2).  In contrast, at 4 hours after 
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copper addition only 7 proteins that were differentially expressed were also significant 

at the transcriptional level at 2 hours (Figure 4.3).  Moreover, 4 additional proteins 

were significantly differentially expressed at 4 hours but showed the opposite response 

transcriptionally at 2 hours (Figure 4.3). Given this, it is unsurprising that two protein 

datasets also did not overlap very well (Figure 4.4) and of the 18 proteins that were 

significant at both time points, 13 of these had opposing regulation at the different 

time points. 

Overall, the protein expression at 8 hours after copper addition correlated 

better with the microarray expression data than the protein expression at 4 hours after 

copper addition.  The 21 proteins that were differentially expressed in both these two 

datasets (Figure 4.2) included many homologs of well-characaterized general stress 

response genes, proteases and chaperones, and help to validate that a stress response 

was induced at both the transcript and protein level.  The overlapping genes are 

discussed in more detail below.   

In contrast, the 4 hour protein dataset is quite different from both the 

transcriptional response and the 8 hour protein response, which indicates that 4 hours 

may not be enough time to accumulate change at the protein level.  Indeed, even 

though the 4 hour protein dataset had a higher number of significant fold changes, 

most of these were right at the threshold of significance, indicating that many proteins 

were just beginning to accumulate at levels different from the no-Cu control.  The 

average fold change for the upregulated proteins in the 4 hour dataset was 1.53 (± 

0.27) in contrast with the average for the 8 hour dataset that had an average of 1.68 (± 

0.60).  Given the average doubling time of CC9902 under these growing conditions 
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(1.5-2.5 days), it is perhaps not surprising that they would take at least 8 hours to 

accumulate changes at the protein level following a stress.  Indeed, in a study of the 

adaptation of the fresh water cyanobacterium Synechococystis PCC6803 to low-CO2, 

72 hours were needed to see all the protein level changes that matched the low-CO2 

adapted culture, and in the 6 hour datasets there were fewer significant fold changes 

(17). 

The opposing responses displayed at the 4 hour time point as compared to both 

the transcriptional response and the 8 hour protein response is unexpected.  For the 

proteins that are downregulated at the 4 hour time point, but up either transcriptionally 

or at the 8 hour protein level it is possible that copper stress is damaging these 

proteins, leading to a detectable decrease at the protein level as 4 hours is not enough 

time for the cell to catch up and synthesize more of these proteins even though gene 

transcription has been upregulated.  Two of these genes that are upregulated 

transcriptionally, an aminopeptidase N (Syncc9902_0754) and the SAM-dependent 

methyltransferase (Syncc9902_1266), are significantly upregulated at the protein level 

by 8 hours after copper addition (Figure 4.4), perhaps indicating a time lag between 

the two.  Moreover, aminopeptidase N is a zinc-binding protein, and copper could be 

competitively excluding Zn from the binding site.  On the other hand, it could also be 

that the proteins are being regulated at the translational level and there is a distinct 

early stress response and late stress response.  Aminopeptidase N (pepN) is a stress 

responsive aminoendopeptidase in E.coli where it is responsible for most of the 

aminopeptidase activity in the cell, but can have multiple roles in response to stressors 

as it can also potentially modulate protein turnover (18).  In CC9902 it is also possible 
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that in the initial 4 hour stress response these proteins are being regulated at the 

translational level in order to keep this response in check.  

From the predicted functions of the genes or proteins that do overlap in any 

two of the three datasets (Table 4.2), we gain insight into the most significant 

pathways and responses that are being regulated in response to copper, which are 

discussed in more detail in the next sections.  

CC9902 metal homeostasis response 

Iron and copper are both essential micronutrients that can also have toxic 

effects on the cell and generate hydroxyl radicals via the Fenton reaction.  The copper 

stress response of CC9902 had many differentially expressed genes and proteins 

linked to Fe homeostasis as well as other metals (Table 4.3).  IdiA is a well-conserved 

Fe-binding periplasmic protein that is thought to be involved in Fe3+ transport and is 

induced by Fe-limitation in two Prochlorococcus strains (19, 20).  It was the most 

significantly regulated gene in the whole dataset since it was the only gene that was 

consistently significantly downregulated at all three time points.  This tells us that 

regulation of Fe transport and homeostasis is a key priority following copper stress 

and that some of these Fe-related proteins can be altered more rapidly than other 

proteins.  CC9902 also downregulated many of the genes in the genomic region 

surrounding idiA.  This interesting region is found in both marine Synechococcus and 

Prochlorococcus and has some differences between strains as to order and presence of 

genes (reviewed in (12)).  The region always includes idiA and a potential CRP family 

Fe-regulator and in CC9902 the area is much larger than in other Synechococcus 
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strains (again see review in (12)).  Many of these genes that were in the CC9902 

region are not well-conserved in marine Synechococcus and many were 

downregulated (Table 4.3).  Also downregulated was another Fe-regulated protein 

Syncc9902_1005, which is a chlorophyll-binding protein that is iron-stress induced in 

cyanobacteria (21).  Ferredoxin, a PSI electron transfer protein, was additionally 

downregulated at the 8 hour protein level only.  On the other hand, plastocyanin, 

which is another PSI electron transfer protein (on the thylakoid luminal side) and is a 

copper protein, was upregulated at the protein level at both 4 and 8 hours.  

There were several other potential metal-related responses in CC9902 in 

response to copper including induction of genes involved in FeS cluster assembly.  

SufC was the only one of these genes that was reliably detectable at the protein level 

and it was only induced at 4 hours, perhaps indicating that this is solely an early 

response.  Also induced was a high affinity Zn or Mn ABC transporter, an aconitase 

(Syncc9902_2296) and three hypothetical proteins that may be metal-binding (Table 

4.3).  One of these conserved hypotheticals, Syncc9902_1406, is a potential copper 

binding protein that confers copper resistance to strain WH8102 (SYNW0921) and is 

one of the few genes that was transcriptionally upregulated in all three strains in 

response to copper (R.Stuart, B.Brahamsha and B.Palenik, unpublished data (Ch.3) 

(8)).  One of the others, Syncc9902_2144, is upregulated transcriptionally in the other 

two strains in response to copper and up at 4 hours in the protein in CC9902, and has 2 

well conserved cysteines (Figure 4.5).  The other, Syncc9902_1788, has a predicted 

metal binding domain (COG1399) containing cysteines and was not upregulated in 

either other strain (Figure 4.6).  
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From what is known of metal uptake and metal transport in phytoplankton, 

metals can be taken up by transporters for other metals, such as Cd by a Mn uptake 

system (22).  The quick shutting down of so many Fe-related genes and proteins could 

indicate that the high-affinity Fe-transporters may be a liability under high copper 

levels, perhaps by allowing copper to enter the cell.  Indeed, in a study comparing two 

Prochlorococcus strains Thompson et al notes that one strain, MIT9313, which is 

better able to deal with Fe-limitation and has more genes in its idiA region (like 

CC9902) was found to be more sensitive to copper stress than another strain, MED4, 

which was less able to deal with low Fe and had some genes missing from its idiA 

region (20).  Although we do not know their respective responses to Fe-limitation, if 

we similarly compare the two coastal Synechococcus strains, CC9902 and CC9311, 

we can see that CC9311 does not have as complete an idiA region as CC9902 and is 

more tolerant to copper stress.  In comparing these two strains it is also interesting to 

note that CC9902 did not regulate its ferritin and it was undetectable at the protein 

level, whereas CC9311, which has 5 genes for ferritin, did upregulate one of them.  

This indicates that while CC9902 could potentially be better at scavenging metals 

when at low concentrations (as indicated by its large idiA region) whereas CC9311 

has a more flexible metal strategy and more ways to regulate and balance its internal 

metal levels in response to excess. 

Clearly, a delicate balance must be struck between keeping Cu out of the cell 

and getting Fe in.  From the down-regulation of genes that could be involved in high-

affinity Fe transport CC9902 may be trying to keep copper out, and this response is 

turned on quickly and sustained for at least 8 hours following copper addition. We can 
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also see some indication that the cells may be starting to experience some Fe-

limitation as well.  Fe and Cu homeostasis have been shown to be linked in the 

response of the photosynthetic apparatus where there is both an Fe and Cu version of 

an electron transfer protein for the thylakoid luminal side of PSI, cytochrome c6 and 

plastocyanin, as well as another alternating pair, the Fe-containing protein ferredoxin 

and no-Fe containing protein flavodoxin on the cytoplasmic side, all of which are 

thought to be alternately used dependent on the metal levels in the cell (23-25).  

Plastocyanin was upregulated, perhaps indicating that Fe was becoming more scarce 

in the cell, although cytchrome c6, which is the Fe-containing substitute for 

plastocyanin, was not detectable at the protein level and was not differentially 

expressed in microarray.  Alternatively, plastocyanin may also be functioning as a 

copper storage protein under these conditions and helping to bind up the excess 

copper.  As part of the Fe-limitation down-regulation, it is not surprising that 

flavodoxin was downregulated, as it is in the idiA genomic region in CC9902 and is 

probably co-regulated with those genes.  However, the down-regulation of ferredoxin 

in the 8 hour protein samples may be a result of the onset of Fe-limitation as it is the 

Fe-containing version of the protein.   

The induction of FeS assembly genes, the aconitase and the metal transporter 

also reveal the delicate balance between metal levels that the cell is trying to maintain.   

Excess copper can destabilize FeS cluster formation in Bacillus subtilis	  and disrupt Fe 

homeostasis (26) and these genes were also induced transcriptionally in CC9311 (8).   

Thus, induction of the FeS assembly indicates that excess copper may be competing 

for key Fe binding sites.  The aconitase, which was regulated at the protein level, has 
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catalytic [4Fe-4S]2+ clusters.  Its homolog in E.coli is AcnB, an enzyme that is readily 

inactivated by superoxide (27) and is rapidly demetallated under Fe starvation, thus is 

very sensitive to Fe-levels in the cell (28).  E.coli has another aconitase, AcnA that is 

less sensitive to oxidative stress and Fe-limitation that is induced through an oxidative 

stress pathway, SoxRS, but marine Synechococcus does not have a gene with high 

homology to AcnA.  It may be that the play between Fe-limitation and oxidative stress 

are responsible for controlling the levels of this enzyme and why it is up at 4 hours and 

down at 8 hours.  The induction of the high-affinity Mn or Zn transporter also may 

indicate a limitation response for other metals caused by Cu(II), which is at the top of 

the Irving-Williams series and thus potentially could displace other metals from 

metalloproteins. 

Interestingly, in Synechocystis PCC6803, a fresh water cyanobacterium that by 

virtue of its environment may have to deal with copper limitation rather than copper 

toxicity, there are two versions of idiA (FutA1 and FutA2).  FutA2, which binds Fe, 

has been shown to be important in copper supply in the periplasm, perhaps by 

sequestering iron that would otherwise compete with copper for binding sites in 

proteins such as plastocyanin (29).  While Synechococcus CC9902 only has one 

version of idiA, and marine Synechococcus most likely has the opposite problem with 

too much copper and not enough Fe, this example highlights the complex interactions 

between Fe and Cu in the cell and the need for a high degree of regulation in order to 

keep metal levels in the correct range so that their respective proteins can function.  

CC9902 unique cell envelope and osmotic shock response 
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 Given what we knew about missing osmoregulatory response regulator pair 

(Crr72/Chk91) and oxidative stress genes from the genome of CC9902, we looked for 

unique genes differentially regulated in CC9902 that may indicate a different type of 

regulatory pathway to deal with this stress.  From the significant gene and protein 

datasets, we removed all the genes with homologs that were significantly differentially 

expressed in response to copper in either of the other two strains, CC9311 and 

WH8102, and then looked for genes involved in stress response (Table 4.4).  We also 

looked for genes that were commonly induced in the other two strains but not induced 

in CC9902.  From this table we can see that CC9902 is responding to both cell 

envelope and oxidative stress, although it is using different genes than CC9311 and 

WH8102 to combat it.  CC9902 upregulates genes and proteins involved in cell 

envelope biogenesis and cell envelope stress response.  Interestingly, it also 

upregulates a well-conserved specialized translation elongation factor, LepA/EF4, that 

in E.coli has been shown to be activated by high ionic strength, conditions under 

which it is more efficient than EF1 (30).  CC9902 additionally upregulated a 

hypothetical protein, Syncc9902_1581, that has a histidine kinase sensor upstream and 

LepA downstream (Figure 4.7), as well as several genes involved in DNA repair that 

the other two strains did not.  Also detected at the protein level were two RND-family 

efflux pump genes, Syncc9902_0390 and Syncc9902_0694, which were both 

downregulated at 4 hours and then up at 8 hours.  Finally, there were genes involved 

in oxidative stress response including thioredoxin-reductase, rubredoxin and several 

genes involved in DNA repair or recycling.   
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Conversely, there were also several genes that were induced in the other two 

strains, CC9311 and WH8102, that are present in the genome of CC9902 but were not 

induced in CC9902 including a Deg-protease (SYNW2176/sync_2523), which is 

involved in outer membrane rearrangement in WH8102 and a set of hypothetical 

proteins (SYNW1510/1512 and sync1903/1905).  There is also the common 

upregulation of osmolyte-related genes in the other two strains including a putative 

glycine betaine transporter (SYNW0229) in WH8102 and a gene for glucosyl glycerol 

synthesis in CC9311 (sync_1171).  Syncc9902_0902, the homolog of 

SYNW1512/sync_1905, is in fact downregulated at the protein level at 8 hours. 

These responses indicate that CC9902 is experiencing cell envelope stress and 

responding by regulating outer membrane and periplasm localized gene products.  The 

conserved hypothetical gene Syncc9902_1581 is especially interesting, given its gene 

neighborhood (Figure 4.7).  CC9902 has 8 predicted histidine kinase sensors, of which 

only two, Syncc9902_1580 and Syncc9902_0550, would be classified as HKIII based 

on their domain structure (that is, they contain HAMP, HisKA and HATPase 

domains).  Syncc9902_0550 also contains a PacS domain and is well conserved across 

Synechococcus and Prochlorococcus and is classified as NblS, a likely “hub” sensor 

responding to many environmental signals (12).  Syncc9902_1580 on the other hand, 

is present in only some Synechococcus strains (Figure 4.7), and its domains 

(HAMP/HisKA/HATPase_c) most closely match the missing histidine kinase present 

in all the other strains (chk91).   Syncc9902_1581 itself has 3 predicted 

transmembrane domains but no predicted function, although it has slight homology to 

the MFS family of transporters.  Recently, a number of auxiliary regulators of two-
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component systems that interact with histidine kinases have been described and one in 

particular in E.coli, MzrA, is regulated by the Cpx and sigmaE regulons and interacts 

with EnvZ to modulate the response of OmpR/EnvZ to osmotic signals (31, 32).  

Additionally, in Synechocystis PCC6803, SipA has been shown to increase expression 

of Hik33 (33).  While neither of these are homologs of Syncc9902_1581, these 

examples highlight the role of auxiliary regulators in stress regulation and given its 

gene neighborhood it could be that Syncc9902_1581 is involved with modulation of 

Syncc9902_1580.  Syncc9902_1581 is present in CC9311, but not upregulated in 

response to copper stress and has no homolog in WH8102 and thus it may be that 

these genes may fill a similar role in CC9902 as the missing response regulator pair 

(Crr72/Chk91). 

There is some indication that multidrug efflux pumps can be involved in 

regulation of membrane permeability (34) and RND family efflux pumps are known to 

be associated with heavy metal resistance and may need an outer membrane porin to 

function.  In Pseudomonas aeruginosa there is complex regulation involved in 

controlling the efflux pumps and their porins, some of which are shared by multiple 

pumps (reviewed in (35)).  In CC9902, the porins are some of the most significantly 

downregulated genes from the microarray experiments, a response to copper that 

appears to be well conserved since some of these porins were also downregulated in 

two other Synechococcus strains (CC9311 and WH8102).  There are several studies 

tying copper and porins, showing that porins can bind copper in E.coli and that 

unchelated copper may diffuse through them into the periplasmic space in 

Methylosinus trichosporium (36, 37).  The genome of CC9902 encodes 4 predicted 
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porins, two in the idiA genomic region and two others adjacent to each other in the 

genome, Syncc9902_0323 and Syncc9902_0324.  Our protein data indicates that the 

downregulation of the porins occurs but is exclusively an early copper stress response, 

as two porins are some of the only proteins at 4 hours that have matching significant 

transcriptional response (Figure 4.3) but are subsequently back to approximately equal 

levels with the no-copper control by 8 hours.  This matches the putative RND efflux 

pump response in that both are downregulated in the 4 hour protein dataset, and the 

RND efflux proteins are up at 8 hours.  A similar set of regulatory mechanisms to 

those in P.aeruginosa could be controlling this porin and efflux pump response in 

CC9902, given that the porins are downregulated at 4 hours, perhaps in order to keep 

copper out, but then return to baseline by 8 hours, to pair with efflux pumps to pump 

copper out.    

However, most of these genes that are induced in CC9902 and not in the other 

strains have similar functions to genes that were induced in the other strains, and thus 

it appears that although specific gene responses may not be conserved (especially 

without equivalent regulators), the strategies are conserved.  CC9311 for example, 

does upregulate two genes that may be involved in cell wall biosynthesis (sync_2564 

and sync_1526) and three putative multidrug efflux pumps (sync_1126, sync_0936 

and sync_2131).  Interestingly, WH8102 upregulates its other two elongation factors 

(SYNW2137 and SYNW2138) instead of LepA, perhaps indicating that since it can 

better handle osmotic stress with the two-component response regulator and osmolyte 

synthesis, it just makes more of the damaged elongation factors that are more efficient 

under normal ionic conditions.  Considering this, perhaps what is more interesting is 
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the genes that were commonly upregulated in the other two strains and present in 

CC9902, but not induced.  These genes seem to indicate that there is a response 

pathway missing in CC9902, perhaps as a result of the missing response regulator pair, 

and although it can activate other similar pathways to compensate, perhaps using the 

alternate histidine kinase sensor (Syncc9902_1580), the response is not identical and 

may be less efficient.   

A general stress response regulator 

 Many of the well known general stress response chaperones and proteases 

were transcriptionally induced at 2 hours and by 8 hours these genes were also 

significantly induced at the protein level and represent the majority of the significant 

genes that overlapped between these two datasets (Figure 4.2).  These include GroEL, 

GroES, hsp90, GrpE, DnaK, DnaJ and ClpB and a putative small heat shock protein.  

This in itself provides some convincing evidence that CC9902 is experiencing a stress 

following the copper addition.  There is also a two-component response regulator with 

a LuxR domain, Syncc9902_2107, that is induced.  Interestingly, when we compare 

the transcriptional response of CC9311 and WH8102 to CC9902 we can see some 

indication of co-regulated stress response genes. There are 55 genes in total that were 

significantly differentially expressed in CC9902 and CC9311 and 27 of these had 

opposing regulation (mostly up in CC9902 and down in CC9311).  This set of 27 

included Syncc9902_2107 and most of the general stress genes listed above, and of 

those, all were upregulated in CC9902 and downregulated in CC9311 (Figure 4.8).  

(The putative small heat shock protein, Syncc9902_2178, was the notable exception to 



	  

	  

108	  

this rule, being present in the other 2 strains, but not induced by copper.)  When we 

further overlay the microarray transcriptional response of WH8102, there are 9 genes 

whose regulation co-vary with the response regulator and all of these are known to be 

involved in general stress response (Figure 4.8).  This provides some correlational 

evidence for the function of this particular response regulator. 

 It should be noted that the down-regulation of the general stress response in 

CC9311 and upregulation in the other two strains does match with their respective 

copper sensitivities (Figure 4.9).  CC9311 is the most tolerant of the three (and 

downregulated these genes) followed by CC9902 and then WH8102 is the most 

sensitive (both of which upregulated these genes). 

 Another interesting feature of the Syncc9902_2107 response regulator in 

CC9902 is a hypothetical protein Syncc9902_2108 that is immediately upstream of it 

and strongly downregulated at the protein level after 8 hours of copper stress.  There 

were several of these pairs of genes that were adjacent in the genome and at the 

protein level one was induced and the other repressed (Figure 4.10).  One of these 

pairs is homologous to a well-described operon in E.coli involved in cell division, 

MinCDE.   MinC is an inhibitor of cell division that, along with MinD, suppresses Z-

ring formation throughout the cell and MinE prevents MinCD from acting at the cell 

center causing Z-ring formation at the center of the cell (38).  This operon has also 

been characterized in cyanobacteria, where it is involved in cell division in 

Synechococcus elongatus but in Synechocystis PCC6803 MinE may serve a different 

function (39).  Most of the other pairs that followed this MinC/MinE expression 

pattern in CC9902 had an unknown hypothetical upstream and a known gene 
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immediately adjacent and for most of these the unknown protein was highly 

downregulated.   In all cases, these proteins were well conserved within marine 

Synechococcus and the paired genomic location in the other sequenced marine 

Synechococcus genomes was almost always conserved.  There is evidence of proteins 

that influence response regulator activity, including LuxR family members, either by 

effecting DNA-binding ability, phosphorylation status or RNA polymerase 

recruitment (reviewed in (40)).  Although Syncc9902_2108 does not share homology 

with any of these known auxiliary regulators, there is evidence that the evolutionary 

origins of these proteins is quite diverse, with many characaterized proteins with no 

homologs and, conversely, characterized regulators that perform similar functions but 

have divergent protein sequences (40).   It could be that Syncc9902_2108 is involved 

in the regulation of the LuxR response regulator.   Less is known about the regulation 

of the other proteins, including PepN, so it is difficult to speculate on these pairs, but it 

could be that these unknown proteins are involved in the regulation as well.   

It should also be noted that three of these unknown potential inhibitors 

including MinC and Syncc990_2108 (the putative LuxR inhibitor) were actually 

upregulated at 4 hours at the protein level and the proteins that they were expected to 

inhibit were not significantly different from the no-copper control, which may indicate 

a more complicated response and also serves to highlight that there may be a unique 

set of protein responses associated with early copper stress response that are not 

visible by 8 hours.  

Conclusions 
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From this study comparing the proteomic and transcriptomic response 

following copper stress in CC9902 we were able to validate several genes that were 

transcriptionally upregulated in response to copper at the protein level and also gain 

some information about the timing of protein response as compared to transcriptional 

activation.  We have shown that general stress response proteins and several other 

genes that are transcriptionally activated at 2 hours after copper addition take up to 8 

hours after the addition for this to be manifested at the protein level.  This tells us first, 

that by 8 hours CC9902 was exhibiting a clear stress response at the protein level that 

was confirmed transcriptionally at 2 hours and secondly that marine Synechococcus 

may be quite slow in its translational response for some genes and that these proteins 

may be second in line to some more rapid responses.  These rapid responses at the 

protein level include downregulation of idiA, porins and efflux transporters and 

upregulation of plastocyanin and FeS assembly related proteins.   

From the upregulation of genes involved in cell envelope biogenesis and outer 

membrane organization, as well as LepA, the osmotolerant translation elongation 

factor, our data indicate that CC9902 is experiencing cell envelope stress as well as 

elements of oxidative/osmotic shock, but has a quite different response from the other 

two Synechococcus strains, CC9311 and WH8102.  This may be a result of a missing 

response regulator pair (Crr72/Chk91) in CC9902 and it may compensate by using a 

less-conserved sensor histidine kinase that is similar to the missing one.   We have 

also identified a putative general stress response regulator that seems to be common in 

marine Synechococcus strains and may regulate many of the key cytoplasmic 
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chaperones and proteases that refold or remove damaged proteins following a wide 

range of stresses.   

Finally, this data also reveals the complex metal homeostasis response 

necessary when a cell is dealing with excess metal that is both a micronutrient and a 

toxicant and can compete for occupancy in a wide range of vital metalloproteins.  

There is substantial evidence in cyanobacteria that metal occupancy in metalloproteins 

is governed by the metal levels in a given cellular compartment and that getting the 

correct metal into the metal binding domain is reliant on metal homeostasis (41).  

From the Fe-homeostasis genes and proteins that CC9902 regulates in response to 

excess copper our data shows first that Fe-homeostasis is a priority in response to 

copper shock and that CC9902 may be quickly turning off its high affinity Fe-

transport in order to keep copper out of the cell but then also must balance the 

resultant Fe-limitation.   
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Table 4.1 Primers used in QRTPCR verification of microarray expression. 
Primer   Primer Sequence (5’-3’)  Temp (°C) Size (bp)  

1082FWD AACCTCGCCCGTCATCTTTA  58  85 

1082RVS TTCGGGTTTGAAAGCCAGCA  

0407FWD ATTGCAGCCTTGATCGATGC  58  91 

0407RVS AAGCAGAGACCCCGTAAAGC 

1406FWD CCTCCAGGAATGGGTGAAGA  60  92 

1406RVS TGCTTACACGTCTCACGAGC 

1117FWD TTATCCCAAAGGCCCATGGT  58  108 

1117RVS CGAGTCATCATCGCTAATCG 

1999FWD TAAGTGCAACAACAAGGGCG  58  253 

1999RVS ACCAATGGTGGCTGTGAACT     

0053FWD CTATGAACTGGGTTCGGTTC  58  196 

0053RVS GGCCCTTAAGGCTAATTTGT 

0566FWD TTCAGGCGAAGCTCACGGTG  60  102 

0566RVS TCCGCTCCAAGGTGGTGTTC 

2007FWD GCCTCTAAGAGTGTTATAGA  55  107 

2007RVS TTAATCTGTTGAACCCAAGC 

0265FWD ACCCAACTGGATGTGTCGGA  58  80 

0265RVS CCAACATGCGTTTCCATCGG 

2318FWD CATCAGCCATTGGTGGCAGC  60  82 

2318RVS CTCGCGAATGAGTGACCCCA 

RPOC306F-IVa CCG TCA TCG GAT GGG CTT  56   159 

RPOC464R-IVa  TCA CCT GGI TCA AGA ACG AC 
a (7) 
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Table 4.2:  Genes significant in at least two of the three datasets (2 hour gene expression “2h array”, 4 
hour protein expression “4h protein” and 8 hour protein expression “8h protein). All numbers represent 
average log2 fold changes of copper condition to a no-copper control.  Array numbers are an average of 
three biological replicates and protein numbers are an average of duplicates biological replicates 

locus tag Name 
Putative 

Functional 
Response 

2h 
array  

4h 
protein 

8h 
protein 

Syncc9902
_2002 

idiA, putative iron ABC 
transporter, substrate binding 

protein 
Fe homeostasis -1.79 -0.37 -0.45 

Syncc9902
_2007 flavodoxin FldA 

Fe homeostasis; 
Electron 
transport 

-1.92 -0.13 -0.59 

Syncc9902
_2296 

AcnB aconitate hydratase 2/2-
methylisocitrate dehydratase Fe homeostasis -0.22 0.51 -0.55 

Syncc9902
_2000 hypothetical protein  Fe homeostasis -1.18 ND -1.63 

Syncc9902
_0916 plastocyanin photosynthesis; 

copper 0.20 0.59 0.44 

Syncc9902
_0390 

hydrophobe/amphiphile efflux-1 
HAE1 

efflux; outer 
membrane  -0.04 -0.54 0.58 

Syncc9902
_0324 porin periplasmic 

oxidative stress -1.83 -0.56 0.32 

Syncc9902
_0405 FeS assembly ATPase SufC periplasmic 

oxidative stress 0.80 0.44 0.11 

Syncc9902
_0694 secretion protein HlyD periplasmic 

oxidative stress 0.26 -0.58 0.39 

Syncc9902
_1524 peptidylprolyl isomerase, FkpA periplasmic 

oxidative stress 0.21 -0.61 -0.35 

Syncc9902
_1585 NifU-like protein periplasmic 

oxidative stress 2.81 ND 0.66 

Syncc9902
_1631 GTP cyclohydrolase I periplasmic 

oxidative stress 2.29 -0.07 1.46 

Syncc9902
_1999 porin periplasmic 

oxidative stress -3.89 -0.34 0.16 

Syncc9902
_0239 deoxyribodipyrimidine photolyase oxidative stress; 

DNA repair 0.43 0.49 -0.23 

Syncc9902
_0754 aminopeptidase N 

general stress 
response; 

aminopeptidase 
activity 

0.47 -0.58 1.00 

Syncc9902
_0019 heat shock protein GrpE general stress 

response 2.93 -0.08 1.08 

Syncc9902
_0020 chaperone protein DnaJ general stress 

response 2.83 -0.08 0.64 

Syncc9902
_0505 co-chaperonin GroES general stress 

response 2.13 0.07 0.53 

Syncc9902
_0506 chaperonin GroEL general stress 

response 2.21 0.13 0.56 

Syncc9902
_0911 ATPase (ClpB) general stress 

response 3.69 ND 0.78 

Syncc9902
_1082 heat shock protein 90 general stress 

response 3.52 -0.02 0.80 
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Table 4.2 (continued) 

locus tag Name 
Putative 

Functional 
Response 

2h 
array  

4h 
protein 

8h 
protein 

Syncc9902
_1747 chaperonin GroEL general stress 

response 2.81 0.01 0.57 

Syncc9902
_1829 heat shock protein DnaJ-like general stress 

response 3.13 ND 0.76 

Syncc9902
_2107 

two component LuxR family 
transcriptional regulator 

general stress 
response 2.72 0.08 1.09 

Syncc9902
_2178 putative small heat shock protein general stress 

response 3.69 ND 2.25 

Syncc9902
_2303 molecular chaperone DnaK general stress 

response 2.97 0.14 0.90 

Syncc9902
_1852 

MinC inhibitor septum site-
determining protein 

general stress 
response; cell 

division 
-0.26 0.44 -0.42 

Syncc9902
_1483 FtsH-3 peptidase M41 

general stress 
response; cell 

division 
2.27 -0.15 0.86 

Syncc9902
_1514 

integral membrane protein, 
interacts with FtsH 

general stress 
response; cell 

division 
1.42 ND 0.53 

Syncc9902
_0171 photosystem I subunit VII photosynthesis 0.07 0.52 -0.33 

Syncc9902
_0943 

photosystem II reaction centre 
protein PsbA/D1 photosynthesis 0.30 1.16 -1.16 

Syncc9902
_0973 carotenoid binding protein light harvesting -0.48 0.72 0.47 

Syncc9902
_1515 

PhoH-like phosphate starvation-
inducible protein 

Phosphate 
limitation 0.76 -0.39 ND 

Syncc9902
_0519 

DNA-directed RNA polymerase 
subunit omega transcription 0.02 -0.48 -0.51 

Syncc9902
_1266 SAM-dependentmethyltransferase unknown 0.57 -0.92 0.44 

Syncc9902
_0796 fructose-bisphosphate aldolase glycolysis -1.91 -0.56 ND 

Syncc9902
_0661 hypothetical protein  unknown 2.58 -0.01 0.53 

Syncc9902
_0920 hypothetical protein  unknown 0.06 0.58 -0.78 

Syncc9902
_1482 ornithine carbamoyltransferase unknown; FtsH-

3 inhibitor? -0.12 0.53 -0.33 

Syncc9902
_1783 hypothetical protein  unknown 0.07 0.40 -0.79 

Syncc9902
_2041 hypothetical protein  unknown -0.88 0.56 0.30 

Syncc9902
_2204 hypothetical protein  unknown 1.05 1.07 0.27 

Syncc9902
_2108 hypothetical protein  unknown; LuxR 

inhibitor? -0.14 0.57 -1.14 
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Table 4.3 Genes related to Fe and Cu homeostatis in CC9902 Cu stress response. Bold indicates 
significance.* indicates also regulated in strain CC9311. “ND” indicates not detected in protein sample. 

Locus Gene name 

2h 
array 
fold 

change 

4h 
protein 

fold 
change 

8h 
protein 

fold 
change 

Function
Evidence 

Putative 
Functional 
Response 

Syncc9902
_2010 

regulatory protein, 
Crp family -1.01 ND ND (20) 

Fe 
homeostasis 
(idiA region) 

Syncc9902
_2002 

idiA (afuA) 
periplasmic Fe-

binding 
-1.79 -0.34 -0.45 (19) 

Fe 
homeostasis 
(idiA region) 

Syncc9902
_2007 isiB, flavodoxin -1.92 -0.12 -0.58 (42, 43) 

Fe 
homeostasis 
(idiA region) 

Syncc9902
_1998 

putative Crp/Fnr  
transcriptional 

regulator 
-1.59 ND ND Neigborh

ood only 

Fe 
homeostasis 
(idiA region) 

Syncc9902
_1999 possible porin -3.89* -0.34 0.16 (20) 

Fe 
homeostasis 
(idiA region) 

Syncc9902
_2000 

possible Peptidase 
family 

M20/M25/M40 
-1.18* ND -1.16 (20) 

Fe 
homeostasis 
(idiA region) 

Syncc9902
_2005 hypothetical -3.09 ND ND Neigborh

ood only 

Fe 
homeostasis 
(idiA region) 

Syncc9902
_2006 

Thioredoxin-
disulfide reductase -2.38 0.41 -0.62 Neigborh

ood only 

Fe 
homeostasis 
(idiA region) 

Syncc9902
_1005 

 

chlorophyll a/b 
binding light 

harvesting protein 
PcbD, isiA 

-3.81 0.25 ND (20) Fe 
homeostasis 

Syncc9902
_1662 Ferredoxin -0.05 -0.10 -0.34 (42, 43) Fe 

homeostasis  

Syncc9902
_0916 plastocyanin 0.20 0.59 0.44 (44) Fe/Cu 

homeostasis  

Syncc9902
_1586 

putative L-
cysteine/cystine 

lyase 
0.79 ND 0.18 (26) 

Fe-S cluster 
assembly and 
copper stress 



	  

	  

116	  

Table 4.3 (continued) 

Locus Gene name 

2h 
array 
fold 

change 

4h 
protein 

fold 
change 

8h 
protein 

fold 
change 

Function
Evidence 

Putative 
Functional 
Response 

Syncc9902
_0404 

 

FeS assembly 
protein SufB 0.70* ND ND (26) 

Fe-S cluster 
assembly and 
copper stress 

Syncc9902
_0405 

FeS assembly 
ATPase SufC 0.80* 0.44 0.11 (26) 

Fe-S cluster 
assembly and 
copper stress 

Syncc9902
_0406 

 

ABC transporter, 
membrane 

component, sufD 
0.87* ND 1.08 (26) 

Fe-S cluster 
assembly and 
copper stress 

Syncc9902
_0407 

Cysteine 
desulphurase, SufS 0.89* ND ND (26) 

Fe-S cluster 
assembly and 
copper stress 

Syncc9902
_1010 

ABC transporter, 
substrate binding 
protein, possibly 

Mn or Zn 

0.58 ND ND (12) 
Putative high 

affinity Zn 
transport 

Syncc9902
_2296 

AcnB aconitate 
hydratase 2/2-

methylisocitrate 
dehydratase 

-0.22 0.51 -0.55 (28) 

Potential 
Fe/oxidative 

stress 
regulated 

Syncc9902
_1406 hypothetical 0.74* ND	   ND	   (8) 

Putative 
copper 
binding  

Syncc9902
_2144 

conserved secreted 
protein -0.31* 0.41 ND (8) 

Putative 
copper 

response 
protein, 

Syncc9902
_1788 hypothetical 0.92 ND ND (45) metal binding  
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Table 4.4 Cell envelope or oxidative stress related genes and proteins only significant in CC9902 
copper stress response 

Locus Gene name 
2h 

Array  
4h 

protein  
8h 

Protein  
Function 
Evidence 

Putative Functional 
Response 

Syncc9902
_1582 

GTP-binding 
protein LepA 0.54 ND ND (30) 

osmotic shock; 
LepA (EF4) 
translation  

Syncc9902
_0265 

Glycosyl 
transferase 

WecB/TagA/C
psF 

1.32 ND ND (46, 47) 

Cell envelope; 
polysaccharide 

synthesis; metal-
ion-independent 

Syncc9902
_1514 

integral 
membrane 

Ycca homolog 
1.42 ND 0.53 (48) 

Cell envelope; 
YccA regulated by 

Cpx envelope 
stress regulon in 

E.coli  

Syncc9902
_1095 

sugar 
phosphate 

isomerase (cell 
envelope 
recycling 

1.63 ND ND (49) 

Cell envelope; 
MurQ is involved 

in pg recycling 
murein from cell 

wall 

Syncc9902
_0787 

LpxD; UDP-3-
O-[3-

hydroxymyrist
oyl] 

glucosamine 
N-

acyltransferase 

-0.30 -0.34 0.49 (50) Cell envelope 
biosynthesis 

Syncc9902
_0304 

1-acyl-sn-
glycerol-3-
phosphate 

acyltransferase 

0.12 ND 0.41 (51) 
Cell envelope; 

phospholipid/mem
brane biosynthesis 

Syncc9902
_1581 

Hypothetical 
protein 0.52 ND ND (52) 

Low homology to 
MFS family 
transporters, 

neighborhood with 
kinase sensor and 

LepA 

Syncc9902
_0390 

hydrophobe/a
mphiphile 
efflux-1 

HAE1/MexF 

-0.04 -0.55 0.57 (53) 

Cation/multidrug 
efflux pump; 

putative silver 
efflux; MExF 

Syncc9902
_0694 

secretion 
protein HlyD 0.26 -0.58 0.39 (53) 

efflux transporter, 
RND family, MFP 

subunit; AcrA  
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Table 4.4 (continued) 

Locus Gene name 
2h 

Array  

4h 
protein  8h 

Protein  
Function 
Evidence 

Putative Functional 
Response 

Syncc9902
_0680 

Thioredoxin 
reductase 1.18 0.98 -0.09 (55) oxidative stress 

regulon 

Syncc9902
_0229 rubredoxin -0.05 -0.43 0.64 (55) oxidative stress 

regulon 

Syncc9902
_1873 hypothetical 0.77 ND ND (56) 

DNA recycling 
(YhgH) or 

competence ComF 

Syncc9902
_1117 photolyase 0.64 ND ND (57) DNA repair 

Syncc9902
_2318 

RecN DNA 
repair 1.20 ND ND (58) DNA repair 
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Figure 4.1  QRTPCR validation of 10 genes chosen from microarray expression 
results.  All points represent average fold change of three biological replicates.  Line 
represents linear regression, with reported slope and R2 
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Figure 4.2: Overlap of significantly differentially regulated genes and proteins at 8h 
protein expression.  21 genes were significantly differentially expressed in both 
microarray expression results and in protein expression. Microarray expression 
expressed as average log2 fold change of three biological replicates and proteins as 
average log2 fold change between two biological replicates.   
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Figure 4.3: Overlap of significantly differentially regulated genes and 4 hour protein 
expression.  11 genes were significantly differentially expressed in both microarray 
expression results and in 4 hour protein expression. Microarray expression expressed 
as average log2 fold change of three biological replicates and proteins as average log2 
fold change between two biological replicates.   
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Figure 4.4 Comparison of overlapping significantly differentially expressed proteins at 
4 and 8 hours after copper addition.  Points represent average fold changes between 
two biological duplicates.   
 

 
 
Figure 4.5 Trimmed amino acid alignment of Syncc9902_2144 using MUSCLE 
multiple sequence alignment. 
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Figure 4.6 Trimmed amino acid alignment of Syncc9902_1788 using MUSCLE 
multiple sequence alignment. 
 
 

 
Figure 4.7 Gene neighborhood surrounding hypothetical protein Syncc9902_1581. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scale
0k 1k 2k

Syne. CC9902 
(+ strand, 1527319..1530282)

COG-DppC histidine kinase sensor (HKIII) Syncc9902_1581 LepA (osmotolerant translation factor)

Syne. RCC307 
(+ strand, 986266..989229)

SynRCC307_1119 histidine kinase sensor (HKIII) SynRCC307_1121 SynRCC307_1122

Syne. WH 7805 
(+ strand, 369814..372777)

COG-DppC histidine kinase sensor (HKIII) WH7805_05991 BaeS

Syne. WH 7803
(+ strand, 1636287..1639250)

dppC histidine kinase sensor (HKIII) SynWH7803_1787 BaeS

Syne. CC9311 
(- strand, 635924..638887)

dppC histidine kinase sensor (HKIII) sync_2950 sync_0674 sync_0673

Syne. RS9916
(- strand, 338625..341588)

COG-DppC histidine kinase sensor (HKIII) RS9916_32687 RS9916_32682

Syne. CC9605 
(- strand, 1356552..1359515)

PurK pseudo Syncc9605_1447 S9605_15781 S9605_15771



	  

	  

124	  

 
Figure 4.8 CC9902 transcriptional copper response compared to CC9311.  Of 55 
genes that showed significant differential regulation from the no-coppper control in 
both strains, 25 of these had opposing regulation in the two strains. Of these 17 had 
predicted functions and many had general stress related functions and also are 
upregulated in WH8102. 
 
 
 

 
Figure 4.9 Growth rates for two coastal strains CC9902 and CC9311 in response to 3 
copper levels.  Growth rates calculated by slope of linear regression of ln-transformed 
cells/ml from flow cytometry cell counts.  Error bars represent one standard deviation 
between three biological replicates.  
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Figure 4.10 Potential inhibitor pairs detected in protein expression data.  Arrows 
represent genomic orientation of gene (black) and potential inhibitor (grey).  All pairs 
have well conserved genomic synteny in marine Synechococcus. * indicates 
significant matching regulation in RNA expression results as well. 
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CHAPTER 5 

Short-term and long-term copper stress responses in natural populations of coastal 

marine Synechococcus 

Abstract 

This chapter explores copper stress in natural populations of marine Synechococcus 

looking at both short term (2 hour) gene expression response using gene expression 

microarrays and long term (14 day) Synechococcus community changes.  

Hybridization of expression microarrays that had been tested with marine 

Synechococcus cultures did show significant levels of signal, indicating that these 

arrays can be used for detection of transcripts from seawater samples.  There were 

some similarities in the copper stress response of this mixed community to that of 

culture-based marine Synechococcus response including induction of putative 

periplasmic-localized and outer membrane biogenesis proteins that indicate that 

copper may have an impact on cell membrane permeability.  Also detected was 

induction of copper responsive genomic island genes from strain CC9311 that confer 

copper tolerance in culture.  The long term incubations revealed a shift in 

Synechococcus diversity in the copper treated samples, suggesting that there may 

copper tolerant subpopulations of marine Synechococcus. 

Introduction 

 Copper levels could be influencing distribution of marine picocyanobacteria 

(1) and given the global importance of this group, this could in turn influence marine 

carbon and micronutrient cycling (2).  Given this, it is necessary to move past marine 

Synechococcus copper stress response in culture and explore how the group may 
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 respond to copper stress in natural communities. With marine metagenomic studies, 

came the ability to see the wide range of diversity in the prokaryotic community in the 

surface ocean waters (3).  Marine Synechococcus in particular is a phylogenetically 

diverse group, with clades co-existing at a single location, and within-clade diversity 

in highly variable genomic island regions, but how this diversity is maintained is still 

unclear (4-8).  Metagenomics studies were naturally followed by metatranscriptomics 

so that community function could be studied (9).  However, these large datasets, while 

quite useful for finding out information about an unknown environment, have some 

setbacks regarding the study of specific responses, like copper stress.  In particular, the 

study of more rare transcripts as well as the ability to quantitatively compare samples 

with replicates.  Apart from RNA sequencing, there has been success with eukaryotic 

phytoplankton based microarrays in probing abundance of both genes and transcripts 

involved in carbon and nitrogen assimilation and comparing seasonal changes (10, 

11).  These phytoarrays are quite useful for looking particular subsets of well-studied 

genes like nitrate reductase, for which nested PCR primers have been designed so that 

samples can be amplified before hybridization.   

We have begun to identify genes that are important to copper stress response in 

marine Synechococcus from culture-based expression studies, including genes that are 

both common between strains and genes that are only present or only induced in 

individual strains.  To determine whether these genes are also important in the copper 

stress response of a natural community of marine Synechococcus will require some 

different approaches from culture-based experiments.  The diversity within a natural 

population of marine Synechococcus is high both at the clade species level where there 
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could be at least two dominant clades that may have differences in copper tolerance, 

and within-clade diversity, mostly in the genomic island regions (12), which we have 

shown can influence the copper tolerance of a given strain.  Given this diversity, there 

may be a range of short-term responses to copper stress within the community.  

Probing specifically for genes from sequenced genomes that we have studied in 

culture-based copper stress experiments might help us to tease apart these range of 

responses by the ability to see the response all the genes from one or two genomes.  

Furthermore, to better understand the range of tolerance within a community a long-

term experiment of copper stress response would help us to discover unknown copper 

resistant strains that and complement the short-term response experiments which look 

only at defined genes and strains. 

Another difficulty specifically for copper stress studies is that copper chemical 

speciation is complex and variable.  Copper in surface seawater is mostly bound to 

strong organic binding ligands, so that free copper levels are quite low, but quantity of 

excess ligand is variable (13, 14).  In order to get an accurate idea of the level of stress 

applied it would be necessary to measure copper speciation after copper addition in 

order to determine the amount of free copper added. 

In coastal California waters, two clades of marine Synechococcus have been 

found to dominate, clades I and IV (15, 16).  From metagenome analysis on 

Synechococcus-enriched samples, there were hits above 80% identity and 80% length 

coverage to both the CC9311 and CC9902 genomes (17). To look at the response of 

natural marine Synechococcus populations to copper stress, we looked at expression 

following two hours of copper stress using a custom expression microarray with 
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probes to genes designed based on the sequenced genomes of coastal strains CC9902 

(clade IV member) and CC9311 (clade I member).  While using only these two 

genomes to probe the transcriptional response will not capture the response of all 

marine Synechococcus in a given coastal population, it does represent the two broad 

clade groups found in these waters.  Additionally, by probing all the known genes 

from these two strains we will have a dataset which we can compare directly to 

transcriptional response in culture-based experiments that have already been done for 

these strains.  In order investigate broader long-term responses of the larger coastal 

marine Synechococcus population to copper stress, we also looked at sequences of the 

Synechococcus rpoC1 gene to compare diversity between a copper treated and a no-

copper control set of seawater samples that were given two weeks for the community 

to respond to the stress.  In order to gauge the copper stress level we additionally 

measured copper speciation in the copper-treated samples and the no-copper control 

samples or the initial conditions for the long-term experiment.   

Materials and Methods 

Sample collection and incubation 

 Copper incubations and sample collection 

 Seawater samples were taken along a coastal to open ocean transect from 17 

July to 4 August 2007, described in Tai et al., 2011 (16).  The transect was colinear 

with Line 93.3 of the California Cooperative Oceanic Fisheries Investigations 

(CalCOFI) sampling grid in the Southern California Bight (from 32.9564°N, 

117.3054°W to 29.8464°N, 123.5866°W).  On 31 July 2007 at station 40 (97.6 km 

from shore) seawater from 10 m depth was collected in a 30 L Teflon-lined GoFlo 
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bottle on a synthetic, non-metallic line.  All samples were collected and processed 

using trace metal clean techniques.  Six 2.7 L polycarbonate bottles were rinsed and 

filled and to three of them 8 nM CuSO4 was added.  All bottles were incubated 

onboard in a flow-through incubator shaded to 1% light.  After 2 hours, all bottles 

were prefiltered through an 11 µm filter to remove as much of the larger eukaryotic 

phytoplankton as possible and then microorganisms were filtered onto a 0.2 µm 

Sterivex filter unit using a peristaltic pump (Millipore, Billerica, MA) for 30 min, snap 

frozen in liquid nitrogen and stored at -80°C until processed.  250 ml of sample from 

each bottle was also filtered and stored at -20°C for copper speciation measurements.   

 Pier collection 

50 L of water from the Scripps Institution of Oceanography (SIO) pier was 

collected on August 8, 2011 in an acid washed carboy using a trace metal clean 

pumping system and aliquoted into four 2.7 L acid-washed polycarbonate bottles in a 

laminar flow hood.  Also collected using a trace-metal clean pole sampler was 500 ml 

water for copper speciation measurements.  31.5 nM CuSO4 was added to two bottles 

(Cu-treated bottles) and sterile milliQ water was added to the other two bottles (no-Cu 

control bottles).  Bottles were incubated in shaded rooftop incubators with constant 

flow-through of seawater for 14 days (“Day 0” is the day of sample collection).  All 

subsequent sampling from bottles was done in a laminar flow.  1 ml samples were 

taken daily from all 4 bottles and fixed for 10 min in 0.25% glutaraldehyde after 

which they were frozen at -80°C until analyzed.  On days 0, 2, 5, 11 and 14, 250 ml 

from each bottle was removed in the laminar flow hood and filtered onto a 0.2 µm 
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Supor filter (Pall Corporation, Port Washington, NY) and the filter was frozen at -

80°C.  After removal of the 250 ml volume the bottles were left uncapped to allow to 

equilibration in the laminar flow hood for approximately 1 hour and then replaced in 

the incubator.   

Copper speciation measurements 

Reagents 

A stock solution of 5 mM salicylaldoxime (SA; Aldrich, ≥98.0%) was 

prepared in methanol (B&J, LC-MS grade, 99.9% min.), and further diluted with 

Milli-Q (>18 MΩ cm) to make a 1 mM SA sub-stock (18). A 1.5 M boric acid (Baker, 

Ultrapure, 99.5% min.) solution was prepared in 0.4 N high purity ammonium 

hydroxide (Aristar, Ultra) for an ammonium-borate buffer (19). Samples for total 

dissolved copper and copper speciation were buffered to pH 8.2 with the addition of 

the ammonium-borate buffer (final concentration: 7.5 mM). Copper standard solutions 

were made from dilution of a 1000 ppm (UltraScientic, ICP) standard with 0.024 M 

(pH 1.8) high purity hydrochloric acid (Aristar, Ultra). All reagent preparations, 

sample handling and analyses were conducted in a laminar flow clean hood, with the 

utmost care taken to prevent contamination. 

Total dissolved copper 

Frozen filtered seawater samples were thawed in the laboratory at 4º C in the 

dark, and shaken thoroughly. An aliquot of ~80 mL was sub-sampled from each bottle 

for total dissolved analyses. These subsamples were uv-oxidized for 8 hours in Teflon 

(PFA) jars (Savillex) custom fitted with quartz lids, in a Jelight Model 342 UVO 
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cleaner. Following uv-oxidation, subsamples were allowed to cool to room prior to 

analysis by ACSV with 25 µM SA as described previously (18). An ammonium-

borate buffer (final concentration: 7.5 mM; pH 8.2) was used instead of an organic 

buffer, which dramatically increases sensitivity of ACSV analyses of copper with SA 

(19). A best-fit linear regression of standard additions was used to calculate total 

dissolved copper concentrations. The mean and standard deviation of replicate 

analyses are presented in Table 5.1. 

Dissolved copper speciation 

Thawed filtered seawater samples were distributed in 10 mL aliquots to sets of 

ten lidded Teflon vials (PFA, Savillex), buffered with 7.5 mM ammonium-borate 

buffer (pH 8.2), and titrated with dissolved copper additions of 0, 0, 0.25, 0.5, 1, 1.5, 

2.5, 3.5, 5, and 7.5 nM. Dissolved copper additions were allowed to equilibrate with 

natural ligands for at least two hours, followed by additions of either 2.5 µM, 10 µM 

or 25 µM SA to each of the vials. The added SA was then left to equilibrate for 15 

minutes prior to analysis by ACSV (19). Both van den Berg/Ruzic (20, 21) and 

Scatchard (22) linearization techniques were used to interpret dissolved copper 

speciation data, and speciation measurements are presented in Table 5.1 as the mean 

and standard deviation of results from both linearizations (19). 

Pier Experiment Total Dissolved Copper and Calculation of the Copper Spike 

Total dissolved copper was determined the week before the experiment took 

place, to give a general idea of ambient Cu concentrations to be used for speciation 

calculations (due to 8 hour UV oxidation time necessary for determination of Cu 
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totals). This total dissolved Cu concentration was used for speciation calculations on 

the day of the experiment, in order to quickly determine the appropriate concentration 

of the Cu spike. The actual total dissolved Cu for the initial experimental conditions 

was later determined after completion of the experiment. A comparison of speciation 

results using both determined Cu totals are shown in Table 5.2. 

To determine how much Cu should added to the seawater in order to achieve 

toxic copper conditions (log[Cu2+] = -11.5), speciation results were plotted using Cu* 

versus Cu2+ (18, 23), Bundy et al. submitted) and interpolated where ambient 

dissolved Cu concentrations would lead to toxic Cu conditions (log[Cu2+] = -11.5). 

The ambient total dissolved copper concentration was then subtracted from the 

determined Cu* concentration, to calculate the necessary Cu spike. The calculated Cu 

spikes are shown in Table 5.2. 

RNA extraction 

RNA was extracted from the three replicates of both the copper treated and no-

copper control sterivex filter samples as described in Stuart et al., 2009 (24) with the 

following modifications for filter-based extraction:  the filter was placed on dry ice, 

removed from the casing, cut into pieces and 1 ml of Trizol added (Life Technologies, 

Carlsbad CA).  The sample was then flash frozen in liquid nitrogen and homogenized 

as it thawed and then RNA extraction proceeded as described.  Additionally, the 65ºC 

incubation was for 30 min instead of 60 min, a Zymo PCR inhibitor removal kit 

(Zymo, Irvine, CA) was used to purify RNA instead of the Qiagen RNeasy kit. 

Agilent microarray design 
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Agilent expression microarray was designed using Agilent’s microarray design 

website (earray.chem.agilent.com).  An custom single color 8 X 15k slide (8 arrays per 

slide) was designed with 150004 60 bp oligonucleotide probes based on all annotated 

genes in both Synechococcus sp. strain CC9902 and Synechococcus sp. strain CC9311.  

Each gene had three unique probes optimized to span the length of the gene.  A 

randomized design was used with 20 randomized replicate probes in addition to 

Agilent-designed controls.   

RNA to cDNA and labeling; Array hybridization, scanning  

Total RNA samples were checked for concentration and purity on a Nanodrop 

ND-1000 spectrophotometer.  RNA integrity was determined using a Bioanalyzer 

RNA 6000 Nano chip run on prokaryotic total RNA nano setting on an Agilent 

Bioanalyzer 2100.  Single-stranded cDNA was generated from 1 µg of total RNA 

using Agilent Low input Quick Amp labeling kit (Agilent Technologies, Santa Clara, 

CA) and using the Invitrogen SuperScript Plus Indirect cDNA Labeling Kit Core 

Module (Life Technologies, Carlsbad, CA).  Single-stranded cDNA was labeled using 

the Alexa Fluor 555 dye provided in the labeling kit.  After purification on the 

columns provided in the kit, outputs were between 0.6 and 1.1ug of ss-cDNA with a 

dye incorporation of 20 – 25 nucleotide bases per dye unit.  300ng of Alexa 555-

labeled ss-cDNA was heat denatured for three minutes at 98C and cooled to room 

temperature over a period of five minutes before adding 2X Hi-RPM Hybridization 

Buffer from the Agilent GE Hyb Kit (Agilent Technologies, Santa Clara, CA) and 

applying the hybridization mixture to an Agilent custom, 8x15k gene expression 
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microarray (Synechococcus, AMADID 030524).  The arrays were hybridized for 17 

hours at 65C and 10rpm in an Agilent hybridization oven.  They were disassembled 

and washed in Agilent Gene Expression Wash Buffers (Agilent Technologies, Santa 

Clara, CA).  Microarray slides were scanned on an Agilent C scanner at 5um 

resolution using 20 bit imaging.  Data was extracted using Agilent Feature Extraction 

10.10.1.1. 

Microarray statistical analyses 

Microarray results were analyzed using Agilent GeneSpring GX software to 

normalize signal intensity and generate both gene-level and probe level signals. All 

signals were baseline transformed to the median of all samples and normalization was 

done using a percentile shift normalization on log2 transformed values.  Normalized 

signal ratios were analyzed using Statistical Analyses of Microarrays algorithms used 

with a 15% false discovery rate (FDR) cutoff and a 0.4/-0.4 log2 fold change to 

generate significant gene hits and probe hits.   

Flow cytometry, DNA extraction and QPCR 

Synechococcus and picoeukaryote abundance was assessed using flow 

cytometry, wherein Synechococcus cells are distinguished by the fluorescence of the 

phycoerythrin pigments.  Samples were analyzed using the highest flow rate 

(approximately 45 µl/min) on a FACsort flow cytometer (Becton-Dickinson, Franklin 

Lakes, NJ, USA) as described in Tai et al, 2009 (15).  DNA was extracted from filters 

as described in Tai et al, 2009 (15).  QPCR was performed on a Qiagen RotorGene-Q 

with Promega GoTaq qPCR mastermix according to the manufacturer’s specifications 
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using Clade I and IV primers from Tai et al., 2009 (15).   

Enviromental clone libraries 

 RPOC libraries were constructed from DNA samples from day 14 of both the 

copper and no-Cu control (replicate 1) bottles as described in Tai et al., 2009 (15) with 

the following exceptions.  PCR was done with GoTaq master mix (Promega, Madison, 

WI) and cyanobacteria-specific primers that amplify 841 bp of the rpoC1 gene as 

described in Tai et al., 2009 (17).  The PCR products were ligated into the pCR®2.1-

TOPO® vector (Life Technologies, Carlsbad CA) and cloning performed according 

the manufacturer’s specifications.  10-20 colonies were picked from each cloning 

reaction and submitted for sequencing. 

Results and Discussion 

Response to 2 hour copper incubations 

 Flow cytometry and copper speciation 

 Triplicate bottles of Cu-spiked (8 nM CuSO4) and no-Cu control samples of 

seawater were incubated onboard for two hours and cell counts showed 

Synechococcus numbers did not change significantly in either the copper-treated or the 

no-copper control bottles over the incubation and were between 4.5 and 5.1 x 104 

cells/ml in all samples. 

 From copper speciation measurements done on the incubations we can see that 

average total dissolved copper was 1.13 nM in the control bottles and 9.69 nM in the 

copper-treated bottles and that the copper additions increased Cu2+ concentrations 

from log [Cu2+] of -14.76 to -13.4.  Interestingly, we can also see that L1 ligand 
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concentration was higher in the copper-treated bottles compared to the control (13.6 vs 

5.6), indicating that 2 hours of copper treatment is enough time for the community to 

respond with production of strong binding ligands.  It should be noted that the free 

copper levels reached in the copper spiked bottles are much lower than those from the 

previous culture-based microarray expression experiments in which free copper levels 

were approximately -log [Cu2+] of 10.1.   

Microarray expression: methods evaluation 

RNA from the triplicate copper-treated and no-Cu control bottles were 

hybridized to a custom Agilent microarray containing probes to all the annotated 

genes in both Synechococcus sp. strain CC9311 and CC9902.  These custom 

microarrays had been tested with CC9902 culture samples (see Chapter 4) and the 

probes were found to be quite specific, with the median signal intensity from CC9902-

designed probes at 3300 and the median signal for CC9311-designed probes at 14.9.  

There were 64 CC9311 genes that did have an average signal intensity above 1000 in 

the CC9902 culture-based study, including many photosystem and phycobilisome 

genes, which are well conserved between these two strains making specific probe 

design difficult.  In the community analyses this list of genes were not included in 

comparative analyses between the groups and are considered as non-specific with 

marine Synechococcus.  

From the normalized average signal intensities across the six arrays we can get 

an idea of the most highly expressed genes that were detected.  Previous DNA analysis 

of the Synechococcus community at this sampling station had shown that Clade IV 
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(which includes CC9902) was more abundant than Clade I (which includes CC9311) 

in the surface waters (16) and the signal intensities appeared to confirm this.  The 

median signal intensity for the CC9902 genes from the array was 172.6 whereas it was 

only 69.9 for CC9311 genes.  There were 122 genes from the CC9902 genome above 

an arbitrary signal intensity of 10,000 that included most of the photosynthetic 

apparatus and phycobilisome genes, the ribosomal genes and ribulose-bisphosphate 

carboxylase.  Of these, 22 are from the list of 68 genes that are not specific to either 

clade based on the CC9902 culture microarrays and 33 were among the most highly 

expressed genes in the CC9902 cultures studies (signal intensity>100,000).  By 

contrast, there were only about half as many genes from the CC9311 genome above a 

signal intensity cutoff of 10,000, 68 in total, 13 of which were included in the list of 

non-specific marine Synechococcus genes from the array.  The overlap of the highly 

expressed genes from culture experiments and these mixed community experiments is 

encouraging since the RNA from these mixed community studies was amplified and 

the culture experiment RNA was not.  These results indicate that although the we 

cannot rule out that the amplification process may bias specific transcripts, the results 

are biologically comparable to culture studies for many genes.    

As is to be expected from RNA samples from a mixed community, there was a 

high amount of variability between the replicates and much lower average signal 

intensity (leading to more signal error) than for the culture-based studies.  

Consequently, a false discovery rate (FDR) cutoff of 5%, as was used for the culture-

based experiments, yielded very few significant genes (14 CC9902-like genes and 23 

CC9311-like genes).  In order to get a broader range of genes we raised the FDR 
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cutoff to 15%, which yielded 83 significant genes from the CC9902 genome and 93 

genes from the CC9311 genome.   

These significant genes were all upregulated in the copper treated samples 

relative to the no-copper control, which was not expected.  There was a lot more 

variability between the biological replicates with regards to the downregulated genes, 

with some genes downregulated in one biological replicate and upregulated in another. 

There were only 25 genes with an average log2 fold change below -1.0, whereas there 

were 164 with an average log2 fold change above 1.0.  This variability could be due to 

signal noise since on average the genes with a negative average log2 fold change also 

had lower signal intensities than the genes with positive log2 fold changes.  This was 

most pronounced in the CC9902 genes where the upregulated genes had an average 

signal intensity of 7,495 and the downregulated genes had an average signal intensity 

of 1,944.  Interestingly, this trend was also true for the CC9902 culture-based studies 

where the average signal intensity (in the no-Cu control samples) for the upregulated 

genes was 22,935 and was 15,552 for the downregulated genes.  Consequently, it 

could be that on average downregulated genes in this type of experiment have lower 

total transcript abundance and for the community based experiments this means they 

are outside of the sensitivity range with too high of a signal intensity to noise ratio.  

However, this being said, there were significantly upregulated genes with low signal 

intensity levels and it could simply be that in mixed communities there is not the same 

consistent downregulatory response to copper stress that we see in culture-based 

experiments. 
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Despite these problems, there was a wealth of information in the significantly 

induced gene list that would have been difficult to assess using another technology and 

indicate a response that shared some similarities to culture-based copper stress 

response that are discussed below.   

Microarray expression: common copper response in cultures and mixed communities 

Of the 83 significant upregulated genes from CC9902-based gene probes, 48 

could be assigned a putative function (Table 5.3) and of the 93 upregulated genes from 

CC9311-based gene probes, another 48 could be assigned a putative function (Table 

5.4).  There was some evidence in both gene sets of overlap with culture-based copper 

response.  In general, the significant genes from the CC9311-based gene probes had a 

much higher overlap with CC9311 culture based gene induction, with 32 of the 93 

significant genes also induced in culture-based experiments, whereas the CC9902-

based set had only 4 genes that overlapped (Table 5.5). 

Induction of cell envelope biogenesis and osmotic stress related genes could be 

seen in both the CC9902 and CC9311 gene probe sets, some of which overlapped with 

culture-based experiments.  There was a mechanosensitive ion channel 

(Syncc9902_2212) whose homolog was induced in CC9311 culture studies and an 

alanine racemase (sync_0406) and N-acetylmannosamine-6-phosphate 2-epimerase 

(sync_2133) that were up in CC9311 culture experiments and may be involved in cell 

envelope biogenesis.  There were also several genes involved in glycerolipid 

biosynthesis or peptidoglycan biosynthesis that were induced in the field studies 

(Syncc9902_1736, Syncc9902_1351, Syncc9901_1253, sync_0273) that were not 
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upregulated in the culture-based studies.  There were also induction of an efflux-type 

response including an HlyD secretion protein (Syncc9902_0694) that was upregulated 

at the protein level in CC9902 and is predicted to be part of an RND efflux system as 

well as a CDF family cation efflux family gene (Syncc9902_1424) that was not 

upregulated in culture based studies. There were also three glycosyl transferases 

upregulated (Syncc9902_0088, Syncc9902_1553, sync_0282) that could be involved 

in outer membrane modification.  Together, these genes indicate that copper stress 

may lead to envelope stress in these natural populations as well as was seen in the 

culture based experiments.  Sporadic release of dissolved organic matter (DOM) by 

phytoplankton has been known for some time, and although triggers of release are 

unknown, it has direct implications for carbon flux (25, 26).  In E.coli, excess copper 

has been shown activate cell envelope stress response regulons and there are several 

genes that are controlled by both copper sensing regulons and envelope stress response 

regulons and moreover there is even some indication in E.coli that excess copper can 

increase membrane permeability through membrane protein disulfide bond breakage 

(27-29).  These findings suggest that copper could potentially lead to increases in 

membrane permeability in marine Synechococcus as well and perhaps be one of the 

triggers of DOM release. 

With regards to upregulation of general and oxidative stress response there was 

a chaperonin (Cpn60, Syncc9902_1747) that was also significantly induced in 

CC9902 cultures.  A gene for survival protein SurE (Syncc9902_1499), a universal 

stress protein (sync_0537) and a high light inducible protein (sync_1086) were 

induced in field samples but not in culture-based experiments and are part of a general 
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stress-like response.  There was evidence of oxidative DNA damage response with the 

induction of a DNA ligase (Syncc9902_2205) whose homolog was induced in 

CC9311 culture based experiments as well as several genes involved in DNA repair or 

DNA synthesis including a DNA gyrase (Syncc9902_0723), DNA polymerase III 

(Syncc9902_1301), a DNA methylase (Syncc9902_0429).  Furthermore, there was 

induction of other oxidative stress type responses including rubredoxin (sync_0241), 

thioredoxin-disulfide reductase (sync_0910), a glutaredoxin domain protein 

(sync_1736) and a glutathione S-transferase (Syncc9902_1396), the first two of which 

had homologs induced under copper stress in culture based studies.  FeS assembly 

genes were also induced including SufE (Syncc9902_0705) and SufS (sync_2480).  

Although these two genes in particular were not upregulated in the culture based 

experiments a number of other FeS assembly genes were upregulated in the culture-

based studies in both CC9902 and CC9311 and excess copper is known to interfere 

with FeS assembly in Escherichia coli (30). These genes indicate that in mixed 

communities Synechococcus may be experiencing oxidative stress and DNA damage 

in response to excess copper.  

 Interestingly, there was also a sigma-70 factor transcriptional regulator, 

rpoD5, upregulated in both CC9311-based gene set (sync_2855) and CC9902 based 

gene set (Syncc9902_2234), which was one of the few genes that was up in both the 

CC9311 and CC9902 based gene probes.  RpoD5 was also induced in CC9311 culture 

studies and in CC9311 is directly upstream of DpsA a DNA-binding and Fe-storage 

protein that is known to protect DNA from ROS-induced damage in E.coli (31) and 

suspected to play a role in Fe homeostasis in cyanobacteria (32).  DpsA was also 
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induced in CC9311 cultures whereas in CC9902, which lacks DpsA, rpoD5 was not 

induced in culture studies.  The gene neighborhood surrounding rpoD5 is well 

conserved in marine Synechococcus, except that only some strains have the DpsA 

gene (Figure 5.2).  Although induction of the CC9311-version of DpsA was not 

significant in the field studies, it was upregulated in two of the three replicates.  

Together, this could indicate that in natural populations there may be some variability 

in the presence of DpsA in Clade IV types, since the CC9902 version of the rpoD5 

was induced in the mixed community but not in cultures.  

Finally, in the CC9311-based gene probes there was induction of the genomic 

island genes that were copper responsive in the culture based experiments and some of 

which have been found to confer copper tolerance in culture (see Chapter 2).  

Sync_1217, the Rtx toxin protein, was significantly induced and has been found to 

confer copper tolerance to CC9311.  Furthermore, sync_1494, an ECF sigma factor, 

was the most highly induced gene in both the mixed community microarray 

expression and the CC9311 culture based experiments and is immediately upstream of 

sync_1495, which confers tolerance to copper in CC9311.  Given the suspected low 

abundance of these genes in natural populations (see Chapter 2), we did not expect to 

detect this response in the mixed community.  However, metatranscriptomic analyses 

of marine samples have shown that Prochlorococcus genomic island genes are highly 

expressed relative to their metagenomic abundance as compared to other genes (9), 

and based on our results, this appears to be the case for these marine Synechococcus 

genes as well.  Moreover, that they are induced by copper in a mixed community helps 
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to validate that are playing a role in copper stress response as predicted by the culture 

studies.   

Response to 14-day copper incubations 

 Given that we did not know whether a natural community might be more 

sensitive to copper stress than a dense, lab-acclimated monoculture, we wanted to aim 

for a moderate copper increase  (–log [Cu2+] of 11.5; pCu 11.5) in these copper 

incubations.  Copper speciation measurements on an initial pier water sample 

indicated that an addition of 31.5 nM of CuSO4 would result in a Cu2+ concentration 

of approximately -log [Cu2+] 11.5 and copper treated bottles thus received an addition 

of 31.5 nM (Table 5.2).  The initial values were an estimate based on total dissolved 

copper measured from a week previous, as total dissolved copper measurements take 8 

hours to process.  When the total dissolved copper measurements from the water 

sample used were measured they were found to be slightly lower and consequently our 

final Cu2+ concentration was approximately –log [Cu2+] 11.499. 

 Flow cytometric counts of Synechococcus from the duplicate bottles of both 

the copper-treated and no-Cu control showed that the copper treatment reduced the 

Synechococcus population to near zero, but by day 11 Synechococcus numbers began 

to increase in the copper treated samples and continued to increase over the rest of the 

experiment (Figure 5.3).  On the other hand the no-Cu control bottles showed some 

fluctuation in the first week, perhaps due to grazer effects, but increased by 2- to 4- 

fold by the end of the experiment.  In picoeukaryote cell numbers, there was no 

significant effect of the copper addition, excepting in the last two days of the 
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experiment, when picoeukaryote numbers were higher in the copper-treated samples 

than in the no-Cu control samples (Figure 5.3).  This effect was expected given similar 

results from de la Broise et al., 2007 (33), in which coastal seawater from the same 

location was incubated with 15.7 nM CuSO4 .   

 From QPCR, we could see no major changes in relative abundance at the clade 

level (between Clade I and IV) between the copper-treated and control samples (data 

not shown).  We also looked at abundance of sync_1495, a genomic island gene from 

CC9311 that confers copper tolerance (see chapter 2) and found that the gene was 

slightly less abundant (relative to total clade I abundance) in the copper treated 

samples than in the no-Cu control samples, indicating that this gene was not enriched 

in response to the copper addition (data not shown). 

Rpoc1 libraries from the final day of the experiment (Day 14) were made to 

compare the diversity of Synechococcus in the Cu-addition bottles and the no-Cu 

control bottles.  Ten clones from the Cu-treated sample were sequenced and eleven 

clones from the no-Cu control sample.  When aligned with known sequences from 

sequenced genomes and previous rpoC1 clone library sequences from coastal sites, all 

clones grouped broadly with either clade I or clade IV sequences (Figure 5.4). In 

general there was more diversity in the no-Cu control clones and the sequences from 

the Cu-treated samples grouped into two distinct groups.  The Clade I Cu-subgroup 

was most similar to an uncultured representative of Clade IE and contained all of the 

Cu-treated Clade I-like sequences.  The clade IV Cu-treated clones also grouped 

together and appeared to be most similar to strain BL107.  From these results it 

appears that after 14 days the Cu-addition samples had a different, less diverse 
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Synechococcus community than the no-Cu control bottles and perhaps this subgroup 

represents a more Cu-tolerant group of Synechococcus strain from both clades that is 

better able to recover from copper stress.   

Conclusions 

Although the expression microarrays yielded far fewer significantly 

differentially expressed genes in the mixed community based experiments than in the 

culture-based responses, we were still able to generate a list of genes that were 

significantly regulated across three biological replicates.  Although they were all 

induced by copper additions, they had a wide range of signal intensities, indicating 

that we are able to analyze more than just the most highly expressed genes in the 

sample.   Given that these samples came from a mixed community that, although 

prefiltered to remove most eukaryotic sequences, still likely contained a large number 

of transcripts from heterotrophic bacteria and more divergent marine Synechococcus 

sequences that did not match genes from the two sequenced genomes on the 

microarray, these results show that probing for specifics sets of transcripts using these 

microarrays is possible.   

Furthermore, from the induction response to copper seen in this community, 

there are some interesting overlaps with our culture-based experiments, indicating that 

copper stress in natural Synechococcus communities shares similarities to what is seen 

in cultures.  In particular there was evidence of cell envelope type stress response, 

which may imply that copper could be a trigger for DOM release in Synechococcus.  

Surprisingly, there was also confirmation of induction of CC9311-like genomic island 
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genes that were copper responsive in culture and confer copper tolerance.  This 

indicates that genomic island genes, although not highly abundant, may be highly 

expressed, which has been noted before (9) and moreover respond to similar 

environmental cues in the environment as in cultures.   

Finally, from 14-day copper incubations, we found that copper additions led to 

a marine Synechococcus community that was enriched with different Clade I and 

Clade IV strains which may be copper tolerant.  Together this data provides evidence 

of a copper response in natural populations of marine Synechococcus that does 

confirm what we know of culture-based copper response.  It also highlights that 

understanding a whole community-based response is much more complicated.  While 

starting with specific bacterial groups (for example, CC9311 and CC9902 like 

subpopulations) can help us tease apart the web of short-term responses, experiments 

designed to help reveal what we may be missing from studying only cultured 

representatives are also necessary. 
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Table 5.1 Copper speciation from station 93.40 copper incubation for transcriptional response 
experiments. 

Sample 
Cu 

added 
[Cu] 

measured 
[Cu] 
±  [L1] L1 ±  

log 
k1 

K1 
±  [L2] 

log 
[Cu2+] 

2.5 µM SA: 
Control 0 1.13 0.08 5.6 0.2 14 0.05 3.88 -14.765 

8 nM Cu 8 9.69 0.07 13.6 0.02 13.26 0.01  -13.408 
10 µm SA: 

Control 0 1.13 0.08 4.4 0.2 14.62 0.07 6.2 -15.250 
8 nM Cu 8 9.69 0.07 7.12 0.1 13.9 0.07  -13.766 

 

 
Table 5.2 Copper speciation from 14 day incubations, all done with a 2.5 µM SA window 

Sample [Cu] 
[Cu] 

± L2 L2 ± 
logK

2 
logK

2 ± 
log[Cu

2+] 

Calcul
ated 
Cu 

spike 
Resulting 
log [Cu2+] 

Estimate 2.47 0.43 4.38 0.01 13.3
3 0.23 -12.90 31.54 11.500 

Initial Conditions 1.21 0.14 3.10 0.02 13.0
9 0.27 -13.68 31.41 11.499 
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Table 5.3 Significant genes from mixed community expression arrays with putative assigned functions 
from CC9902-based gene probes, bold indicates significance in culture arrays. “ a” indicates ortholog in 
CC9311 genome is induced in culture-based microarrays.  “b” indicates ortholog in CC9311 genome is 
induced in field arrays. 

locus gene name 
functional 
prediction 

Avg 
signal 

Avg 
error 

Log 
fold 
chg 

% 
FDR 

Orth
olog 
up? 

Syncc9902
_0847 

extracellular 
solute-binding 

protein, family 3 

amino acid 
transport 2031.53 233.51 1.20 5.03  

Syncc9902
_0918 

HemE, 
uroporphyrinogen 

decarboxylase 

biosynthesis 
heme or 

chlorophyll 
14990.0 1499.0 0.86 9.68  

Syncc9902
_0909 

histidine 
biosynthesis 
bifunctional 

protein HisIE 

biosynthesis, 
amino acid, 

histidine 
2993.14 305.43 1.61 4.00  

Syncc9902
_1944 

phytoene 
dehydrogenase 
related enzyme 

biosynthesis, 
carotenoid 6382.33 639.30 0.93 11.00  

Syncc9902
_0073 

putative precorrin-
8X methylmutase 

CobH 

biosynthesis, 
cobalamin 14805.3 1481.9 0.74 11.33  

Syncc9902
_0622 

biotin biosynth; 
SAM dependent 

methyltransferase 

biosynthesis, 
coenzyme, 

biotin 
1644.77 168.23 1.28 12.49  

Syncc9902
_1502 

thiamine-
phosphate 

pyrophosphorylas
e 

biosynthesis, 
cofactors, 
thiamine 

2213.83 223.07 0.90 4.76  

Syncc9902
_2242 

HAD-superfamily 
hydrolase YedP 

biosynthesis, 
compatible 

solute? 
483.07 60.76 1.26 10.35  

Syncc9902
_0103 

riboflavin 
synthase subunit 

beta 

biosynthesis, 
flavoproteins
, riboflavin 

666.13 70.73 0.98 14.42  

Syncc9902
_2172 

arginine 
decarboxylase 

biosynthesis, 
polyamines, 
spermidine 

2732.03 275.62 1.25 4.55  

Syncc9902
_1736 

prolipoprotein 
diacylglyceryl 

transferase 

cell envelope 
stress 4411.67 444.30 0.84 6.00  

Syncc9902
_2212 

small 
mechanosensitive 
ion channel, MscS 

family 

Cell 
envelope 

stress; outer 
membrane 

666.34 79.77 1.20 5.18 sync_
2824a 

Syncc9902
_1351 RlpA Lipoproteins 

Cell 
envelope 

stress; outer 
membrane 

3343.10 370.97 1.18 12.41  

Syncc9902
_1243 

D-ala-D-ala 
dipeptidase 

cell envelope 
stress; Zn-

binding 
1834.67 185.99 0.53 12.49  
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Table 5.3 (continued) 

locus gene name 
functional 
prediction 

Avg 
signal 

Avg 
error 

Log 
fold 
chg 

% 
FDR 

Orth
olog 
up? 

Syncc9902
_1553 

probable 
glycosyltransferas

e 

cell 
envelope; 

outer 
membrane 

2520.04 255.39 1.59 12.19  

Syncc9902
_0549 

circadian clock 
protein KaiC 

circadian 
clock 5179.78 521.84 0.64 6.29  

Syncc9902
_1301 

DNA polymerase 
III subunit alpha 

DNA 
damage 441.37 47.61 0.81 4.09  

Syncc9902
_0723 

DNA gyrase 
subunit A 

DNA 
damage 

oxidative 
stress  

991.03 101.94 1.78 0.00  

Syncc9902
_2205 DNA ligase 

DNA 
damage, 
oxidative 

stress  

28.22 8.42 0.49 9.60 sync_
2806a 

Syncc9902
_0429 

putative RNA 
methylase 

DNA 
replication/ 

recombinatio
n/repair 

1490.00 151.31 1.49 9.68  

Syncc9902
_0705 

possible SufE 
protein 

FeS 
assembly 3848.00 385.60 1.02 5.03  

Syncc9902
_0144 

putative 
fructokinase 

Fructose 
utilization 12033.2 1240.2 1.23 5.42  

Syncc9902
_1657 

putative alpha-
ribazole-5'-P 
phosphatase 

Fructose-2,6-
bisphosphata

se 
2083.37 210.46 1.70 5.25  

Syncc9902
_0743 

putative 
phosphoglycerate 

mutase family 
protein 

Fructose-2,6-
bisphosphata

se 
982.80 101.08 1.78 11.97  

Syncc9902
_1747 

Chaperonin 
Cpn60/TCP-1 

general stress 
response 2303.00 236.83 1.30 11.64  

Syncc9902
_1499 

Survival protein 
SurE 

general stress 
response 3032.27 394.40 0.72 12.19  

Syncc9902
_1424 

putative cation 
efflux transporter 

(CDF family) 

metal 
homeostasis 342.43 47.09 0.82 11.32  

Syncc9902
_0412 

Mg chelatase-
related protein 

metal 
homeostasis 23177.5 2322.6 1.00 4.89  

Syncc9902
_2168 

Prolyl 4-
hydroxylase, alpha 

subunit 

metal 
homeostasis; 
Oxoglutarate

/iron-
dependent 
oxygenase 

7447.67 745.80 1.09 11.36  

Syncc9902
_1396 

glutathione S-
transferase 

domain protein 

oxidative 
stress  1314.37 135.31 1.41 10.35  
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Table 5.3 (continued) 

gene name 
functional 
prediction Avg signal 

Avg 
error 

Log 
fold 
chg 

% 
FDR 

Orth
olog 
up? 

 

Syncc9902
_1313 

Periplasmic 
phosphate binding 

protein 

phosphate 
regulation 1068.20 124.47 0.83 9.60  

Syncc9902
_2081 

photosystem II 
reaction center 
protein PsbH 

Photosynthes
is 21532.0 2153.6 0.76 6.52  

Syncc9902
_1880 

possible 
phycobilisome 

polypeptide 

Photosynthes
is 5262.03 529.55 0.59 11.25 sync_

0517b 

Syncc9902
_1488 

transcriptional 
regulator, AraC 

family 
reguation 16649.5 1667.3 1.25 0.00  

Syncc9902
_1923 

possible Pex 
protein reguation;  17793.0 1780.7 0.91 9.13  

Syncc9902
_2234 

possible type II 
alternative RNA 

polymerase sigma 
factor 

regulation 488.97 58.86 0.77 7.57  

Syncc9902
_0314 

two component 
transcriptional 

regulator, winged 
helix family 

regulation 11141.3 1116.6 0.71 10.62  

Syncc9902
_1356 

pterin-4-alpha-
carbinolamine 
dehydratase( 
EC:4.2.1.96 ) 

regulation or 
metabolism 4914.00 492.67 0.69 10.62  

Syncc9902
_0694 

Secretion protein 
HlyD RND efflux 6268.64 630.00 0.53 6.14  

Syncc9902
_0610 

sodium:solute 
symporter family, 
possibly glucose 

transporter 

transport 887.83 99.66 1.29 11.78  

Syncc9902
_1967 

50S ribosomal 
protein L5 translation 3618.33 389.20 1.03 4.09  

Syncc9902
_1665 

prolyl-tRNA 
synthetase translation 259.93 28.20 0.52 9.68  

Syncc9902
_2197 

glucose-inhibited 
division protein A translation 1945.97 197.65 0.80 5.79  

Syncc9902
_1979 

50S ribosomal 
protein L17 translation 42371.3 4237.2 0.56 7.57  

Syncc9902
_0154 

lysyl-tRNA 
synthetase translation 3165.70 364.23 1.06 11.60  

Syncc9902
_0375 Hypothetical Unknown 36750.7 3675.3 0.68 12.57 sync_

2520a 

Syncc9902
_0711 Hypothetical Unknown 1367.77 139.13 0.73 14.42 sync_

2073a 

Syncc9902
_0340 

Putative beta-
glucosidase Unknown 700.3 71.10 0.59 9.13 sync_

2563a 

Syncc9902
_1355 Hypothetical Unknown 12465.3 1297.4 0.81 12.57 sync_

1743b 
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Table 5.4 Significant genes from mixed community expression arrays with putative assigned functions 
from CC9311-based gene probes, bold indicates significance in culture arrays 

locus gene name 
functional 
prediction 

Avg 
signal 

Avg 
error 

Log 
fold 
chg 

% 
FDR 

Orth
olog 
up? 

sync_
2850 

spermidine 
synthase 

biosynthesis 
spermidine 4604.63 462.9

2 1.00 5.77  

sync_
2607 

phytoene 
synthases; crtB 

biosynthesis, 
caratenoid 113.35 18.60 0.74 9.68  

sync_
2146 

precorrin-4 C11-
methyltransferase 

biosynthesis, 
cobalamin 66.80 11.66 0.82 10.90  

sync_
2122 

riboflavin 
synthase, alpha 

subunit 

biosynthesis, 
flavoproteins, 

riboflavin 
943.47 93.00 1.17 7.57  

sync_
2245 

Hydantoinase/oxo
prolinase:Hydant

oinase 
B/oxoprolinase 

Biosynthesis, 
Glutathione 3761.72 379.9

8 1.39 0.00  

sync_
1462 

S-
formylglutathione 

hydrolase 

biosynthesis, 
Glutathione-
dependent 
pathway of 

formaldehyde 
detoxification 

3289.40 332.1
7 1.91 4.00  

sync_
2656 

isochorismate 
synthase 

biosynthesis, 
menaquinone 10821.40 1083.

93 1.33 4.71  

sync_
2293 possible GTPase 

biosynthesis, 
NAD and NADP 
cofactor global 

1787.53 179.2
6 1.23 4.82  

sync_
0343 

aspartate 
carbamoyltransfer

ase 

biosynthesis, 
pyrmidine 291.13 38.08 1.30 0.00  

sync_
0284 

queuine tRNA-
ribosyltransferase 

Biosynthesis, 
Queuosine-
Archaeosine 

1675.33 188.9
5 1.12 7.57  

sync_
2866 

Aminotransferase
s class-IV 

biosynthesis; 
Branched chain 

amino acid, -
copper stress 

812.50 100.6
1 1.30 10.90  

sync_
0071 

possible MesJ 
homolog 

Cell division-
ribosomal stress 
proteins cluster 

860.44 100.9
6 1.03 12.25  

sync_
0406 alanine racemase cell envelope 

stress 48.73 10.08 0.66 12.57  

sync_
0282 

Glycosyl 
transferase 

WecB/TagA/Cps
F family 

cell envelope 
stress 5243.67 526.4

0 1.73 13.38 0265a 

sync_
0273 

Phosphoglucomut
ase/phosphomann
omutase family 

protein 

cell envelope; 
biosynthesis 

peptidoglycan 
132.87 17.01 1.20 11.33  
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Table 5.4 (continued) 

locus gene name 
functional 
prediction 

Avg 
signal 

Avg 
error 

Log 
fold 
chg 

% 
FDR 

Orth
olog 
up? 

sync_
2133 

N-
acetylmannosami
ne-6-phosphate 2-

epimerase 

cell envelope; 
biosynthesis 

peptidoglycan 
2153.14 219.5

7 1.09 4.09  

sync_
2480 

cysteine 
desulfurase, SufS 

family 
FeS assembly 1828.65 204.4

3 1.13 12.19 0407a 

sync_
0537 

universal stress 
protein family 
domain protein 

general stress 
response 296.77 37.31 0.55 11.73  

sync_
1086 

possible high 
light inducible 

protein 

general stress 
response 1358.56 158.6

8 1.68 4.71  

sync_
2291 

peptidase, M24B 
family ion transport? 1895.00 195.8

0 1.38 12.19  

sync_
0501 

Bilin biosynthesis 
protein mpeU light harvesting 756.93 85.96 1.28 4.82  

sync_
2000 ferrochelatase metal homeostasis 860.47 88.73 1.04 13.02  

sync_
2013 

dihydroorotase, 
putative 

metal 
homeostasis; Zinc 
regulated enzymes 

4693.43 472.7
2 0.99 6.36  

sync_
1217 

structural toxin 
protein RtxA oxidative stress 5222.92 524.9

5 1.24 4.09  

sync_
1394 

ferredoxin, 2Fe-
2S 

photosynthesis; 
Fe-regulation 5057.53 509.7

0 1.09 5.18  

sync_
0241 Rubredoxin oxidative stress 480.47 51.20 0.96 7.57  

sync_
0910 

thioredoxin-
disulfide 
reductase 

oxidative stress 1215.13 152.7
0 1.82 5.18 0680a 

sync_
1736 

Protein 
containing 

glutaredoxin 
domain and PD1-

like DNA-
binding domain 

oxidative stress 601.00 64.24 1.09 4.76  

sync_
1688 

6-
phosphogluconate 

dehydrogenase, 
decarboxylating 

Pentose phosphate 
pathway 378.23 62.09 1.13 11.97  

sync_
2039 

inorganic 
pyrophosphatase 

Phosphate 
metabolism 5766.00 577.8

3 1.08 6.60  

sync_
0517 

possible 
Phycobilisome 

polypeptide 
Photosynthesis 1075.42 118.0

0 1.33 12.57 1880b 
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Table 5.4 (continued) 

locus gene name 
functional 
prediction 

Avg 
signal 

Avg 
error 

Log 
fold 
chg 

% 
FDR 

Orth
olog 
up? 

sync_
0486 

phycocyanin 
alpha subunit 

phycocyanobilin 
lyase, CpcE 

subunit 

Photosynthesis 599.33 81.06 1.49 5.50  

sync_
1494 

RNA polymerase 
sigma-70 factor 

family 
regulation 2202.70 331.9

2 2.49 7.33  

sync_
2855 

RNA polymerase 
sigma-70 factor 

family 
regulation 1107.03 112.5

3 1.56 0.00 2234b 

sync_
1721 

CheY-like 
domain 

containing 
protein 

regulation 1704.59 200.7
1 0.88 5.18 

 

sync_
1582 Predicted ATPase 

selenium 
compound 

metabolic process 
3834.00 444.4

7 1.41 5.68 
 

sync_
0058 

ribosomal protein 
L20 translation 1509.63 153.8

5 1.66 5.18  

sync_
1138 gid protein translation 7448.27 751.5

9 1.14 14.42  

sync_
2091 

seryl-tRNA 
synthetase translation 2612.53 263.6

5 2.36 4.82  

sync_
0410 

ribosomal protein 
S9 translation 4689.30 470.3

7 1.12 5.18  

sync_
0421 

30S ribosomal 
protein S5 translation 5437.33 627.4

7 1.04 11.65  

sync_
0823 

Potassium 
channel transport 762.21 86.37 1.16 4.89  

sync_
0137 

Di/tricarboxylate 
transporter transport 3691.40 370.7

7 1.43 5.50  

sync_
1184 

possible AEC 
transporter family transport 8445.23 958.9

5 0.93 5.50  

sync_
2196 

possible 
transporter, 
membrane 
component 

transport 492.37 63.20 1.29 4.63 

 

sync_
2102 

Permease of the 
drug/metabolite 

transporter, DMT 
superfamily 

transport 225.23 24.13 0.60 12.57 

 

sync_
2698 

membrane 
protein, putative 

transport; 
nucleotides? 846.60 139.6

0 1.39 6.07  

sync_
1089 

methyltransferase
, SAM dep. UbiE? 21139.50 2117.

26 1.06 12.49  

sync_
1160 Hypothetical Unknown 5534.77 705.2 1.84 14.42 0440a 

sync_
1743b Hypothetical Unknown 288.13 31.77 1.54 12.99 1355b 
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Table 5.5 Significant gene overlap between culture based experiments and mixed community 
expression in response to copper 

locus gene name 
functional 
prediction mixed 

% 
FDR culture 

culture 
%FDR 

sync_2850 spermidine synthase biosynthesis 
spermidine 1.00 5.77 0.59 0.00 

sync_2866 Aminotransferases 
class-IV 

biosynthesis; 
Branched chain 

amino acid, -copper 
stress 

1.30 10.90 0.31 0.85 

sync_0406 alanine racemase cell envelope stress 0.66 12.6 0.17 4.17 

sync_2133 

N-
acetylmannosamine-

6-phosphate 2-
epimerase 

cell envelope; 
biosynthesis 

peptidoglycan 
1.09 4.09 0.19 1.23 

sync_0501 Bilin biosynthesis 
protein mpeU light harvesting 1.28 4.82 0.72 0.00 

sync_1217 structural toxin 
protein RtxA oxidative stress 1.24 4.09 0.93 0.00 

sync_0241 Rubredoxin oxidative stress 0.96 7.57 0.34 0.79 

sync_0517 
possible 

Phycobilisome 
polypeptide 

Photosynthesis 1.33 12.6 0.31 3.68 

sync_1494 
RNA polymerase 
sigma-70 factor 

family 
regulation 2.49 7.33 5.03 0.00 

sync_2855 
RNA polymerase 
sigma-70 factor 

family 
regulation 1.56 0.00 0.47 0.05 

sync_1582 Predicted ATPase selenium compound 
metabolic process 1.41 5.68 0.22 4.58 

sync_1089 methyltransferase, 
SAM dep. UbiE? 1.06 12.5 0.36 0.46 

sync_2738 hypothetical unknown 0.62 12.3 2.97 0.00 
sync_1160 hypothetical protein unknown 1.84 14.4 1.03 0.00 
sync_2690 hypothetical protein unknown 1.53 10.4 0.85 0.00 

sync_1905 conserved 
hypothetical unknown 0.86 10.9 0.77 0.00 

sync_1042 hypothetical protein unknown 1.26 9.13 0.74 0.00 
sync_1779 Predicted protein unknown 1.12 5.50 0.49 0.00 
sync_0958 hypothetical protein unknown 0.82 5.03 0.45 0.04 
sync_0945 hypothetical protein unknown 1.09 11.64 0.49 0.04 

sync_0165 conserved 
hypothetical protein unknown 0.62 4.71 0.53 0.07 

sync_0946 hypothetical protein unknown 2.11 5.50 0.40 0.14 

sync_1598 
Secreted 

pentapeptide repeats 
protein 

unknown 0.84 4.09 0.44 0.28 

sync_1193 hypothetical protein unknown 0.99 12.19 0.45 0.33 
sync_0995 hypothetical protein unknown 0.79 9.60 0.27 0.68 
sync_2431 hypothetical protein unknown 1.12 5.77 0.32 1.78 

sync_1793 conserved 
hypothetical protein unknown 1.27 11.33 0.24 1.78 
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Table 5.5 (continued) 

locus gene name 
functional 
prediction mixed 

% 
FDR culture 

culture 
%FDR 

sync_2485 conserved 
hypothetical protein unknown 0.88 3.91 0.33 2.17 

sync_1801 

similar to 
oxidoreductase, 

short-chain 
dehydrogenase/redu

ctase 

unknown 0.63 11.18 0.42 2.72 

sync_1128 hypothetical protein unknown 1.00 4.69 0.23 4.92 

sync_2864 exsB protein 

unknown; associated 
with Al tolerance 

and 
exopolysaccharide 

synthesis 

1.61 9.49 0.33 0.28 

sync_2857 
Short-chain 

dehydrogenase/redu
ctase family enzyme 

unknown; next to 
dps 0.72 9.60 0.46 0.00 

Syncc9902
_1747 

Chaperonin 
Cpn60/TCP-1 

general stress 
response 1.30 11.64 2.81 0.00 

Syncc9902
_1336 hypothetical protein unknown; DUF760 

in all 0.67 12.99 1.76 0.00 

Syncc9902
_2205 DNA ligase 

DNA damage, 
oxidative stress 

response 
0.49 9.60 1.14 1.97 

Syncc9902
_0828 hypothetical protein 

unknown; only 
BL107 interesting 
genes surrounding 

0.57 9.13 0.91 3.29 
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Figure 5.1 Average normalized signal intensities of all CC9902 genes from microarray 
expression experiment with both CC9902 cultures (“culture”) and mixed community 
experiments.   

 
Figure 5.2 Gene neighborhood surrounding induced rpoD5 in marine Synechococcus 
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Figure 5.3 Flow cytometric counts from copper additions and no copper control bottles 
incubated over 14 days.  Error bars represent one standard deviation between two 
biological replicates.   
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Figure 5.4 Phylogenetic tree of nucleotide sequence alignment of 841 bp of RPOC 
gene from environmental clone library. Alignment was done using using MUSCLE 
and tree built using PhyML.  Values on branches represent bootstrap values from 100 
iterations.  “X” labels are from no-Cu control treatments and “Cu” labels are from Cu-
incubated treatments. 
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CONCLUSIONS AND FUTURE WORK 

 

 When attempting to better define and understand copper stress response in an 

ecologically relevant and important group such as marine Synechococcus it is 

important to not only define stress response in controlled culture-based experiments 

but also attempt to put this information into an environmentally relevant context.  In 

this dissertation work I have begun to characterize copper stress response in several 

ecologically and phylogenetically distinct clades of marine Synechococcus in culture 

and compared this to responses of natural populations in the field.  

 From culture-based experiments we have begun to define the important genes 

involved in copper stress response and by comparing response between strains have 

shown that the differences and similarities in response are informative in 

understanding copper stress response in this group.  I have shown that there is 

variability in copper tolerance between strains that is in line with what we know about 

the ecology of these groups, that is, that coastal strains tend to be more copper tolerant 

than open ocean strains, stressing that adaptation to copper stress is environmentally 

relevant for marine Synechococcus.  I have characterized the transcriptional response 

to copper stress in three strains, WH8102, CC9311 and CC9902 from three 

phylogenetically distinct clades (III, I and IV respectively) and also looked at protein 

level response in one strain, CC9902.  I have also looked more closely at the function 

of four different genes and through inactivation gained insight into their role in copper 

resistance in these strains.  



	  

	  

169	  

From comparing proteomic and transcriptomic data from the three strains, we 

were able to draw some interesting conclusions about copper stress in this group.  We 

were able to validate several genes that were transcriptionally upregulated in response 

to copper at the protein level and also gain information about the timing of protein 

response as compared to transcriptional activation, that indicate that there may be 

some proteins such as transporters and photosynthetic-related proteins like 

plastocyanin that are more quickly up-regulated, whereas general stress response 

proteins respond more slowly.  We also found evidence of cell envelope stress as well 

as elements of oxidative/osmotic shock in all three strains and have identified a 

putative general stress response regulator that seems to be common in Synechococcus 

strains and may regulate many of the key cytoplasmic chaperones and proteases that 

refold or remove damaged proteins following a wide range of stresses.  The data also 

reveals the complex metal homeostasis response necessary when a cell is dealing with 

excess metal that is both a micronutrient and a toxicant and can compete for 

occupancy in a wide range of vital metalloproteins.  Ecologically, it is interesting to 

compare the copper stress response of strain CC9902 to strain CC9311, since both the 

clades to which they belong (IV and I, respectively) have been found at a coastal 

monitoring site and can vary in abundance, although Clade IV is usually more 

abundant (1).  Our data suggest that high affinity Fe-uptake may be a liability when it 

comes to copper toxicity.  CC9902 may be better at taking up Fe under limiting 

conditions but sacrifices some copper tolerance whereas CC9311 may be better at 

dealing with excess metal levels, but perhaps worse when they are limiting.  Further 

work testing their Fe-limitation sensitivities would help test these hypotheses.   
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While these studies have provided information on many genes and proteins 

that are involved in copper stress response, it is important to note that anywhere from 

25%-50% of the significantly differentially expressed genes identified either from 

protein or microarray expression surveys were genes of unknown function.  Although 

marine Synechococcus has had a genetic system worked out for some time (2), there 

are not many genes that have been functionally validated via inactivation in marine 

Synechococcus.  While many genes from the sequenced genomes of marine 

Synechococcus have predicted function based on homology to known genes from 

other organisms, there are also many genes that are marine Synechococcus specific as 

well as genes that are only found in some strains of marine Synechococcus (3), and 

thus genes of unknown function with only low homology to genes in other organisms 

are common.  It is likely that some of these identified copper responsive genes of 

unknown function are important to copper stress response in this group and future 

work to look at the function of these genes is important.  Without functional validation 

of these genes, we could potentially be missing a important piece of the puzzle of 

copper stress response in this group.  In this dissertation work, I started to address this 

issue by inactivating four copper-induced genes, two of which can only be found in 

one marine Synechococcus genome in the database (strain CC9311) and two which 

were commonly induced between two strains (CC9311 and WH8102) and are 

conserved across marine Synechococcus.  This is only a small start and future work 

should focus inactivating and further characterizing more of these genes. 

From inactivation of two genes in strain CC9311, I have shown that there are 

copper tolerance-conferring genes in genomic island regions in one strain indicating 
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that horizontal gene transfer may play a role in adaptation to copper or oxidative 

stress.  Furthermore, the abundance of one of these genomic island genes has 

predictable temporal variability that does not correlate with abundance of the clade as 

a whole, indicating that this gene may be under different selection pressures and may 

confer an adaptive advantage under certain environmental conditions. This highlights 

that examining the differences between strains in response to copper can help us to 

better understand how adaptation to copper may occur. 

Two other genes were inactivated in order to investigate common response 

between both a coastal and open ocean strain.  We found that a Deg-family protease is 

required for inducible alkaline phosphatase activity and reorganization of the outer 

membrane.  The Deg proteases are well-conserved in marine Synechococcus and their 

phylogeny appears to inform function.  We have also shown that SYNW0921 is 

important to copper tolerance in WH8102 and may be involved in suppression of cell 

growth in response to copper.  Better understanding of the role that these genes play in 

marine Synechococcus copper stress response can help us to better understand the 

common conserved responses to copper stress between strains.  Future work looking at 

copper-binding capabilities of SYNW0921 and the localization of the protein, may 

help us to clarify its role in copper tolerance. 

When looking at a mixed population from the field that includes at least two 

distinct clades of Synechococcus as well as other phytoplankton, heterotrophic bacteria 

and viruses, there are many sources of variation to consider and comparing the copper 

stress response of this community to a culture-based study of copper stress responses 

has complications.  We designed both a short-term and a long-term experiment to 
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examine the copper stress response in natural populations.  From the short-term 

experiments we were able to directly compare what we had learned from culture-based 

experiments to what we could seen in the field whereas the long-term experiments 

gave us an idea of what we may be missing from culture-based experiments based on a 

few cultured representatives.  

From the induction response to copper seen in this community, there are some 

interesting overlaps with our culture-based experiments, indicating that copper stress 

in natural Synechococcus communities shares similarities to what is seen in cultures.  

In particular there was evidence of cell envelope type stress response, which may 

imply that copper could be a trigger for DOM release in Synechococcus.  Surprisingly, 

there was also confirmation of induction of CC9311-like genomic island genes that 

were copper responsive in culture and confer copper tolerance.  This indicates that 

genomic island genes, although not highly abundant, may be highly expressed, which 

has been noted before (4) and moreover respond to similar environmental cues such as 

copper concentration changes in both culture and natural conditions. 

The  long-term community response indicates that there may be more tolerant 

subpopulations of Synechococcus that are in low abundance in the community under 

some conditions, suggesting that there may be tradeoffs associated with copper 

tolerance.  This may be one way in which diversity is maintained within the clade 

species (5).  Further work to examine the properties of this copper tolerant 

subpopulation may help us to better understand these tradeoffs and understand the 

important aspects of copper stress response that we may be missing from our culture-

based studies.   
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The field based experiments provide some interesting insight into how marine 

Synechococcus may be adapting to copper stress.  Instead of all strains and clades 

using the same set of acquired genes there appears to be a lot of variability in both 

tolerance to copper and genes induced.  A picture emerges in which copper tolerant 

subpopulations, some strains of which may have acquired copper tolerance genes via 

horizontal gene transfer, occur at low levels in any given community and may become 

more abundant when conditions become favorable for that subpopulation.  Give the 

dynamic nature of coastal marine copper levels, there may be high-Cu 

microenvironments which help these subpopulations to persist.  For example, marine 

Synechococcus have been found attached to sinking particles and in sediments and 

there is some evidence that they may be able to survive heterotrophically (6-8).  These 

particles could potentially have higher metal levels (9, 10)than found in the surface 

water and indeed as these particles sink, they may fall into waters with even higher 

free copper levels, although it is still unclear whether free copper levels tend to 

increase with depth or not (11, 12).  Thus, while there are some genes that appear to be 

copper responsive in many strains of marine Synechococcus, it also appears that there 

are many possible ways to gain additional copper resistance and it is up to future work 

to clarify how these common and accessory genes function in copper resistance and 

what the tradeoff in fitness may be in acquiring these genes.  
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APPENDIX 1 

Significant genes from Synechococcus sp. strain CC9902 global transcriptomic and 

proteomic response to copper stress 

 
Table A1. All genes with significant regulation in at least one of the three datasets including 
transcriptomic response to copper after 2 hours (2h array), and proteomic response to copper after 4 
hours (4h protein) or after 8 hours (8h protein).  All values are log2 fold changes, “ND” indicates protein 
not detected.   

Locus_tag Name 
2h 

array 
4h 

protein 
8h 

protein 

Syncc9902_0003 phosphoribosylformylglycinamidine synthase II -0.15 0.66 ND 

Syncc9902_0016 Methionine sulfoxide reductase B 0.50 -0.15 ND 

Syncc9902_0018 putative heat shock protein GrpE -1.09 ND ND 

Syncc9902_0019 heat shock protein GrpE 2.93 -0.08 1.08 

Syncc9902_0020 chaperone protein DnaJ 2.83 -0.08 0.64 

Syncc9902_0021 hypothetical protein 2.62 ND ND 

Syncc9902_0022 GTPase EngC 1.26 ND ND 

Syncc9902_0035 hypothetical protein Syncc9902_0035 -0.05 ND -0.46 

Syncc9902_0052 hypothetical protein Syncc9902_0052 -0.04 -0.53 0.13 

Syncc9902_0061 ATP-dependent protease ATP-binding subunit 
ClpX 0.13 -0.33 0.14 

Syncc9902_0065 dihydrodipicolinate synthase 0.09 -0.04 -0.35 

Syncc9902_0066 hypothetical protein Syncc9902_0066 0.08 -0.29 -0.32 

Syncc9902_0094 hypothetical protein 0.70 ND ND 

Syncc9902_0096 spore coat polysaccharide biosynthesis protein 
spsC 0.61 -0.02 ND 

Syncc9902_0099 Capsular polysaccharide biosynthesis protein-like 0.64 ND ND 

Syncc9902_0100 HAD family hydrolase 0.09 0.50 ND 

Syncc9902_0103 6,7-dimethyl-8-ribityllumazine synthase 0.09 0.54 ND 

Syncc9902_0106 hypothetical protein Syncc9902_0106 -0.13 0.51 ND 

Syncc9902_0115 TPR repeat 0.65 ND ND 

Syncc9902_0117 cyclic nucleotide-binding domain-containing 
protein -0.12 0.07 0.44 

Syncc9902_0118 hemolysin secretion protein-like -0.02 0.07 0.71 

Syncc9902_0139 type II alternative RNA polymerase sigma factor, 
sigma-70 family 0.58 ND ND 

Syncc9902_0154 lysyl-tRNA synthetase -0.04 -0.22 -0.81 
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Table A1 (continued) 

Locus_tag Name 
2h 

array 
4h 

protein 
8h 

protein 

Syncc9902_0157 hypothetical protein Syncc9902_0157 -0.10 0.61 0.32 

Syncc9902_0167 thiamine biosynthesis protein ThiC -0.34 0.17 -0.46 

Syncc9902_0171 photosystem I subunit VII 0.07 0.52 -0.33 

Syncc9902_0173 NAD dependent epimerase/dehydratase -0.04 ND -0.65 

Syncc9902_0182 glycogen/starch/alpha-glucan phosphorylase -0.26 -0.38 -0.11 

Syncc9902_0185 hypothetical protein 0.42 ND ND 

Syncc9902_0186 hypothetical protein Syncc9902_0186 -0.61 0.19 -0.32 

Syncc9902_0194 methylthioadenosine nucleosidase 0.06 -0.61 ND 

Syncc9902_0196 Heme oxygenase (decyclizing) 0.07 0.38 -0.22 

Syncc9902_0229 rubredoxin -0.05 -0.43 0.64 

Syncc9902_0231 NADH dehydrogenase subunit B 0.05 -0.47 ND 

Syncc9902_0232 NADH dehydrogenase subunit J 0.14 -0.36 0.32 

Syncc9902_0235 ABC transporter 0.06 -0.80 ND 

Syncc9902_0239 Deoxyribodipyrimidine photolyase 0.43 0.49 ND 

Syncc9902_0240 hypothetical protein 0.65 ND ND 

Syncc9902_0245 probable deoxyribodipyrimidine photolyase 0.63 ND ND 

Syncc9902_0252 putative sarcosine oxidase -0.43 0.44 -0.15 

Syncc9902_0260 orotate phosphoribosyltransferase -0.16 0.79 0.33 

Syncc9902_0265 Glycosyl transferase WecB/TagA/CpsF 1.32 ND ND 

Syncc9902_0273 hypothetical protein Syncc9902_0273 -0.01 0.71 ND 

Syncc9902_0279 citrate synthase -0.17 0.80 ND 

Syncc9902_0283 NADH dehydrogenase subunit K 0.12 0.68 ND 

Syncc9902_0287 LuxR family transcriptional regulator -0.01 0.00 -0.55 

Syncc9902_0295 putative Rubisco transcriptional regulator -0.11 -0.65 0.08 

Syncc9902_0304 1-acyl-sn-glycerol-3-phosphate acyltransferase 0.12 ND 0.41 

Syncc9902_0314 two component transcriptional regulator 0.14 0.25 -0.64 

Syncc9902_0323 possible porin -1.36 -0.11 -0.06 

Syncc9902_0324 possible porin -1.83 -0.56 0.32 

Syncc9902_0330 hypothetical protein Syncc9902_0330 0.09 -0.06 0.45 

Syncc9902_0335 carotene 7,8-desaturase 0.29 -0.59 -0.20 

Syncc9902_0336 hypothetical protein Syncc9902_0336 0.10 -0.83 ND 

Syncc9902_0351 hypothetical protein Syncc9902_0351 0.19 -0.65 ND 

Syncc9902_0353 hypothetical protein Syncc9902_0353 -0.16 0.00 -0.44 
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Table A.1 (continued) 

Locus_tag Name 
2h 

array 
4h 

protein 
8h 

protein 

     

Syncc9902_0354 thioredoxin domain-containing protein -0.05 0.54 ND 

Syncc9902_0357 hypothetical protein 0.37 ND ND 

Syncc9902_0360 RND family outer membrane efflux protein -0.03 -0.43 0.19 

Syncc9902_0364 hypothetical protein 0.67 ND ND 

Syncc9902_0370 hypothetical protein Syncc9902_0370 -0.02 ND -0.73 

Syncc9902_0383 putative NADH dehydrogenase, transport 
associated -0.02 -0.42 0.01 

Syncc9902_0389 secretion protein HlyD 0.58 -0.41 -0.01 

Syncc9902_0390 hydrophobe/amphiphile efflux-1 HAE1 -0.27 -0.54 0.58 

Syncc9902_0393 hypothetical protein 0.47 ND ND 

Syncc9902_0398 hypothetical protein Syncc9902_0398 -0.04 -0.44 0.09 

Syncc9902_0404 FeS assembly protein SufB 0.70 0.01 -0.04 

Syncc9902_0405 FeS assembly ATPase SufC 0.80 0.44 0.11 

Syncc9902_0406 ABC transporter, membrane component, sufD 0.87 ND 0.11 

Syncc9902_0407 Cysteine desulphurases, SufS 0.89 ND ND 

Syncc9902_0411 hypothetical protein Syncc9902_0411 0.14 0.25 -0.75 

Syncc9902_0421 acetyl-CoA carboxylase biotin carboxylase subunit 0.24 0.11 -0.52 

Syncc9902_0424 hypothetical protein Syncc9902_0424 -0.14 0.39 0.04 

Syncc9902_0436 Band 7 protein -0.03 -0.39 0.29 

Syncc9902_0440 hypothetical protein 0.78 ND ND 

Syncc9902_0442 hypothetical protein 3.46 ND ND 

Syncc9902_0443 hypothetical protein 0.90 ND ND 

Syncc9902_0444 hypothetical protein Syncc9902_0444 0.23 1.37 0.57 

Syncc9902_0449 hypothetical protein 0.58 ND ND 

Syncc9902_0453 hypothetical protein 0.86 ND ND 

Syncc9902_0454 hypothetical protein 0.90 ND ND 

Syncc9902_0469 adenylosuccinate lyase -0.20 ND -0.76 

Syncc9902_0480 anchor polypeptide LCM 0.09 0.39 0.04 

Syncc9902_0493 hypothetical protein Syncc9902_0493 -0.09 -0.50 ND 

Syncc9902_0502 hypothetical protein Syncc9902_0502 0.23 -0.01 0.38 

Syncc9902_0505 co-chaperonin GroES 2.13 0.07 0.53 

Syncc9902_0506 chaperonin GroEL 2.21 0.13 0.56 
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Table A.1 (continued) 

Locus_tag Name 
2h 

array 
4h 

protein 
8h 

protein 

     

Syncc9902_0507 hypothetical protein -0.90 ND ND 

Syncc9902_0515 putative ferredoxin-thioredoxin reductase, variable 
chain -0.12 ND -1.40 

Syncc9902_0519 DNA-directed RNA polymerase subunit omega 0.25 -0.48 -0.51 

Syncc9902_0526 hypothetical protein 0.51 0.16 ND 

Syncc9902_0535 hypothetical protein 0.57 ND ND 

Syncc9902_0536 hypothetical protein -0.73 ND ND 

Syncc9902_0553 phosphoribosylaminoimidazole-
succinocarboxamide synthase 0.02 -0.82 0.12 

Syncc9902_0556 (3R)-hydroxymyristoyl-ACP dehydratase -0.14 -0.40 ND 

Syncc9902_0566 hypothetical protein 3.03 ND ND 

Syncc9902_0567 tyrosyl-tRNA synthetase 0.80 ND -0.31 

Syncc9902_0569 hypothetical protein Syncc9902_0569 -0.24 -0.92 ND 

Syncc9902_0573 hypothetical protein Syncc9902_0573 -0.06 -0.49 0.41 

Syncc9902_0583 hypothetical protein 0.81 ND ND 

Syncc9902_0596 hypothetical protein 1.33 ND ND 

Syncc9902_0601 ribose-5-phosphate isomerase A -0.44 0.52 0.07 

Syncc9902_0602 histidinol dehydrogenase -0.15 -0.47 ND 

Syncc9902_0603 30S ribosomal protein S20 0.05 -0.36 ND 

Syncc9902_0608 putative high light inducible protein 0.05 -0.33 ND 

Syncc9902_0614 hypothetical protein Syncc9902_0614 0.01 -1.26 1.40 

Syncc9902_0620 putative diaminopelargonic acid synthase 0.20 0.67 ND 

Syncc9902_0646 hypothetical protein Syncc9902_0646 -0.09 0.04 -0.51 

Syncc9902_0658 putative sigma 54 modulation protein/ribosomal 
protein S30EA -0.35 0.53 ND 

Syncc9902_0661 hypothetical protein 2.58 -0.01 0.53 

Syncc9902_0662 Dihydrolipoamide acetyltransferase component of 
pyruvate dehydrogenase complex -0.36 0.19 -0.34 

Syncc9902_0664 cysteine synthase K/M/A -0.50 0.45 0.06 

Syncc9902_0680 Thioredoxin reductase 1.18 0.98 -0.08 

Syncc9902_0691 hypothetical protein 0.58 ND ND 

Syncc9902_0694 secretion protein HlyD 0.01 -0.58 0.39 

Syncc9902_0695 GTP-dependent nucleic acid-binding protein EngD 0.26 0.41 ND 
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Table A.1 (continued) 

Locus_tag Name 
2h 

array 
4h 

protein 
8h 

protein 

     

Syncc9902_0716 probable tRNA/rRNA methyltransferase( 
EC:2.1.1.- ) 0.66 ND ND 

Syncc9902_0719 Imidazole glycerol phosphate synthase, glutamine 
amidotransferase subunit 0.68 ND ND 

Syncc9902_0730 hypothetical protein -0.62 ND ND 

Syncc9902_0737 
bifunctional 5,10-methylene-tetrahydrofolate 

dehydrogenase/ 5,10-methylene-tetrahydrofolate 
cyclohydrolase 

0.15 0.60 -0.90 

Syncc9902_0739 geranylgeranyl pyrophosphate synthase -0.10 0.93 ND 

Syncc9902_0744 hypothetical protein -0.69 ND ND 

Syncc9902_0753 hypothetical protein Syncc9902_0753 -0.01 0.31 -0.82 

Syncc9902_0754 
aminopeptidase N (neutral zinc metallopeptidase, 

zinc-binding site; Amino acid transport and 
metabolism; in all) 

0.47 -0.58 1.00 

Syncc9902_0757 hypothetical protein 3.62 ND ND 

Syncc9902_0772 hypothetical protein Syncc9902_0772 0.28 -0.07 -0.66 

Syncc9902_0773 hypothetical protein Syncc9902_0773 0.22 0.15 -0.58 

Syncc9902_0777 
1-(5-phosphoribosyl)-5-[(5-

phosphoribosylamino)methylideneamino] 
imidazole-4-carboxamide isomerase 

0.00 0.43 -0.29 

Syncc9902_0787 UDP-3-O-[3-hydroxymyristoyl] glucosamine N-
acyltransferase -0.12 -0.33 0.48 

Syncc9902_0796 Fructose-bisphosphate aldolase -1.91 -0.56 ND 

Syncc9902_0799 hypothetical protein 0.72 ND ND 

Syncc9902_0812 hypothetical protein 0.92 ND ND 

Syncc9902_0825 hypothetical protein 0.99 ND ND 

Syncc9902_0828 hypothetical protein 0.91 ND ND 

Syncc9902_0843 hypothetical protein Syncc9902_0843 -0.30 -0.59 ND 

Syncc9902_0855 homoserine O-succinyltransferase, MetA 0.03 ND 0.45 

Syncc9902_0857 hypothetical protein Syncc9902_0857 -0.19 -0.40 -0.14 

Syncc9902_0867 hypothetical protein Syncc9902_0867 0.12 ND -1.67 

Syncc9902_0870 hypothetical protein Syncc9902_0870 0.33 0.39 ND 

Syncc9902_0875 hypothetical protein 2.42 ND ND 

Syncc9902_0880 ATP phosphoribosyltransferase catalytic subunit -0.24 0.22 -0.85 

Syncc9902_0893 hypothetical protein Syncc9902_0893 -0.26 0.40 ND 
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Locus_tag Name 
2h 

array 
4h 

protein 
8h 

protein 

     

Syncc9902_0902 hypothetical protein Syncc9902_0902 -0.69 ND -0.86 

Syncc9902_0903 hypothetical protein Syncc9902_0903 -0.05 0.47 ND 

Syncc9902_0911 ATPase (ClpB) 3.69 ND 0.78 

Syncc9902_0916 plastocyanin 0.03 0.59 0.44 

Syncc9902_0920 hypothetical protein Syncc9902_0920 0.20 0.58 -0.78 

Syncc9902_0937 possible muramidase, COG4678 2.01 ND ND 

Syncc9902_0939 hypothetical protein Syncc9902_0939 0.06 -0.41 ND 

Syncc9902_0943 photosystem II reaction centre protein PsbA/D1 -0.04 1.16 -1.16 

Syncc9902_0957 membrane protein 0.68 ND ND 

Syncc9902_0958 esterase/lipase/thioesterase family active site 0.87 ND ND 

Syncc9902_0964 hypothetical protein -0.75 ND ND 

Syncc9902_0968 hypothetical protein 0.64 ND ND 

Syncc9902_0973 carotenoid binding protein 0.30 0.72 0.47 

Syncc9902_0993 hypothetical protein 2.27 ND ND 

Syncc9902_0997 hypothetical protein Syncc9902_0997 -0.48 0.65 ND 

Syncc9902_1000 possible high light inducible protein 0.54 ND ND 

Syncc9902_1003 possible phycobilisome rod-core linker 
polypeptide -2.19 ND ND 

Syncc9902_1005 chlorophyll a/b binding light harvesting protein 
PcbD -3.81 0.26 ND 

Syncc9902_1010 ABC transporter, substrate binding protein, 
possibly Mn 0.58 ND ND 

Syncc9902_1015 hypothetical protein 0.79 ND ND 

Syncc9902_1028 hypothetical protein 0.49 ND ND 

Syncc9902_1031 hypothetical protein 0.60 ND ND 

Syncc9902_1032 hypothetical protein 1.21 ND ND 

Syncc9902_1033 hypothetical protein 1.56 ND ND 

Syncc9902_1037 hypothetical protein 0.79 ND ND 

Syncc9902_1038 hypothetical protein 0.59 ND ND 

Syncc9902_1041 hypothetical protein Syncc9902_1041 0.01 0.46 0.34 

Syncc9902_1063 pyruvate kinase -0.08 -0.67 -0.18 

Syncc9902_1081 50S ribosomal protein L28 1.18 0.21 -0.12 

Syncc9902_1082 heat shock protein 90 3.52 -0.02 0.80 
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Locus_tag Name 
2h 

array 
4h 

protein 
8h 

protein 

     

Syncc9902_1083 hypothetical protein 0.59 ND ND 

Syncc9902_1094 hypothetical protein 1.96 ND ND 

Syncc9902_1095 hypothetical protein 1.63 ND ND 

Syncc9902_1106 leucyl-tRNA synthetase -0.30 0.38 -0.26 

Syncc9902_1110 hypothetical protein Syncc9902_1110 -0.05 -0.07 -0.34 

Syncc9902_1117 photolyase protein family 0.64 ND ND 

Syncc9902_1123 5-methyltetrahydrofolate--homocysteine 
methyltransferase 0.03 -0.57 ND 

Syncc9902_1124 hypothetical protein Syncc9902_1124 0.11 ND -0.54 

Syncc9902_1136 50S ribosomal protein L33 0.00 -0.06 -0.38 

Syncc9902_1144 hypothetical protein Syncc9902_1144 0.32 0.63 0.18 

Syncc9902_1148 Peptidoglycan-binding LysM 0.65 ND ND 

Syncc9902_1161 RNA binding S1 -0.03 -0.44 0.05 

Syncc9902_1165 magnesium-protoporphyrin IX monomethyl ester 
cyclase 0.13 -0.40 ND 

Syncc9902_1170 hypothetical protein 0.57 ND ND 

Syncc9902_1177 hypothetical protein 0.82 ND ND 

Syncc9902_1178 peptidase S41A, C-terminal protease -0.09 -0.34 -0.39 

Syncc9902_1181 hypothetical protein -0.59 ND ND 

Syncc9902_1197 hypothetical protein 0.74 ND ND 

Syncc9902_1204 hypothetical protein Syncc9902_1204 0.05 0.44 0.16 

Syncc9902_1205 hypothetical protein 0.73 ND ND 

Syncc9902_1219 hypothetical protein Syncc9902_1219 0.43 0.17 0.40 

Syncc9902_1220 putative uracil phosphoribosyltransferase 0.20 ND 0.55 

Syncc9902_1221 hypothetical protein Syncc9902_1221 -0.11 -0.52 -0.24 

Syncc9902_1226 6-phosphogluconate dehydrogenase 0.13 ND -0.34 

Syncc9902_1239 geranylgeranyl reductase -0.03 0.39 -0.19 

Syncc9902_1242 sulfite reductase subunit beta -0.06 -0.50 0.00 

Syncc9902_1266 SAM-dependent methyltransferases 0.57 -0.92 0.44 

Syncc9902_1294 hypothetical protein 0.65 ND ND 

Syncc9902_1305 hypothetical protein 0.55 ND ND 

Syncc9902_1311 methionine sulfoxide reductase A 0.07 -0.68 1.01 
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2h 
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Syncc9902_1317 hypothetical protein 0.57 ND ND 

Syncc9902_1320 trans-hexaprenyltranstransferase 0.38 -0.80 0.36 

Syncc9902_1324 2-phosphosulfolactate phosphatase (in area with 
peptidoglycan synth genes) 0.08 ND 1.21 

Syncc9902_1326 3-phosphoshikimate 1-carboxyvinyltransferase -0.11 -0.48 0.05 

Syncc9902_1336 hypothetical protein 1.76 ND ND 

Syncc9902_1371 ribose-phosphate pyrophosphokinase 0.23 -0.77 ND 

Syncc9902_1379 kinase -0.06 -0.42 ND 

Syncc9902_1386 hypothetical protein 0.90 ND ND 

Syncc9902_1387 putative 2-hydroxy-6-oxohepta-2,4-dienoate 
hydrolase 0.98 ND ND 

Syncc9902_1388 putative glycerol dehydrogenase 1.17 ND ND 

Syncc9902_1389 ATPase (ClpA) 0.75 -0.50 0.74 

Syncc9902_1405 hypothetical protein -0.73 ND ND 

Syncc9902_1406 hypothetical protein 0.74 ND ND 

Syncc9902_1407 DEAD/DEAH box helicase-like 0.27 -0.83 0.10 

Syncc9902_1423 carotenoid isomerase 0.21 0.50 ND 

Syncc9902_1441 photosystem I reaction center subunit IV -1.79 ND ND 

Syncc9902_1443 possible phage integrase family 0.90 ND ND 

Syncc9902_1447 hypothetical protein -0.68 ND ND 

Syncc9902_1457 hypothetical protein -1.18 ND ND 

Syncc9902_1464 membrane protein-like 1.10 ND ND 

Syncc9902_1482 ornithine carbamoyltransferase 0.27 0.53 -0.33 

Syncc9902_1483 peptidase M41, FtsH-3 2.27 -0.15 0.86 

Syncc9902_1494 response regulator receiver domain protein (CheY-
like) 0.65 ND ND 

Syncc9902_1499 stationary phase survival protein SurE -0.12 -0.07 -0.40 

Syncc9902_1504 hypothetical protein Syncc9902_1504 -0.05 -0.20 -0.36 

Syncc9902_1505 hypothetical protein 0.76 ND ND 

Syncc9902_1514 integral membrane protein, interacts with FtsH 1.42 ND 0.53 

Syncc9902_1515 PhoH-like phosphate starvation-inducible protein 0.76 -0.39 ND 

Syncc9902_1517 Signal recognition particle protein 0.24 -0.59 0.04 

Syncc9902_1523 hypothetical protein 2.49 ND ND 
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Syncc9902_1524 peptidylprolyl isomerase 0.06 -0.61 -0.35 

Syncc9902_1531 tRNA/rRNA methyltransferase (SpoU) 0.21 -0.60 ND 

Syncc9902_1538 cytosine deaminase 0.17 -0.50 ND 

Syncc9902_1548 ATP-dependent Clp protease-like protein 0.16 -0.78 0.03 

Syncc9902_1557 hypothetical protein Syncc9902_1557 0.21 0.25 0.47 

Syncc9902_1571 imidazole glycerol phosphate synthase subunit 
HisF -0.20 -0.34 ND 

Syncc9902_1581 hypothetical protein 0.52 ND ND 

Syncc9902_1582 GTP-binding protein LepA 0.54 -0.26 ND 

Syncc9902_1584 malate:quinone oxidoreductase 0.04 -0.99 ND 

Syncc9902_1585 NifU-like protein 2.81 ND 0.66 

Syncc9902_1586 putative L-cysteine/cystine lyase 0.79 ND 0.18 

Syncc9902_1612 putative carboxysome structural peptide CsoS2 -0.27 0.50 0.10 

Syncc9902_1623 protochlorophyllide oxidoreductase -0.24 0.48 -0.21 

Syncc9902_1631 GTP cyclohydrolase I 2.29 -0.07 1.46 

Syncc9902_1632 short chain dehydrogenase 1.28 ND ND 

Syncc9902_1634 hypothetical protein Syncc9902_1634 -0.21 0.42 -0.06 

Syncc9902_1635 hypothetical protein Syncc9902_1635 -0.03 -0.41 0.35 

Syncc9902_1642 acetolactate synthase 3 catalytic subunit 0.18 -0.33 ND 

Syncc9902_1645 possible methyltransferase 1.29 ND ND 

Syncc9902_1646 corrinoid adenosyltransferase BtuR/CobO/CobP -0.14 0.65 0.18 

Syncc9902_1662 ferredoxin (2Fe-2S) 0.37 -0.10 -0.35 

Syncc9902_1665 prolyl-tRNA synthetase -0.05 0.80 -0.31 

Syncc9902_1674 acetylglutamate kinase -0.16 4.71 0.08 

Syncc9902_1675 hypothetical protein 0.62 ND ND 

Syncc9902_1678 RNA polymerase sigma factor -0.69 -0.06 -0.04 

Syncc9902_1682 hypothetical protein -1.74 ND ND 

Syncc9902_1690 hypothetical protein Syncc9902_1690 0.16 -0.42 ND 

Syncc9902_1699 Exodeoxyribonuclease III xth -0.55 ND ND 

Syncc9902_1707 possible phosphate-binding protein 1.75 ND ND 

Syncc9902_1711 hypothetical protein Syncc9902_1711 -0.11 0.66 -0.15 

Syncc9902_1717 hypothetical protein Syncc9902_1717 -0.19 -0.56 ND 
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Syncc9902_1744 putative potassium channel, VIC family 0.63 0.12 ND 

Syncc9902_1747 chaperonin GroEL 2.81 0.01 0.57 

Syncc9902_1774 aminotransferase 0.48 ND ND 

Syncc9902_1783 hypothetical protein Syncc9902_1783 0.00 0.40 -0.79 

Syncc9902_1786 hypothetical protein 1.90 -0.06 ND 

Syncc9902_1787 putative inner membrane protein translocase 
component YidC 0.82 -0.19 ND 

Syncc9902_1788 hypothetical protein 0.92 ND ND 

Syncc9902_1800 hypothetical protein -1.02 ND ND 

Syncc9902_1807 hypothetical protein 0.63 ND ND 

Syncc9902_1828 delta-aminolevulinic acid dehydratase 0.07 0.55 0.05 

Syncc9902_1829 heat shock protein DnaJ-like 3.13 ND 0.76 

Syncc9902_1838 putative aldehyde dehydrogenase 0.65 ND ND 

Syncc9902_1852 MinC septum site-determining protein -0.38 0.44 -0.42 

Syncc9902_1854 cell division topological specificity factor MinE -0.26 0.13 0.43 

Syncc9902_1863 ferredoxin (2Fe-2S) 0.06 0.25 -0.44 

Syncc9902_1873 hypothetical protein 0.77 ND ND 

Syncc9902_1884 phycobilisome linker polypeptide -0.14 0.48 -0.04 

Syncc9902_1887 CpeT-like 1.07 ND ND 

Syncc9902_1893 C-phycoerythrin class II beta chain -0.07 0.61 -0.30 

Syncc9902_1894 C-phycoerythrin class II alpha chain 0.09 0.59 -0.06 

Syncc9902_1895 C-phycoerythrin class II gamma chain, linker 
polypeptide 0.00 1.10 0.01 

Syncc9902_1896 HEAT repeat-containing PBS lyase -0.66 0.86 ND 

Syncc9902_1898 putative bilin biosynthesis protein (CpeY) 0.59 ND ND 

Syncc9902_1899 hypothetical protein Syncc9902_1899 -0.03 0.51 -0.13 

Syncc9902_1907 phycoerythrobilin:ferredoxin oxidoreductase -0.08 0.73 -0.13 

Syncc9902_1916 phosphoribosylaminoimidazole synthetase -0.16 0.60 ND 

Syncc9902_1923 possible Pex protein -1.38 ND ND 

Syncc9902_1930 photosystem I reaction center subunit II (PsaD) -0.19 0.43 0.07 

Syncc9902_1931 anthranilate synthase 0.04 0.38 0.01 

Syncc9902_1964 30S ribosomal protein S17 -0.03 0.25 -0.42 
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Syncc9902_1970 50S ribosomal protein L18 0.26 -0.62 ND 

Syncc9902_1984 peptide chain release factor 1 0.09 ND -0.38 

Syncc9902_1998 putative transcriptional regulator, Crp/Fnr family -1.59 ND ND 

Syncc9902_1999 possible porin -3.89 -0.34 0.16 

Syncc9902_2000 hypothetical protein -1.18 ND -1.63 

Syncc9902_2002 putative iron ABC transporter, substrate binding 
protein -1.79 -0.37 -0.45 

Syncc9902_2005 hypothetical protein -3.09 ND ND 

Syncc9902_2006 Thioredoxin-disulfide reductase -2.38 0.41 ND 

Syncc9902_2007 flavodoxin FldA -1.92 -0.13 -0.59 

Syncc9902_2010 regulatory proteins, Crp family -1.01 ND ND 

Syncc9902_2012 porin 0.12 -0.35 0.08 

Syncc9902_2013 hypothetical protein Syncc9902_2013 -0.05 0.79 ND 

Syncc9902_2025 sterol-C-methyltransferase -0.33 -1.31 ND 

Syncc9902_2036 photosystem II reaction centre protein PsbA/D1 0.17 ND 0.51 

Syncc9902_2041 hypothetical protein -0.88 0.56 0.30 

Syncc9902_2042 possible aldolase 0.59 ND ND 

Syncc9902_2056 hypothetical protein 0.88 -0.21 ND 

Syncc9902_2057 Glutamyl-tRNA(Gln) amidotransferase C subunit( 
EC:6.3.5.7,EC:6.3.5.6 ) 0.75 -0.03 ND 

Syncc9902_2086 Uncharacterized low-complexity proteins-like -1.19 ND ND 

Syncc9902_2089 competence-damaged protein 0.07 -0.33 ND 

Syncc9902_2091 serine hydroxymethyltransferase 0.02 -0.36 0.09 

Syncc9902_2106 probable pseudouridine synthase 2.79 ND ND 

Syncc9902_2107 two component LuxR family transcriptional 
regulator (SYNW2289, stress reg.) 2.72 0.08 1.09 

Syncc9902_2108 hypothetical protein Syncc9902_2108 -0.14 0.57 -1.14 

Syncc9902_2129 hypothetical protein Syncc9902_2129 0.02 0.11 -0.78 

Syncc9902_2130 hypothetical protein -0.78 ND ND 

Syncc9902_2134 arginyl-tRNA synthetase -0.27 1.39 0.09 

Syncc9902_2143 phosphoglycerate kinase 0.11 0.15 -0.36 

Syncc9902_2144 hypothetical protein Syncc9902_2144 -0.31 0.41 ND 

Syncc9902_2157 transcription antitermination protein NusG 0.18 -0.45 -0.05 
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Syncc9902_2159 ATPase 0.13 0.45 0.10 

Syncc9902_2169 aspartyl/glutamyl-tRNA amidotransferase subunit 
B -0.13 -0.49 -0.22 

Syncc9902_2178 putative small heat shock protein 3.69 ND 2.25 

Syncc9902_2178 putative small heat shock protein 3.69 ND 2.25 

Syncc9902_2180 flavoprotein 0.14 -0.45 -0.13 

Syncc9902_2187 hypothetical protein 0.45 ND ND 

Syncc9902_2188 glycine dehydrogenase 0.49 -0.43 -0.25 

Syncc9902_2193 50S ribosomal protein L9 -0.33 -0.33 0.07 

Syncc9902_2195 hypothetical protein -0.98 ND ND 

Syncc9902_2204 hypothetical protein 1.05 1.07 0.27 

Syncc9902_2205 DNA ligase 1.14 ND ND 

Syncc9902_2232 glycine cleavage system aminomethyltransferase T -0.05 -0.43 -0.28 

Syncc9902_2235 CTP synthetase -0.19 -0.02 -0.35 

Syncc9902_2237 3-hydroxyacid dehydrogenase 0.21 0.81 ND 

Syncc9902_2258 hypothetical protein 0.49 ND ND 

Syncc9902_2271 Nitrate transporter -0.67 0.06 -0.10 

Syncc9902_2284 ferredoxin-nitrite reductase -0.42 0.47 -0.14 

Syncc9902_2285 formate and nitrite transporters -0.48 0.56 0.10 

Syncc9902_2292 polyphosphate kinase -0.17 0.03 -0.42 

Syncc9902_2296 bifunctional aconitate hydratase 2/2-
methylisocitrate dehydratase -0.22 0.51 -0.55 

Syncc9902_2301 hypothetical protein Syncc9902_2301 -0.41 ND -0.58 

Syncc9902_2302 D-amino acid oxidase -0.27 0.78 ND 

Syncc9902_2303 molecular chaperone DnaK 2.97 0.14 0.90 

Syncc9902_2310 hypothetical protein Syncc9902_2310 0.29 -1.37 0.20 

Syncc9902_2316 hypothetical protein Syncc9902_2316 0.11 0.06 -0.84 

Syncc9902_2318 DNA repair protein RecN 1.20 ND ND 

Syncc9902_2321 threonine synthase () -0.08 -0.22 0.78 
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APPENDIX 2 

Measuring uptake of three potential osmolytes in response to copper stress in 

Synechococcus sp. strain WH8102 

 

 In response to osmotic shock, many organisms regulate the water potential 

between the cell and the external environment by synthesizing or taking up compatible 

solutes, or osmolytes, which can have a high concentration in the cell without inferring 

with metabolic processes (Reviewed in (1)).  We found evidence of upregulation of 

osmolyte transport in Synechococcus sp. strain WH8102 (WH8102) in response to 

copper stress, with the upregulation of SYNW0229, annotated as a putative glycine 

betaine transporter of the BCCT family (Chapter 1, (2)).  The BCCT (betaine-choline-

carnitine-transporter) family are sodium or proton-coupled transporters  and many of 

characterized members are involved in osmotic stress response (Reviewed in (3)).  

SYNW0229 is well conserved in marine Synechococcus (it is absent in Synechococcus 

WH5701) and is moreover part of a well conserved gene neighborhood in marine 

Synechococcus that includes a putative sarcosine oxidase (SYNW0230) directly 

upstream.  This transporter could potentially take up a number of substrates, but 

glycine betaine is a well characterized osmolyte in marine cyanobacteria and with the 

sarcosine oxidase upstream, sarcosine is another likely option.  In addition, choline is 

another typical substrate of the BCCT family.  Since the gene is induced by copper 

stress we tested uptake of glycine betaine, choline and sarcosine following copper 

addition. 

Methods
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A 1 L batch culture of WH8102 was grown up to mid-exponential phase in 

chelexed SOW media as described in Stuart et al.(2).  30 ml aliquots were placed in 24 

sterile acid washed polycarbonate bottles.  For each of the three radiolabelled uptake 

experiments there were 4 treatment conditions including 2 hour pCu11.1 addition (1 

µM CuEDTA), no-Cu control and 30 min 0.25% glutaraldehyde kill-controls of both 

pCu11.1 addition and no-Cu control.  Each treatment had duplicate biological 

replicates.  To each treatment bottle 10 nM final concentration of either Sarcosine 

[glycine 1-14C] , Choline Chloride [methyl-14C] (ARC, St. Louis, MO), or N,N,N- 

Trimethyl glycine, [methyl-C14] (Moravek Biochemicals Inc., Brea, CA) was added.  

Measurements were taken at  2, 10, 20, 30, 45, and 60 minutes and 2, 3, 4, and 24 

hours.  Measurements were taken by filtering 2 ml of sample onto a 0.45 µm filter and 

then rinsed with 5 ml sterile SOW media.  Filters were then placed in scintiallation 

vials with 15 ml of scintiallation buffer (Ecolyte) and incubated overnight.  The 

radioactivities of the samples were determined using standard scintillation counting 

with quench correction. Counts per minute were converted to dpm and compared to a 

dilution series (e.g., a standard curve) of the stock solution to convert them to molar 

concentrations.  Kill-control measurements were then subtracted from the respective 

sample measurement.   

Results 

We found no significant difference between the no-Cu control and the copper 

addition samples for any of the putative osmolytes.  We can, however, see that glycine 

betaine was taken up to a much higher final concentration and that it was taken up 

more quickly than the other two substrates, indicating there may be a constituitive 
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transporter for glycine betaine in WH8102.  Of the three sarcosine was taken up the 

least.  

 

Figure A2.1 Uptake of glycine betaine, choline and sarcosine following copper stress 
in Synechococcus WH8102. 
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APPENDIX 3 

Seasonal shifts in Synechococcus gene expression 

 Using the Agilent custom expression microarray (see Chapters 4 and 5) we 

compared Synechococcus gene expression from SIO pier RNA samples from April 14 

and May 19 of 2010.  In the April sampling Synechococcus numbers were around 6.0 

x 104 cells/ml, around the height of the seasonal spring Synechococcus bloom that 

year.  By the May sampling Synechococcus numbers were down to 5.5 x 104 cells/ml.  

Nutrient analysis showed that all nutrients tested were had in lower concentrations in 

April except Silicate (Table A3.1). 

Methods 

Seawater was collected using a trace-metal clean pump system from surface 

water from the end of the SIO pier and put into clean 2.8 L polycarbonate bottles.  

Samples were then incubated for 2-8 hours on the pier in flow-through incubator and 

filtered, frozen and RNA extracted as described in Chapter 5.  For the April sample, 

two RNA samples from the 2 hour and two from the 8 hour incubations were 

combined and samples were labelled and hybridized as described in Chapter 4.  For 

the May sample, one RNA sample from the 2 hour incubation was amplified and 

processed as described in Chapter 5.   

Signal intensities were normalized as described in Chapter 5, and log2 fold 

changes calculated between the normalized signal intensities of the May and April 

samples, such that a positive log2 fold change indicates that the transcript abundance 

was higher in May and a negative log2 fold change indicates that the transcript 

abundance was higher in April.  
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Table A3.1 Nutrient analysis results from April and May sampling 

 NO3+NO2 PO4 Sil NO2 NH4 
Date (µmol/L) (µmol/L) (µmol/L) (µmol/L) (µmol/L) 

4/14/10 0.53 0.38 3.7 0.18 0.44 
5/19/10 0.66 0.43 2.4 0.54 2.58 

 

Table A3.2 Transcript abundance of CC9902-based gene probes in May vs. April, 2010.  Positive log2 
fold changes indicate higher abundance in May, negative log2 fold changes indicate higher abundance 
in April 

Gene Name Description 

Log 2 
Fold 
Chg 

Avg 
signal 

Avg 
error 

Syncc9902_1936 
S-adenosylmethionine decarboxylase 
proenzyme 3.24 3146.67 315.33 

Syncc_RF0102 Unknown 3.14 3790.00 379.00 
Syncc9902_2222 putative high light inducible protein 3.03 854.33 86.63 
Syncc9902_1823 hypothetical protein 2.60 3110.00 311.33 
Syncc9902_1666 possible photosystem II Psb27 protein 2.43 734.77 75.07 
Syncc9902_0937 possible muramidase, COG4678 2.38 256.43 28.36 
Syncc9902_1505 hypothetical protein 2.38 173.00 18.90 
Syncc9902_0824 possible high light inducible protein 2.38 1364.00 136.93 
Syncc9902_0023 hypothetical protein 2.33 584.00 59.53 

Syncc9902_0515 
putative ferredoxin-thioredoxin reductase, 
variable chain 2.32 1292.33 129.73 

Syncc9902_0971 hypothetical protein 2.30 98.70 13.37 
Syncc9902_1618 hypothetical protein 2.30 2173.33 217.33 
Syncc9902_0055 50S ribosomal protein L35 2.21 4100.00 410.00 
Syncc9902_1662 possible ferredoxin (2Fe-2S) 2.19 515.00 52.40 
Syncc9902_0613 hypothetical protein 2.15 783.33 79.00 
Syncc9902_0504 ATP synthase subunit B 2.15 3151.67 315.70 
Syncc9902_0300 RNA-binding region RNP-1 2.14 187.67 20.73 

Syncc9902_1979 50S ribosomal protein L17 2.12 
42371.3

3 4237.23 
Syncc9902_0368 possible high light inducible protein 2.12 635.10 65.00 

Syncc9902_1299 Ribosomal protein S15 2.10 
19883.3

3 1988.67 
Syncc9902_1426 hypothetical protein 2.03 2023.33 202.33 
Syncc9902_0486 ATP synthase subunit B 2.01 452.33 46.03 
Syncc9902_1684 Inorganic diphosphatase 2.01 342.00 35.17 

Syncc9902_1894 C-phycoerythrin class II alpha chain 2.00 
28423.3

3 2842.33 
Syncc9902_0722 hypothetical protein 1.99 396.00 40.50 

Syncc9902_0529 Ferredoxin (2Fe-2S) 1.99 
27173.3

3 2717.33 

Syncc9902_0155 hypothetical protein 1.99 
28666.6

7 2866.67 
Syncc9902_1015 hypothetical protein 1.98 140.67 16.30 

Syncc9902_0139 
type II alternative RNA polymerase sigma 
factor, sigma-70 family 1.97 85.26 12.95 
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Table A3.2 (continued) 

Gene Name Description 

Log 2 
Fold 
Chg 

Avg 
signal 

Avg 
error 

Syncc9902_0397 hypothetical protein 1.96 77.23 11.37 

Syncc9902_0314 
two component transcriptional regulator, 
winged helix family 1.95 

11141.3
3 1116.60 

Syncc9902_1671 hypothetical protein 1.94 9053.33 905.33 

Syncc9902_0963 Ribosomal protein S21 1.94 
13820.0

0 1382.00 
Syncc9902_0972 possible beta-carotene ketolase 1.93 104.55 15.59 
Syncc9902_1404 RNA-binding region RNP-1 1.91 710.33 71.93 
Syncc9902_1416 hypothetical protein 1.91 9047.33 906.17 
Syncc9902_0797 fructose-bisphosphate aldolase 1.89 2563.33 256.33 
Syncc9902_0398 hypothetical protein 1.89 540.67 55.17 

Syncc9902_1608 
possible carbon dioxide concentrating 
mechanism protein CcmK 1.86 616.67 62.37 

Syncc9902_1081 50S ribosomal protein L28 1.85 3023.33 302.67 
Syncc9902_1000 possible high light inducible protein 1.85 140.45 17.23 
Syncc9902_2100 Adenylylsulfate kinase 1.81 265.67 27.87 
Syncc9902_1153 50S ribosomal protein L32 1.81 1710.00 171.00 
Syncc9902_2019 30S ribosomal protein S12 1.81 4550.00 455.00 
Syncc9902_0842 hypothetical protein 1.80 220.80 24.44 

Syncc9902_0157 hypothetical protein 1.79 
24424.6

7 2443.23 
Syncc9902_0107 hypothetical protein 1.79 85.31 13.57 
Syncc9902_2143 phosphoglycerate kinase 1.78 361.00 37.37 

Syncc9902_0266 
photosystem II reaction center protein PsbK 
precursor 1.78 1796.67 179.90 

Syncc9902_0484 ATP synthase subunit C 1.77 
14896.6

7 1489.67 
Syncc9902_2165 phage integrase 1.76 294.00 31.27 
Syncc9902_0466 possible acyl carrier protein 1.76 276.00 29.07 

Syncc9902_1862 
possible photosystem II reaction center M 
protein 1.74 226.00 23.90 

Syncc9902_1157 RecJ exonuclease 1.74 325.57 35.50 
Syncc9902_0614 hypothetical protein 1.74 326.00 33.67 
Syncc9902_R004
8 Unknown 1.72 

20900.0
0 2090.00 

Syncc9902_2023 30S ribosomal protein S10 1.72 645.33 65.80 
Syncc9902_0789 Phosphoribulokinase 1.71 2108.67 211.20 
Syncc9902_0324 possible porin 1.69 1071.67 108.43 

Syncc9902_2082 
photosystem II reaction centre N protein 
(psbN) 1.68 1765.00 177.00 

Syncc9902_1493 hypothetical protein 1.67 3016.80 305.17 
Syncc9902_1609 putative carboxysome peptide B 1.67 1019.67 102.47 
Syncc9902_0169 3-oxoacyl-(acyl-carrier-protein) synthase II 1.66 1387.33 139.10 
Syncc9902_0867 hypothetical protein 1.66 189.70 21.60 
Syncc9902_1150 thioredoxin peroxidase 1.66 1107.33 110.93 
Syncc9902_1058 hypothetical protein 1.65 1011.57 98.45 
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Table A3.2 (continued) 

Gene Name Description 

Log 2 
Fold 
Chg 

Avg 
signal 

Avg 
error 

Syncc9902_0764 hypothetical protein 1.65 1195.33 119.90 
Syncc9902_0328 hypothetical protein 1.64 905.33 91.03 
Syncc9902_1954 hypothetical protein 1.63 6296.67 629.67 
Syncc9902_1030 possible high light inducible protein 1.62 121.13 16.17 
Syncc9902_0765 hypothetical protein 1.61 367.00 37.83 
Syncc9902_2193 50S ribosomal protein L9 1.60 554.33 56.07 
Syncc9902_1955 50S ribosomal protein L3 1.60 565.00 57.37 
Syncc9902_2048 hypothetical protein 1.59 198.43 22.30 
Syncc9902_1701 glutamate-1-semialdehyde aminotransferase 1.59 402.67 41.47 

Syncc9902_0482 possible ATP synthase protein 1 1.58 
31076.6

7 3107.67 

Syncc9902_1136 50S ribosomal protein L33 1.58 
15253.3

3 1525.33 
Syncc9902_1585 NifU-like protein 1.58 356.67 36.83 
Syncc9902_0749 ferredoxin--NADP reductase (FNR) 1.58 653.00 65.90 

Syncc9902_1613 Ribulose-bisphosphate carboxylase 1.57 
13346.6

7 1334.67 

Syncc9902_0153 
two component transcriptional regulator, 
winged helix family 1.57 616.00 62.13 

Syncc9902_2057 
Glutamyl-tRNA(Gln) amidotransferase C 
subunit 1.57 519.33 53.70 

Syncc9902_1614 methionine sulfoxide reductase A 1.57 7166.67 716.67 
Syncc9902_0833 hypothetical protein 1.56 350.13 36.73 
Syncc9902_R004
9 Unknown 1.56 

11685.0
0 1168.50 

Syncc9902_1964 30S ribosomal protein S17 1.55 
32651.3

3 3265.33 
Syncc9902_1137 30S ribosomal protein S18 1.54 480.33 49.20 
Syncc9902_1336 hypothetical protein 1.54 2999.33 300.67 
Syncc9902_1743 hypothetical protein 1.54 59.07 10.09 
Syncc_RF0101 Unknown 1.53 1553.00 156.07 
Syncc9902_0170 acyl carrier protein 1.53 1266.67 126.67 
Syncc9902_0485 ATP synthase subunit B 1.52 2683.33 268.33 

Syncc9902_0084 
N-acylneuraminate-9-phosphate synthase( 
EC:2.5.1.56 ) 1.52 64.47 11.50 

Syncc9902_1631 GTP cyclohydrolase I 1.51 181.00 19.83 
Syncc9902_2080 Twin-arginine translocation protein TatA/E 1.51 2944.67 294.80 
Syncc9902_1963 Ribosomal protein L29 1.50 1109.33 111.33 
Syncc9902_1793 30S ribosomal protein S14 1.49 178.17 20.13 
Syncc9902_1014 hypothetical protein 1.48 764.00 77.93 
Syncc9902_1977 30S ribosomal protein S11 1.48 758.67 76.50 
Syncc9902_0475 hypothetical protein 1.48 744.00 74.95 
Syncc9902_1590 30S ribosomal protein S4 1.47 344.23 36.79 
Syncc9902_0377 hypothetical protein 1.47 112.77 14.36 
Syncc9902_1419 hypothetical protein 1.47 584.33 59.00 
Syncc9902_1645 possible methyltransferase 1.46 2693.00 271.01 
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Table A3.2 (continued) 

Gene Name Description 

Log 2 
Fold 
Chg 

Avg 
signal 

Avg 
error 

Syncc9902_0930 Oligopeptidase A 1.46 89.00 12.30 
Syncc9902_2306 Ribosomal protein S6 1.45 1584.33 158.57 

Syncc9902_0048 SqdX 1.45 
78792.6

7 7880.57 
Syncc9902_0054 50S ribosomal protein L20 1.45 214.67 22.25 
Syncc9902_0939 hypothetical protein 1.44 813.33 81.73 
Syncc9902_0038 hypothetical protein 1.44 121.32 20.45 
Syncc9902_1197 hypothetical protein 1.44 124.32 16.04 

Syncc9902_1612 
putative carboxysome structural peptide 
CsoS2 1.43 989.33 99.27 

Syncc9902_2301 hypothetical protein 1.42 300.87 32.00 
Syncc9902_1617 hypothetical protein 1.42 80.10 11.59 
Syncc9902_1266 generic methyl-transferase 1.42 845.07 86.42 
Syncc9902_1053 hypothetical protein 1.41 579.00 58.73 

Syncc9902_0857 hypothetical protein 1.41 
24653.3

3 2466.60 
Syncc9902_1610 putative carboxysome peptide A 1.40 553.33 56.30 

Syncc9902_1911 PBS lyase HEAT-like repeat 1.40 
21913.1

3 2194.20 

Syncc9902_0360 
putative RND family outer membrane efflux 
protein 1.40 97.97 13.80 

Syncc9902_0554 
chloroplast outer envelope membrane 
protein-like 1.39 53.57 10.26 

Syncc9902_1783 
hypothetical protein///50S ribosomal protein 
L34 1.39 266.60 28.97 

Syncc9902_1814 
Photosystem II reaction centre protein 
PsbA/D1 1.38 

237000.
00 

23700.0
0 

Syncc9902_1655 hypothetical protein 1.38 306.33 32.13 
Syncc9902_0708 hypothetical protein 1.37 341.66 37.62 
Syncc9902_0762 hypothetical protein 1.36 414.13 43.55 
Syncc9902_1635 hypothetical protein 1.35 328.00 34.07 
Syncc9902_2044 ATP-sulfurylase 1.35 124.70 15.53 

Syncc9902_0720 Thioredoxin 1.34 
12302.0

0 1230.53 
Syncc9902_0489 ATP synthase subunit C 1.34 328.00 34.03 
Syncc9902_0392 phosphoglucomutase 1.34 96.98 14.04 
Syncc9902_2153 Ribosomal protein L7/L12 1.34 573.67 58.47 
Syncc9902_1572 hypothetical protein 1.33 664.83 68.70 
Syncc9902_0717 cytochrome cM 1.33 1487.33 149.23 
Syncc9902_0916 plastocyanin precursor 1.33 9740.00 974.00 
Syncc9902_1595 hypothetical protein 1.33 175.30 19.63 
Syncc9902_0919 glycogen branching enzyme 1.32 1361.67 146.47 

Syncc9902_0487 
H+-transporting two-sector ATPase, delta 
(OSCP) subunit 1.32 403.00 41.53 

Syncc9902_0980 RNA-binding region RNP-1 1.31 475.00 48.40 
Syncc9902_1952a hypothetical protein 1.31 378.77 40.23 
Syncc9902_0168 transketolase 1.31 137.03 16.10 
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Table A3.2 (continued) 

Gene Name Description 

Log 2 
Fold 
Chg 

Avg 
signal 

Avg 
error 

Syncc9902_0522 hypothetical protein 1.30 154.00 17.80 
Syncc9902_1818 hypothetical protein 1.30 354.67 36.57 
Syncc9902_0583 hypothetical protein 1.30 94.47 14.58 

Syncc9902_1615 carboxysome shell peptide, CsoS1 1.30 
18152.3

3 1815.40 
Syncc9902_0674 hypothetical protein 1.29 1024.00 102.65 

Syncc9902_0049 
sulfolipid (UDP-sulfoquinovose) 
biosynthesis protein 1.29 816.67 82.30 

Syncc9902_1726 hypothetical protein 1.29 430.00 43.90 
Syncc9902_R004
6 Unknown 1.28 

728333.
33 

72833.3
3 

Syncc9902_1867 30S ribosomal protein S1 1.28 168.27 20.00 
Syncc9902_0387 possible protein phosphatase 2C 1.28 1526.20 154.32 
Syncc_RF0099 Unknown 1.28 9150.00 915.00 
Syncc9902_1971 30S ribosomal protein S5 1.28 1852.00 185.70 
Syncc9902_1060 hypothetical protein 1.27 202.50 21.65 
Syncc9902_1632 short chain dehydrogenase 1.27 1169.00 117.80 
Syncc9902_2025 probable sterol-C-methyltransferase 1.26 1120.77 128.81 
Syncc9902_R005
1 Unknown 1.26 

722000.
00 

72200.0
0 

Syncc9902_0376 hypothetical protein 1.26 
26152.9

0 2617.07 
Syncc9902_1088 hypothetical protein 1.25 237.57 26.92 
Syncc9902_0137 glutathione peroxidase 1.25 202.20 25.53 
Syncc9902_0228 photosystem II stability/assembly factor-like 1.25 563.07 57.60 
Syncc9902_1982 30S ribosomal protein S9 1.25 564.67 57.07 
Syncc9902_1679 hypothetical protein 1.25 126.67 15.30 
Syncc9902_1291 putative SOS mutagenesis protein UmuD 1.25 184.93 21.83 
Syncc9902_0563 hypothetical protein 1.24 153.33 17.53 

Syncc9902_0026 
Glyceraldehyde-3-phosphate dehydrogenase, 
type I 1.24 1203.33 120.57 

Syncc9902_2155 50S ribosomal protein L1 1.23 
22631.1

7 2264.94 

Syncc9902_2180 flavoprotein 1.22 
42469.0

0 4247.93 
Syncc9902_R004
7 Unknown 1.22 

305333.
33 

30533.3
3 

Syncc9902_0705 possible SufE protein 1.22 3848.00 385.60 
Syncc9902_2084 photosystem II reaction center I protein PsbI 1.22 4015.50 401.75 
Syncc9902_2092 hypothetical protein 1.21 201.53 22.83 

Syncc9902_2081 photosystem II reaction center protein PsbH 1.21 
21532.0

0 2153.60 
Syncc9902_0818 hypothetical protein 1.20 900.67 90.90 
Syncc9902_1164 hypothetical protein 1.20 1493.57 151.11 
Syncc9902_0453 hypothetical protein 1.19 180.30 20.87 

Syncc9902_0606 
DNA-directed RNA polymerase gamma 
chain 1.19 428.00 43.77 
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Table A3.2 (continued) 

Gene Name Description 

Log 2 
Fold 
Chg 

Avg 
signal 

Avg 
error 

Syncc9902_0315 ATPase 1.19 4120.73 451.29 
Syncc9902_0662 dihydrolipoamide acetyltransferase 1.19 264.33 27.90 
Syncc9902_0037 hypothetical protein 1.19 766.00 77.20 
Syncc9902_2225 hypothetical protein 1.19 309.63 40.64 

Syncc9902_0943 
Photosystem II reaction centre protein 
PsbA/D1 1.19 

231666.
67 

23166.6
7 

Syncc9902_1273 
putative photosystem II reaction center 
Psb28 protein 1.18 921.00 92.40 

Syncc9902_2191 Stearoyl-CoA 9-desaturase 1.18 1463.33 146.90 

Syncc9902_0289 
putative sugar-phosphate nucleotidyl 
transferase 1.18 136.30 16.73 

Syncc9902_1148 Peptidoglycan-binding LysM 1.18 245.90 27.50 
Syncc9902_1303 hypothetical protein 1.18 517.67 52.43 
Syncc9902_2171 Nucleoside-diphosphate kinase 1.18 357.67 36.73 
Syncc9902_0045 hypothetical protein 1.17 239.13 27.28 
Syncc9902_0506 chaperonin GroEL 1.17 439.67 45.30 
Syncc9902_1229 GlpX 1.17 1400.33 140.80 

Syncc9902_0703 hypothetical protein 1.17 
40000.6

7 4000.87 
Syncc9902_1415 Phospholipid/glycerol acyltransferase 1.16 4147.67 415.43 

Syncc9902_2107 
two component transcriptional regulator, 
LuxR family 1.16 318.60 33.80 

Syncc9902_1242 Sulfite reductase, ferredoxin dependent 1.16 109.50 14.05 
Syncc9902_1698 hypothetical protein 1.15 2505.33 251.23 
Syncc9902_1737 Precorrin-4 C11-methyltransferase region 1.15 155.72 19.57 

Syncc_RF0098 Unknown 1.15 
60666.6

7 6066.67 
Syncc9902_1311 Methionine sulfoxide reductase A 1.15 466.00 47.43 
Syncc9902_0111 probable glycosyltransferase 1.15 60.17 10.50 

Syncc9902_1420 
two component transcriptional regulator, 
winged helix family 1.15 483.67 50.37 

Syncc9902_1196 hypothetical protein 1.15 909.00 91.27 

Syncc9902_0689 
1-deoxy-D-xylulose 5-phosphate 
reductoisomerase 1.15 231.10 25.40 

Syncc9902_2186 hypothetical protein 1.14 295.67 30.97 
Syncc9902_0929 lipase family protein 1.14 113.53 16.56 
Syncc9902_0676 hypothetical protein 1.14 283.67 29.80 
Syncc9902_0423 Methionine sulfoxide reductase B 1.13 456.00 46.40 
Syncc9902_1939 hypothetical protein 1.13 72.63 11.28 
Syncc9902_1917 hypothetical protein 1.13 87.07 12.40 

Syncc9902_0403 
ferredoxin thioredoxin reductase, catalytic 
beta chain 1.13 296.00 30.80 

Syncc9902_0900 hypothetical protein 1.12 140.27 17.29 
Syncc9902_0957 membrane protein 1.12 355.67 37.23 
Syncc9902_0607 DNA-directed RNA polymerase beta' subunit 1.12 408.00 42.47 
Syncc9902_1187 hypothetical protein 1.11 487.00 49.53 
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Table A3.2 (continued) 

Gene Name Description 

Log 2 
Fold 
Chg 

Avg 
signal 

Avg 
error 

Syncc9902_1236 GTP-binding protein TypA 1.11 103.20 13.69 
Syncc9902_0103 riboflavin synthase subunit beta 1.11 666.13 70.73 
Syncc9902_0779 hypothetical protein 1.11 254.97 28.43 
Syncc9902_0094 hypothetical protein 1.11 83.27 16.13 
Syncc9902_2312 hypothetical protein 1.10 855.33 86.30 
Syncc9902_0770 hypothetical protein 1.10 334.67 34.90 

Syncc9902_0305 
Malonyl CoA-acyl carrier protein 
transacylase 1.10 106.52 15.58 

Syncc9902_1759 hypothetical protein 1.10 388.33 40.03 
Syncc9902_0505 co-chaperonin GroES 1.09 538.33 54.53 

Syncc9902_1400 
putative photosystem II oxygen-evolving 
complex 23K protein PsbP 1.09 3416.67 341.67 

Syncc9902_1915 Rare lipoprotein A 1.09 171.33 19.03 
Syncc9902_0594 transcription elongation factor NusA 1.09 69.60 10.63 
Syncc9902_0530 hypothetical protein 1.09 227.97 24.53 
Syncc9902_0069 hypothetical protein 1.08 110.03 14.30 
Syncc9902_1972 50S ribosomal protein L15 1.08 723.00 72.70 

Syncc9902_1975 Ribosomal protein L36 1.08 
17650.0

0 1765.00 
Syncc9902_2303 molecular chaperone DnaK 1.08 315.67 33.10 
Syncc9902_0343 putative glutathione S-transferase 1.08 302.33 31.90 
Syncc9902_0019 Heat shock protein DnaJ 1.07 71.93 12.09 
Syncc9902_0573 hypothetical protein 1.07 203.53 22.90 
Syncc9902_1877 hypothetical protein 1.07 189.67 21.10 
Syncc9902_1124 hypothetical protein 1.06 1402.00 141.10 
Syncc9902_1325 Carboxylyase-related protein 1.06 9423.00 981.53 
Syncc9902_0546 Ribosomal protein L21 1.06 4010.00 401.00 
Syncc9902_0596 hypothetical protein 1.05 122.23 15.70 
Syncc9902_1664 hypothetical protein 1.05 228.33 24.20 
Syncc9902_1978 50S ribosomal protein L17 1.05 355.00 36.97 
Syncc9902_0537 hypothetical protein 1.05 695.33 70.53 
Syncc9902_2156 Ribosomal protein L11 1.05 2980.00 298.67 
Syncc9902_0265 Glycosyl transferase WecB/TagA/CpsF 1.05 2746.13 276.43 

Syncc9902_1218 putative cobalamin synthesis protein 1.05 
39115.0

0 3912.83 
Syncc9902_0603 30S ribosomal protein S20 1.05 312.33 32.50 
Syncc9902_0334 HesB/YadR/YfhF 1.04 3993.67 399.73 

Syncc9902_1983 50S ribosomal protein L31 1.04 
14966.3

3 1496.73 
Syncc9902_0347 6-pyruvoyltetrahydropterin synthase 1.04 2109.00 211.40 
Syncc9902_2232 Glycine cleavage system T protein 1.04 91.87 12.75 
Syncc9902_0902 hypothetical protein 1.04 1231.67 123.37 
Syncc9902_1943 hypothetical protein 1.04 61.07 10.43 
Syncc9902_1960 Ribosomal protein L22 1.03 3153.33 315.33 
Syncc9902_1230 ribulose-phosphate 3-epimerase 1.03 716.33 72.30 
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Table A3.2 (continued) 

Gene Name Description 

Log 2 
Fold 
Chg 

Avg 
signal 

Avg 
error 

Syncc9902_1544 cell division protein FtsZ 1.03 175.00 19.37 
Syncc9902_0681 hypothetical protein 1.02 786.33 79.73 
Syncc9902_2154 50S ribosomal protein L10 1.02 2465.33 246.70 

Syncc9902_1611 
putative carboxysome shell polypeptide 
CsoS3 1.02 305.33 31.87 

Syncc9902_1668 putative carbohydrate kinase, PfkB family 1.02 149.81 18.86 

Syncc9902_0519 
DNA-directed RNA polymerase omega 
subunit 1.01 216.33 23.40 

Syncc9902_0958 esterase/lipase/thioesterase family active site 1.01 85.93 11.77 
Syncc9902_0352 putative multidrug efflux MFS transporter 1.00 1531.67 153.97 
Syncc9902_0521 hypothetical protein 1.00 170.33 19.27 
Syncc9902_1463 hypothetical protein 1.00 793.50 80.90 
Syncc9902_0104 TPR repeat 1.00 331.17 36.14 
Syncc9902_2127 possible diacylglycerol kinase 1.00 428.00 43.53 
Syncc9902_0627 DEAD/DEAH box helicase-like -1.00 58.30 10.56 
Syncc9902_1841 hypothetical protein -1.01 71.33 12.24 
Syncc9902_0577 Alpha amylase, catalytic subdomain -1.01 109.23 13.93 
Syncc9902_0752 hypothetical protein -1.01 71.86 11.72 
Syncc9902_0659 Lipoate-protein ligase B -1.01 119.20 14.99 
Syncc9902_1018 hypothetical protein -1.01 73.20 12.44 
Syncc9902_1692 putative iron ABC transporter -1.01 227.27 26.70 
Syncc9902_1554 hypothetical protein -1.01 1754.33 215.73 
Syncc9902_1529 indole-3-glycerol-phosphate synthase -1.01 83.63 12.40 
Syncc9902_0896 tryptophan synthase subunit alpha -1.01 81.59 13.12 
Syncc9902_1764 hypothetical protein -1.01 334.60 35.17 
Syncc9902_1822 ATPase -1.02 97368.0 9740.40 
Syncc9902_2138 hypothetical protein -1.02 73.23 11.71 
Syncc9902_0687 hypothetical protein -1.03 130.80 16.30 
Syncc9902_1356 pterin-4-alpha-carbinolamine dehydratase -1.03 4914.00 492.67 

Syncc9902_0011 
Cell division transporter substrate-binding 
protein FtsY -1.03 51.00 9.94 

Syncc9902_1762 hypothetical protein -1.03 253.00 26.77 
Syncc9902_2124 peptide chain release factor 2 -1.03 150.30 18.53 

Syncc9902_0003 
phosphoribosylformylglycinamidine 
synthase subunit II -1.03 64.17 10.14 

Syncc9902_2253 urease accessory protein E -1.03 194.17 21.86 
Syncc9902_1042 exonuclease -1.04 163.03 19.94 

Syncc9902_0631 
possible ABC transporter involved in 
polysaccharide efflux -1.04 95.62 13.58 

Syncc9902_1254 possible Zn-dependent peptidase -1.04 144.10 17.70 

Syncc9902_1906 
15,16 dihydrobiliverdin:ferredoxin 
oxidoreductase -1.04 218.83 24.13 

Syncc9902_0807 hypothetical protein -1.05 133.64 18.66 
Syncc9902_1751 ATPase -1.05 128.07 16.39 
Syncc9902_1874 hypothetical protein -1.05 55.80 10.62 
Syncc9902_1761 hypothetical protein -1.05 54.91 10.57 
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Syncc9902_1051 lactose transport system permease protein -1.05 88.80 13.48 
Syncc9902_0346 shikimate kinase -1.06 108.00 14.76 
Syncc9902_2196 transcriptional regulator, AraC family -1.06 495.40 52.07 
Syncc9902_1879 hypothetical protein -1.06 67.30 10.88 
Syncc9902_0364 hypothetical protein -1.06 157.00 17.80 
Syncc9902_2190 hypothetical protein -1.06 374.73 40.01 
Syncc9902_1497 hypothetical protein -1.06 1565.03 183.84 
Syncc9902_0359 possible Fe-S oxidoreductase -1.06 234.33 25.03 
Syncc9902_1453 hypothetical protein -1.07 59.14 10.69 

Syncc9902_0733 Protein of unknown function DUF77 -1.07 
15451.3

3 1545.43 
Syncc9902_2066 hypothetical protein -1.07 55.47 10.22 
Syncc9902_1381 hypothetical protein -1.07 54.33 10.61 
Syncc9902_1500 hypothetical protein -1.07 475.00 48.87 

Syncc9902_0742 
possible cytochrome c biogenesis protein 
trans -1.07 233.47 25.56 

Syncc9902_1831 putative sulfate transporter -1.07 120.90 15.52 
Syncc9902_1287 hypothetical protein -1.08 147.53 17.49 
Syncc9902_1040 DNA ligase -1.08 111.80 14.02 
Syncc9902_1892 CpeY-like -1.08 97.17 12.30 

Syncc9902_0686 
putative nicotinamide nucleotide 
transhydrogenase, subunit beta -1.08 241.57 27.76 

Syncc9902_0741 exodeoxyribonuclease V -1.08 126.67 15.48 
Syncc9902_2175 DEAD/DEAH box helicase-like -1.08 88.53 12.39 
Syncc9902_2243 Alpha amylase, catalytic subdomain -1.09 200.17 25.45 
Syncc9902_0542 Protein of unknown function DUF28 -1.09 145.27 17.21 
Syncc9902_1347 hypothetical protein -1.09 62.16 11.05 
Syncc9902_0114 TPR repeat -1.10 55.27 10.24 
Syncc9902_1045 putative transcripton factor -1.10 91.03 12.84 
Syncc9902_1322 N-acetylmuramoyl-L-alanine amidase -1.10 65.23 10.78 
Syncc9902_0260 Orotate phosphoribosyl transferase -1.10 85.17 11.93 

Syncc9902_0385 putative transcriptional acitvator, Baf -1.11 
36881.2

0 3690.20 

Syncc9902_1742 
2-C-methyl-D-erythritol 4-phosphate 
cytidylyltransferase -1.11 97.57 13.63 

Syncc9902_1903 C-phycoerythrin class I beta chain -1.11 
36200.0

0 3620.00 
Syncc9902_1772 peptidase family M23/M37 -1.11 54.77 10.01 
Syncc9902_0118 hemolysin secretion protein-like -1.11 99.72 13.84 
Syncc9902_2238 ExsB -1.12 118.27 15.93 
Syncc9902_1681 hypothetical protein -1.12 97.70 13.97 

Syncc9902_0651 
methionine salvage pathway enzyme E-2/E-
2' -like -1.12 

179708.
40 

17973.5
4 

Syncc9902_1623 protochlorophyllide oxidoreductase -1.12 240.17 25.70 
Syncc9902_1017 NUDIX family protein -1.12 58.47 10.10 
Syncc9902_0384 phosphoadenosine phosphosulfate reductase -1.13 993.33 100.93 
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Syncc9902_2273 hypothetical protein -1.13 237.33 30.73 
Syncc9902_1769 histidine kinase -1.13 113.77 15.15 
Syncc9902_0474 cell division protein FtsW -1.14 1364.67 154.83 
Syncc9902_0673 tRNA (guanine-N(2)-)-methyltransferase -1.14 122.47 16.56 
Syncc9902_0320 hypothetical protein -1.15 114.17 14.20 
Syncc9902_1348 hypothetical protein -1.16 511.33 53.40 
Syncc9902_0564 hypothetical protein -1.16 176.57 20.03 
Syncc9902_1890 hypothetical protein -1.16 81.47 12.07 
Syncc9902_0036 hypothetical protein -1.16 651.33 66.20 
Syncc9902_0611 hypothetical protein -1.17 141.90 17.25 
Syncc9902_1824 Small GTP-binding protein domain -1.18 51.23 9.68 

Syncc9902_2288 hypothetical protein -1.18 
13918.3

0 1394.75 
Syncc9902_2110 hypothetical protein -1.19 1226.73 124.90 

Syncc9902_0237 
7, 8-Dihydro-6-hydroxymethylpterin-
pyrophosphokinase, HPPK -1.19 174.57 19.88 

Syncc9902_0968 hypothetical protein -1.19 100.48 13.80 
Syncc9902_1774 aminotransferase -1.20 74.60 11.86 
Syncc9902_2282 Uroporphyrin-III C-methyltransferase-like -1.21 121.23 16.37 
Syncc9902_2141 Pseudouridine synthase, RluD -1.21 146.36 18.58 

Syncc9902_2252 
urease accessory protein F///Urease 
accessory protein UreG -1.21 74.98 11.73 

Syncc9902_0876 hypothetical protein -1.21 2005.00 200.50 
Syncc9902_1437 hypothetical protein -1.22 115.63 15.51 
Syncc9902_1935 RecF protein -1.22 89.00 12.40 
Syncc9902_1629 hypothetical protein -1.23 97.43 13.41 
Syncc9902_0582 hypothetical protein -1.23 55.63 10.84 

Syncc9902_0803 
small mechanosensitive ion channel, MscS 
family -1.23 88.97 12.22 

Syncc9902_1721 hypothetical protein -1.23 118.00 15.45 
Syncc9902_0810 hypothetical protein -1.23 369.00 37.87 
Syncc9902_0276 Ammonium transporter -1.23 524.00 53.23 
Syncc9902_1813 possible pfkB family carbohydrate kinase -1.24 87.07 12.08 
Syncc9902_0178 possible potassium channel, VIC family -1.24 52.67 10.32 
Syncc9902_1070 hypothetical protein -1.24 970.33 97.83 
Syncc9902_0639 hypothetical protein -1.25 81.40 12.16 
Syncc9902_1472 hypothetical protein -1.25 111.73 16.04 
Syncc9902_2106 probable pseudouridine synthase -1.25 81.33 12.37 
Syncc9902_0285 hypothetical protein -1.25 136.97 16.10 
Syncc9902_0711 hypothetical protein -1.25 1367.77 139.13 
Syncc9902_0806 hypothetical protein -1.25 437.52 46.80 
Syncc9902_1039 DEAD/DEAH box helicase-like -1.26 2385.13 291.26 
Syncc9902_1682 hypothetical protein -1.26 51.93 9.70 

Syncc9902_0058 DNA-directed DNA polymerase -1.26 5283.93 530.99 
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Syncc9902_0742
CorrectedStart, 

possible cytochrome c biogenesis protein 
trans -1.26 234.67 24.90 

Syncc9902_0428 hypothetical protein -1.26 165.67 18.50 
Syncc9902_0984 hypothetical protein -1.26 60.00 11.35 
Syncc9902_1795 CysQ protein-like -1.26 332.87 35.23 

Syncc9902_0308 
two component transcriptional regulator, 
winged helix family -1.26 1199.67 120.50 

Syncc9902_0278 Virulence factor MVIN-like -1.27 58.43 9.97 
Syncc9902_1049 hypothetical protein -1.27 323.00 33.50 
Syncc9902_1821 hypothetical protein -1.27 184.67 20.30 
Syncc9902_0989 hypothetical protein -1.27 321.33 33.33 
Syncc9902_2028 Ribonuclease H( EC:3.1.26.4 ) -1.27 97.10 12.93 
Syncc9902_1118 hypothetical protein -1.27 235.00 25.30 
Syncc9902_1816 GCN5-related N-acetyltransferase -1.29 54.20 10.32 
Syncc9902_1161 RNA binding S1 -1.29 72.68 11.84 
Syncc9902_1272 Rhodanese-like -1.29 231.77 29.79 

Syncc9902_1895 
C-phycoerythrin class II gamma chain, linker 
polypeptide -1.30 428.73 44.73 

Syncc9902_0802 hypothetical protein -1.31 414.23 44.19 
Syncc9902_0664 Cysteine synthase K/M/A -1.31 320.00 33.17 
Syncc9902_1129 possible ATP adenylyltransferase -1.31 143.40 23.47 
Syncc9902_0549 circadian clock protein KaiC -1.32 5179.78 521.84 
Syncc9902_1074 hypothetical protein -1.32 66.90 10.46 
Syncc9902_0372 PDZ/DHR/GLGF -1.32 476.33 48.90 
Syncc9902_1026 hypothetical protein -1.32 7020.00 702.00 
Syncc9902_0881 ATPase -1.32 90.67 12.42 
Syncc9902_1627 hypothetical protein -1.32 389.67 40.17 
Syncc9902_2206 hypothetical protein -1.33 61.12 11.77 

Syncc9902_1995 Photosystem I psaA -1.33 
22053.3

3 2205.67 
Syncc9902_0956 hypothetical protein -1.34 88.87 13.10 
Syncc9902_0827 cobaltochelatase -1.34 123.80 15.23 
Syncc9902_2254 urease accessory protein D -1.34 144.97 17.81 
Syncc9902_2251 Urease accessory protein UreG -1.35 52.03 10.27 
Syncc9902_1258 Peptidase A8, signal peptidase II -1.35 514.37 53.83 
Syncc9902_0060 Peptidase, metallopeptidase -1.35 66.90 11.24 
Syncc9902_1019 hypothetical protein -1.36 165.30 19.73 
Syncc9902_0032 hypothetical protein -1.36 275.63 29.87 
Syncc9902_2281 Molybdopterin binding domain -1.36 593.17 80.42 
Syncc9902_2114 hypothetical protein -1.36 522.93 55.42 
Syncc9902_2090 putative glycosyltransferase -1.37 307.67 32.20 
Syncc9902_0707 hypothetical protein -1.37 176.43 20.00 
Syncc9902_1898 putative bilin biosynthesis protein (CpeY) -1.37 55.23 10.51 
Syncc9902_1354 hypothetical protein -1.37 128.73 16.74 
Syncc9902_2078 hypothetical protein -1.37 128.10 15.70 
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Syncc9902_2216 hypothetical protein -1.38 64.47 10.61 
Syncc9902_1878 hypothetical protein -1.39 91.80 13.97 
Syncc9902_1693 hypothetical protein -1.39 179.33 20.00 
Syncc9902_0652 hypothetical protein -1.40 51.41 10.05 
Syncc9902_2210 putative multidrug efflux ABC transporter -1.40 309.50 33.27 
Syncc9902_0455 putative sulfotransferase protein -1.40 60.14 10.71 
Syncc9902_0493 hypothetical protein -1.40 190.33 21.07 
Syncc9902_0852 possible AEC transporter family -1.40 862.03 89.14 

Syncc9902_0135 
integral membrane protein possibly involved 
in chromosome condensation -1.41 1221.73 124.63 

Syncc9902_0321 hypothetical protein -1.41 76.20 11.25 
Syncc9902_0977 hypothetical protein -1.41 163.97 18.77 
Syncc9902_1008 Ferredoxin (2Fe-2S) -1.42 128.00 15.37 

Syncc9902_0071 aspartate kinase -1.43 
25317.6

7 2531.90 
Syncc9902_0448 DEAD/DEAH box helicase-like -1.44 220.00 24.07 
Syncc9902_1859 SMF protein -1.44 59.29 10.85 
Syncc9902_0349 hypothetical protein -1.44 81.80 12.04 
Syncc9902_2134 arginyl-tRNA synthetase -1.45 864.17 99.47 
Syncc9902_1457 hypothetical protein -1.45 151.67 17.33 
Syncc9902_1046 hypothetical protein -1.46 117.03 15.85 
Syncc9902_1780 SMR family transporter-like -1.46 145.33 16.80 
Syncc9902_1594 Maf-like protein -1.47 108.73 13.73 

Syncc9902_1282 
4-diphosphocytidyl-2C-methyl-D-erythritol 
kinase -1.47 52.23 10.14 

Syncc9902_0697 hypothetical protein -1.48 768.70 88.56 

Syncc9902_1052 
Phosphoribosylaminoimidazole carboxylase, 
ATPase subunit -1.48 269.33 28.73 

Syncc9902_0855 Homoserine O-succinyltransferase -1.48 574.13 78.46 
Syncc9902_0625 sodium/bile acid cotransporter family -1.48 174.40 19.57 
Syncc9902_1560 ComEC/Rec2-related protein -1.49 62.53 10.37 

Syncc9902_2119 
1,4-dihydroxy-2-naphthoate 
octaprenyltransferase -1.50 222.97 24.68 

Syncc9902_1431 
P-loop ATPase and inactivated derivatives-
like -1.50 855.27 99.77 

Syncc9902_0125 hypothetical protein -1.50 777.19 81.95 
Syncc9902_1496 NHL repeat -1.51 94.97 13.74 
Syncc9902_2299 hypothetical protein -1.52 342.00 35.50 
Syncc9902_0979 transcriptional regulator, LuxR family -1.52 108.13 13.63 
Syncc9902_1699 Exodeoxyribonuclease III xth -1.54 52.25 9.87 
Syncc9902_1528 hypothetical protein -1.54 214.70 24.74 
Syncc9902_1193 hypothetical protein -1.55 122.50 14.77 
Syncc9902_1231 possible heme transporter -1.55 123.70 14.90 
Syncc9902_0192 putative glycosyl transferase family protein -1.55 118.83 14.40 

Syncc9902_1216 
possible light-dependent protochlorophyllide 
oxido-reductase -1.56 62.93 10.73 
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Syncc9902_1238 putative carboxypeptidase -1.56 129.17 15.72 
Syncc9902_0390 Hydrophobe/amphiphile efflux-1 HAE1 -1.56 52.37 9.49 
Syncc9902_1035 hypothetical protein -1.56 103.57 13.53 
Syncc9902_1722 hypothetical protein -1.57 85.43 12.07 
Syncc9902_1024 hypothetical protein -1.57 1740.07 211.20 
Syncc9902_1899 hypothetical protein -1.57 720.67 72.53 
Syncc9902_1365 ATPase -1.57 127.00 16.35 

Syncc9902_0096 
spore coat polysaccharide biosynthesis 
protein spsC -1.57 70.33 12.71 

Syncc9902_1834 Alpha amylase, catalytic subdomain -1.58 625.27 64.73 

Syncc9902_2234 
possible type II alternative RNA polymerase 
sigma factor -1.59 488.97 58.86 

Syncc9902_2062 hypothetical protein -1.60 1912.50 193.00 
Syncc9902_1812 salt-stress induced hydrophobic peptide -1.60 111.07 16.09 
Syncc9902_0548 circadian clock protein KaiB -1.61 117.57 15.75 
Syncc9902_0946 putative redox protein -1.62 459.13 49.04 
Syncc9902_0447 nuclease (SNase-like) -1.62 65.40 11.08 

Syncc9902_1013 
ABC transporter component, possibly Mn 
transport -1.64 77.87 12.02 

Syncc9902_1650 Geranylgeranyl reductase -1.65 179.47 20.30 
Syncc9902_1837 Alpha amylase, catalytic subdomain -1.65 68.13 11.05 
Syncc9902_0945 hypothetical protein -1.65 214.67 23.40 
Syncc9902_0329 putative Na+/H+ antiporter, CPA1 family -1.65 205.84 23.50 

Syncc9902_1452 hypothetical protein -1.66 
16306.6

3 1634.00 
Syncc9902_0760 hypothetical protein -1.67 3815.43 383.77 
Syncc9902_0311 Copper-translocating P-type ATPase -1.68 118.97 14.63 
Syncc9902_1203 hypothetical protein -1.68 69.40 10.77 
Syncc9902_0878 ATPase -1.69 62.80 10.33 
Syncc9902_2279 molybdenum cofactor biosynthesis protein E -1.69 107.23 14.59 
Syncc9902_1873 hypothetical protein -1.70 55.43 10.04 

Syncc9902_1620 
light-independent protochlorophyllide 
reductase subunit B -1.71 86.47 13.31 

Syncc9902_0444 hypothetical protein -1.73 95.03 12.66 

Syncc9902_1991 photosystem I subunit VIII (PsaI) -1.73 
47000.0

0 4700.00 
Syncc9902_1656 possible membrane associated protease -1.74 50.03 9.62 

Syncc9902_1007 
possible phosphoribulokinase/uridine kinase 
family protein -1.74 59.04 10.58 

Syncc9902_1225 6-phosphogluconolactonase -1.75 54.90 9.65 
Syncc9902_0796 Fructose-bisphosphate aldolase -1.75 181.03 21.11 
Syncc9902_2113 hypothetical protein -1.75 119.93 14.77 
Syncc9902_0663 queuosine biosynthesis protein -1.76 97.37 13.87 

Syncc9902_2250 
putative urea ABC transporter, urea binding 
protein -1.76 81.00 12.74 

Syncc9902_1021 hypothetical protein -1.77 95.37 13.05 
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Syncc9902_0441 hypothetical protein -1.78 96.10 14.14 

Syncc9902_0848 
Amino acid ABC transporter, permease 
protein, 3-TM region, His/Glu/Gln/Arg/opine -1.78 369.33 38.80 

Syncc9902_1115 excinuclease ABC subunit C -1.79 53.84 10.47 
Syncc9902_1566 hypothetical protein -1.80 81.64 12.60 
Syncc9902_1362 hypothetical protein -1.81 80.47 11.59 
Syncc9902_0076 hypothetical protein -1.81 292.33 30.30 

Syncc9902_1619 
light-independent protochlorophyllide 
reductase subunit N -1.85 71.91 11.87 

Syncc9902_0987 hypothetical protein -1.86 153.10 17.94 
Syncc9902_1204 hypothetical protein -1.86 53.87 10.15 
Syncc9902_1353 metal-binding protein-like -1.88 65.80 10.92 
Syncc9902_0363 serum resistance locus BrkB-like -1.89 125.24 17.81 
Syncc9902_1805 hypothetical protein -1.90 161.20 19.53 
Syncc9902_0463 possible polysaccharide export protein -1.91 61.70 10.90 
Syncc9902_0947 hypothetical protein -1.92 60.43 11.37 

Syncc9902_1593 
possible mechanosensitive ion channel, 
MscS family -1.92 63.40 10.81 

Syncc9902_2262 hypothetical protein -1.92 114.17 15.16 
Syncc9902_1310 putative regulator -1.95 1203.00 120.90 
Syncc9902_0350 hypothetical protein -1.96 80.20 11.97 
Syncc9902_1226 6-phosphogluconate dehydrogenase -1.96 77.17 11.27 
Syncc9902_1807 hypothetical protein -1.97 246.50 26.45 

Syncc9902_2002 
putative iron ABC transporter, substrate 
binding protein -1.97 234.67 25.60 

Syncc9902_1756 possible cytochrome c oxidase subunit III -1.97 99.73 13.23 
Syncc9902_0514 pyrimidine regulatory protein PyrR -1.98 240.67 25.77 
Syncc9902_2111 methyltransferase -1.99 170.00 19.13 
Syncc9902_1350 hypothetical protein -2.00 88.45 12.89 

Syncc9902_1621 
Light-independent protochlorophyllide 
reductase, iron-sulfur ATP-binding protein -2.02 418.00 42.93 

Syncc9902_1790 hypothetical protein -2.02 1387.00 139.45 
Syncc9902_0151 hypothetical protein -2.03 109.30 14.55 

Syncc9902_0690 
putative sodium-dependent transporter, NSS 
family -2.03 313.00 33.07 

Syncc9902_1214 hypothetical protein -2.03 131.20 18.10 
Syncc9902_1185 putative phosphonate ABC transporter -2.04 161.13 19.65 
Syncc9902_1358 5-oxoprolinase (ATP-hydrolyzing) -2.05 67.21 11.56 
Syncc9902_1357 hypothetical protein -2.07 87.87 12.71 
Syncc9902_2089 Competence-damaged protein -2.08 1966.67 199.94 
Syncc9902_0948 hypothetical protein -2.10 91.05 13.96 
Syncc9902_2246 ATPase -2.10 51.03 9.89 

Syncc9902_2283 
possible DNA mismatch repair proteins, 
MutS  -2.12 56.30 9.96 

Syncc9902_0396 Phospholipase D/Transphosphatidylase -2.15 1349.20 145.11 
Syncc9902_0995 putative hydrolase transmembrane protein -2.15 82.80 11.85 
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Syncc9902_2201 hypothetical protein -2.18 248.43 28.12 

Syncc9902_1005 
chlorophyll a/b binding light harvesting 
protein PcbD -2.18 123.73 14.90 

Syncc9902_1994 Photosystem I psaB -2.19 3036.67 303.67 
Syncc9902_1212 hypothetical protein -2.21 66.03 10.79 

Syncc9902_1564 hypothetical protein -2.21 
34016.8

0 3406.07 
Syncc9902_2200 hypothetical protein -2.24 272.33 28.50 
Syncc9902_1093 Heat shock protein DnaJ-like -2.25 92.17 13.24 

Syncc9902_0610 
sodium:solute symporter family, possibly 
glucose transporter -2.26 887.83 99.66 

Syncc9902_0013 argininosuccinate lyase -2.30 344.62 38.44 
Syncc9902_0696 hypothetical protein -2.31 83.50 12.33 
Syncc9902_1567 transcriptional regulator, AraC family -2.32 84.77 12.69 
Syncc9902_0443 hypothetical protein -2.33 97.10 13.37 

Syncc9902_2263 
sodium:solute transporter family, possible 
urea transporter -2.34 205.75 24.61 

Syncc9902_2102 hypothetical protein -2.35 126.23 15.83 
Syncc9902_2249 putative urea ABC transporter -2.35 888.00 89.80 

Syncc9902_2270 
molybdopterin-guanine dinucleotide 
biosynthesis protein A -2.36 148.90 19.38 

Syncc9902_2280 molydbenum cofactor biosynthesis protein D -2.40 4434.67 444.87 
Syncc9902_0589 hypothetical protein -2.41 112.63 13.87 

Syncc9902_2179 
conserved hypothetical putative integral 
membrane protein -2.42 1270.33 127.73 

Syncc9902_0268 Cobalamin-5-phosphate synthase CobS -2.42 121.97 15.20 
Syncc9902_0991 putative glycosyltransferase family 2 -2.43 75.53 11.87 
Syncc9902_1568 PBS lyase HEAT-like repeat -2.43 75.08 12.33 
Syncc9902_2260 Asparagine synthase, glutamine-hydrolyzing -2.43 102.10 13.74 
Syncc9902_1244 ATP-dependent DNA helicase RecG -2.48 154.57 18.18 
Syncc9902_2265 hypothetical protein -2.49 55.15 11.09 
Syncc9902_1559 GAF -2.52 55.06 10.93 
Syncc9902_0439 plastoquinol terminal oxidase -2.55 63.37 10.87 
Syncc9902_2005 hypothetical protein -2.64 53.17 10.18 
Syncc9902_0683 hypothetical protein -2.69 103.30 13.57 
Syncc9902_1720 putative Na+/H+ antiporter, CPA1 family -2.72 131.43 15.92 
Syncc9902_0354 Thioredoxin domain 2 -2.73 96.53 13.13 
Syncc9902_1370 hypothetical protein -2.76 153.20 17.77 

Syncc9902_2212 
small mechanosensitive ion channel, MscS 
family -2.76 666.34 79.77 

Syncc9902_2115 hypothetical protein -2.80 95.10 13.53 
Syncc9902_0319 hypothetical protein -2.85 89.07 12.49 
Syncc9902_0742
NEWGENE, 

possible cytochrome c biogenesis protein 
trans -2.89 9774.10 979.54 

Syncc9902_1763 hypothetical protein -2.91 229.00 24.43 
Syncc9902_1213 putative short-chain dehydrogenase family -3.01 85.70 12.48 
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Gene Name Description 

Log 2 
Fold 
Chg 

Avg 
signal 

Avg 
error 

Syncc9902_1754 possible cytochrome c oxidase subunit II -3.38 51.40 10.32 

Syncc9902_1652 
light-harvesting 1 (B870) complex assembly 
protein PucC-like -3.63 149.17 18.07 

Syncc9902_1752 Protoheme IX farnesyltransferase -3.77 1919.53 195.08 
Syncc9902_2285 formate and nitrite transporters -3.95 98.24 13.82 

Syncc9902_1753 
putative cytochrome c oxidase assembly 
protein -4.19 289.33 30.70 

Syncc9902_1856 hypothetical protein -5.61 830.97 84.90 
 

Table A3.3 Transcript abundance of CC9311-based gene probes in May vs. April, 2010.  Positive log2 
fold changes indicate higher abundance in May, negative log2 fold changes indicate higher abundance 
in April 

Gene 
Name Description 

Log 
Fold 
change 

Avg 
signal 

Avg 
error 

sync_1223 CAB/ELIP/HLIP family protein 3.07 277.27 30.09 
sync_2393 CP12 domain protein 2.83 418.25 44.73 
sync_1065 hypothetical protein 2.77 80.60 11.30 
sync_RF0
055 Unknown 2.62 834.00 84.20 
sync_1816 predicted membrane protein 2.44 72.88 12.53 
sync_1762 hypothetical protein 2.31 277.00 42.81 
sync_2226 hypothetical 2.26 66.50 10.70 
sync_2805 Predicted membrane protein 2.23 67.16 11.61 
sync_2254 Ferredoxin 2.19 1702.67 171.27 
sync_0059 ribosomal protein L35 2.18 2739.33 274.47 
sync_2921 Predicted membrane associated acyltransferase 2.17 101.36 14.15 
sync_0535 possible ferredoxin [2Fe-2S] 2.16 192.03 21.13 
sync_1965 hypothetical protein 2.15 62.00 10.95 
sync_2017 iron-sulfur cluster-binding protein 2.08 75.73 11.97 
sync_0054 possible high light inducible protein 2.08 347.67 36.13 

sync_1703 
fructose-bisphosphate aldolase, class II, Calvin 
cycle subtype 2.05 894.67 89.83 

sync_0139 glycosyl transferase , putative 2.02 59.04 11.11 
sync_RF0
056 Unknown 2.01 326000.00 32600.00 
sync_2440 hypothetical protein 1.98 75.10 10.80 
sync_0456 DUF206 1.96 197.07 22.57 
sync_0482 possible rare lipoprotein A 1.96 57.00 10.97 
sync_2268 conserved hypothetical protein 1.96 1830.57 186.71 
sync_1583 photosystem II reaction center protein PsbW 1.93 95.33 13.22 
sync_1818 possible high light inducible protein-related  1.93 105.00 14.05 
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Name Description 

Log 
Fold 
change 

Avg 
signal 

Avg 
error 

     

sync_1968 
Carbon dioxide concentrating mechanism 
protein ccmK 1.92 1259.00 126.43 

sync_2039 inorganic pyrophosphatase 1.91 5766.00 577.83 
sync_1417 FtsH ATP-dependent protease homolog 1.90 58.33 10.34 

sync_2157 
possible high light inducible protein-related 
protein 1.89 5297.27 502.93 

sync_1418 
ATP-dependent Clp protease, proteolytic 
subunit ClpP 1.88 103.50 13.53 

sync_2300 hypothetical protein 1.84 69.77 10.77 
sync_1322 thioredoxin peroxidase 1.83 56.77 10.47 
sync_0132 acyl carrier protein 1.82 157.67 17.93 

sync_1079 
sensory box histidine kinase/response 
regulator 1.81 52.40 9.88 

sync_1338 ribosomal protein L33 1.79 3728.00 373.10 
sync_1687 glucose-1-phosphate adenylyltransferase 1.78 66.47 11.20 
sync_1524 Uncharacterized protein 1.76 92.90 12.45 
sync_1660 conserved hypothetical protein 1.76 317.70 35.41 
sync_0707 two-component response regulator alr1194 1.75 172.40 20.93 
sync_2449 Unknown 1.75 14395.00 1439.50 

sync_2528 
Ferrochelatase (Protoheme ferro-lyase) 
(Hemesynthetase) 1.72 273.33 29.17 

sync_0096 Glutathione peroxidase 1.71 241.30 26.74 
sync_2378 hypothetical protein 1.69 79.05 12.59 
sync_1980 putative membrane protein 1.68 188.20 21.62 
sync_2918 lipoprotein, putative 1.67 408.63 42.43 
sync_1238 hypothetical protein 1.66 926.27 101.53 

sync_1960 
possible carbon dioxide concentrating 
mechanism protein CcmK 1.66 109.29 15.05 

sync_1399 Ribosomal protein L28 1.66 417.00 42.87 
sync_1146 Uncharacterized protein 1.66 78.93 11.99 
sync_1741 hypothetical protein 1.63 37017.07 3505.63 
sync_2489 Uncharacterized conserved protein 1.63 89.63 12.87 
sync_0428 30S ribosomal protein S17 1.62 1684.67 170.75 
sync_1237 hypothetical protein 1.62 128.83 16.94 
sync_2513 hypothetical protein 1.62 270.50 28.25 
sync_2435 possible Zn-finger in Ran binding protein and 1.60 1172.78 119.54 
sync_1990 conserved hypothetical protein 1.58 134.97 16.94 
sync_0647 NifU domain protein 1.57 77.08 12.37 
sync_2932 hypothetical protein 1.57 89.47 14.25 
sync_0413 ribosomal protein L17 1.57 7665.67 768.17 
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Name Description 

Log 
Fold 
change 

Avg 
signal 

Avg 
error 

sync_1236 possible Zn-finger in Ran binding protein and 1.56 629.80 65.89 
sync_2709 phosphoglycerate kinase 1.56 811.57 83.07 
sync_0355 cell division protein FtsH2 1.56 50.30 9.17 
sync_0659 possible pilin 1.56 503.64 54.10 
sync_1351 conserved hypothetical-related protein 1.56 140.63 16.50 
sync_1207 conserved hypothetical protein 1.55 155.33 17.70 
sync_0212 glyoxalase family protein family 1.55 68.73 11.81 
sync_0363 Predicted redox protein 1.54 238.80 28.32 
sync_2794 ribosomal protein L9 1.54 278.73 29.87 
sync_2333 Predicted protein 1.52 3271.00 361.13 

sync_2586 
photosystem II D2 protein (photosystem q(a) 
protein) 1.52 7650.00 765.00 

sync_2133 
N-acetylmannosamine-6-phosphate 2-
epimerase 1.51 2153.14 219.57 

sync_0368 photosystem II protein D1 1.49 270333.33 27033.33 
sync_1628 ribosomal protein S15 1.48 2896.67 289.67 
sync_2384 photosystem q(b) protein 1.46 279000.00 27900.00 
sync_0411 ribosomal protein L13 1.45 247.50 26.90 
sync_0346 conserved hypothetical protein 1.45 65.87 11.00 
sync_0256 conserved hypothetical protein 1.44 292.33 30.44 

sync_0589 
similar to methionine salvage pathway enzyme 
E-2/E-2 1.44 208.40 24.15 

sync_0409 ribosomal protein L31 1.44 96.20 13.19 
sync_1225 conserved hypothetical protein 1.44 69.47 10.84 
sync_2716 conserved hypothetical protein 1.42 55.30 10.25 
sync_2314 ATP synthase F1, delta subunit 1.41 61.49 10.77 
sync_0115 two-component response regulator 1.40 59.03 9.99 
sync_1711 phosphoribulokinase 1.40 391.67 40.57 

sync_1966 
Ribulose bisphosphate carboxylase, small 
subunit 1.39 1778.67 178.03 

sync_2016 arsenate reductase BH3485 1.39 69.53 11.47 
sync_1728 ATP synthase 1.39 55.70 10.65 
sync_1577 possible Copper binding proteins, plastocyanin 1.39 306.80 42.11 
sync_0828 hypothetical 1.38 253.31 28.26 
sync_RF0
057 Unknown 1.38 56.70 10.32 
sync_1319 ribosomal protein L32 1.38 418.00 42.60 
sync_1963 Carboxysome peptide A 1.37 159.87 19.33 
sync_0851 hypothetical protein 1.37 208.70 23.61 
sync_1804 possible beta-carotene ketolase 1.36 61.33 11.05 
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sync_2758 hypothetical protein 1.36 625.83 66.71 
sync_2580 hypothetical protein 1.36 60.09 10.97 

sync_0727 
ATP-dependent Clp protease, proteolytic 
subunit ClpP 1.35 1654.23 223.37 

sync_0161 Unknown 1.35 97.20 12.20 
sync_0086 preprotein translocase, SecA subunit 1.34 152.70 17.85 

sync_2274 
ferredoxin-thioredoxin reductase variable 
chain 1.34 229.67 25.10 

sync_2055 conserved hypothetical protein 1.34 1090.00 110.53 

sync_1526 

2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-
carboxylic acid synthase/2-oxoglutarate 
decarboxylase 1.33 690.93 84.93 

sync_0697 Uncharacterized protein 1.33 121.07 16.65 
sync_1678 hypothetical-related protein 1.33 1488.40 151.72 

sync_1384 
peptidylprolyl cis-trans isomerase, cyclophilin-
type 1.32 1203.33 123.07 

sync_0556 Unknown 1.31 334500.00 33450.00 
sync_0416 ribosomal protein S13p/S18e 1.31 2832.67 283.40 
sync_0197 possible potassium channel, VIC family 1.31 55.00 10.63 

sync_1150 
Phospholipid and glycerol acyltransferase 
(from motifs_6.msf) 1.29 199.17 22.59 

sync_0557 Unknown 1.29 7580.00 758.50 
sync_1884 X-Pro dipeptidyl-peptidase (S15 family) 1.29 1815.98 206.97 
sync_2350 conserved hypothetical protein 1.29 25555.67 2556.07 
sync_1317 Uncharacterized secreted or membrane protein 1.28 541.97 58.65 
sync_1108 hypothetical protein 1.28 52.70 9.80 
sync_0650 hypothetical protein 1.28 121.65 15.98 

sync_2075 
Ferrochelatase (Protoheme ferro-lyase) 
(Hemesynthetase) 1.28 3256.47 380.27 

sync_0250 NUDIX hydrolase 1.27 1708.74 175.29 
sync_0380 ribosomal protein S10 1.27 99.07 13.39 
sync_1008 possible cAMP phosphodiesterases class-II 1.26 118.33 15.08 
sync_1806 Predicted protein-related protein 1.26 177.50 20.78 
sync_2470 ribosomal protein S21 1.26 7507.67 751.07 

sync_0897 
photosystem II D2 protein (photosystem q(a) 
protein) 1.26 6966.67 696.67 

sync_0553 Unknown 1.25 730000.00 73000.00 
sync_2927 conserved hypothetical 1.24 89.90 12.51 
sync_1814 hypothetical-related protein 1.24 56.13 10.45 
sync_0531 30S ribosomal protein S1, homolog A 1.24 117.57 14.43 

sync_2821 valyl-tRNA synthetase 1.24 114.30 13.90 
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sync_0887 hypothetical protein 1.24 281.71 31.61 

sync_1967 
ribulose bisphosphate carboxylase, large 
subunit 1.23 4033.33 403.33 

sync_RF0
054 Unknown 1.23 12670.00 1267.50 
sync_0037 HNH endonuclease:HNH nuclease 1.23 11742.87 1242.76 
sync_0731 cell division protein FtsZ 1.22 225.00 24.30 
sync_0641 hypothetical 1.22 290.77 36.32 
sync_1493 conserved hypothetical protein 1.22 3051.89 316.14 
sync_0107 conserved hypothetical protein TIGR00150 1.21 528.89 57.80 
sync_1068 hypothetical protein 1.20 64.20 10.20 
sync_1961 hypothetical protein 1.20 341.00 35.20 
sync_0853 bacterial metallothionein-related protein 1.20 141.30 17.50 
sync_1856 photosystem q(b) protein 1.20 209677.27 20969.65 
sync_2397 possible ring-cleaving dioxygenase 1.19 77.03 11.39 
sync_0348 conserved hypothetical 1.19 260672.15 26071.99 
sync_2729 preprotein translocase, SecE subunit 1.17 10023.00 1002.83 
sync_1368 diaminopimelate epimerase 1.15 75.42 13.14 
sync_0117 Predicted protein 1.15 14916.67 1491.67 

sync_0225 
probable enzyme, C-terminal domain similar 
to                sulfotransferase protein , putative 1.14 87.65 13.17 

sync_2926 30S ribosomal protein S6 1.14 321.67 33.23 
sync_0052 SqdX 1.14 94.43 12.93 
sync_2359 hypothetical protein 1.14 155.50 17.85 
sync_0809 hypothetical protein 1.14 796.50 80.00 
sync_0445 conserved hypothetical protein 1.12 133.27 16.61 
sync_1822 hypothetical protein 1.12 73.40 10.50 
sync_0705 hypothetical protein 1.12 136.05 16.15 
sync_2591 DNA-binding response regulator RpaA 1.11 207.77 23.23 
sync_2026 Single-stranded DNA-binding protein 1.11 139.33 16.43 
sync_0283 photosystem II protein K 1.10 413.50 42.55 
sync_2459 acetyl-CoA carboxylase, biotin carboxylase 1.10 135.00 16.87 
sync_2462 conserved hypothetical protein 1.10 537.33 54.60 
sync_2757 Unknown 1.10 122.06 16.63 
sync_2551 radical SAM domain protein 1.10 64.20 10.93 
sync_0056 conserved hypothetical protein 1.09 66.20 11.17 
sync_0307 photosystem II reaction center I protein (psbI) 1.09 205878.00 20588.00 

sync_1316 
Predicted phosphatase/phosphohexomutase of 
HAD family 1.09 162.70 19.21 

sync_2387 hypothetical 1.09 53.20 10.10 
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sync_2539 Unknown 1.09 700000.00 70000.00 
sync_2490 Predicted membrane protein-related protein 1.08 155.17 20.13 
sync_1539 ferritin 1.08 523.38 56.12 
sync_0505 C-phycoerythrin class II beta chain 1.08 53436.67 5343.67 
sync_2619 Bacterial regulatory protein, LuxR family 1.08 245.60 28.00 
sync_2779 flavoprotein 1.08 77.86 12.08 
sync_2696 conserved hypothetical protein TIGR00149 1.08 113.97 15.77 
sync_0433 ribosomal protein S19 1.07 14073.67 1407.83 
sync_0243 NADH dehydrogenase I chain B or NdhK 1.07 71.92 12.07 
sync_0150 Chain length determinant protein family 1.06 401.35 43.81 
sync_2284 ATP synthase F1, beta subunit 1.06 421.97 44.00 
sync_0877 hypothetical protein 1.06 68.73 10.77 
sync_1892 conserved hypothetical protein 1.05 299.51 34.60 
sync_1453 Protein of unknown function (DUF558) family 1.05 8172.47 929.06 
sync_1934 Serine proteases, trypsin family:PDZ domain 1.05 56.41 11.13 

sync_2771 
Uncharacterized SWIM-like Zn-finger-
containing conserved protein 1.05 68.30 11.04 

sync_2317 ATP synthase F0, C subunit 1.03 4563.33 456.33 
sync_1771 Copper/zinc superoxide dismutase 1.03 144017.93 14405.90 
sync_0755 Nickel-containing superoxide dismutase 1.03 362.67 37.57 
sync_1344 Predicted protein-related protein 1.03 158.30 19.36 

sync_0029 
glyceraldehyde-3-phosphate dehydrogenase, 
type I 1.03 593.50 61.13 

sync_2725 50S ribosomal protein L10 1.02 188.00 20.70 
sync_0415 ribosomal protein S11 1.02 175.87 20.07 
sync_2206 conserved hypothetical protein 1.01 380.06 41.51 
sync_2044 putative pterin-4a-carbinolamine dehydratase 1.01 328.33 34.10 
sync_1769 conserved domain protein 1.00 270.60 30.48 
sync_0661 hypothetical protein 1.00 62.60 10.09 
sync_2132 hypothetical 1.00 96.15 13.20 
sync_0808 conserved hypothetical protein 1.00 75.00 11.43 
sync_1427 Unknown 1.00 571.50 57.90 
sync_0784 conserved hypothetical protein 1.00 80.83 11.50 
sync_1260 ZapE 1.00 150.60 18.30 

sync_1409 
Photosystem I reaction center subunit psaK 
(Photosystem I subunit X) -1.00 91.13 12.90 

sync_0595 B1496_F2_81 protein -1.00 248353.42 24839.28 
sync_1435 Predicted phosphoesterase -1.00 55.37 10.01 
sync_0881 Uncharacterized conserved protein -1.00 57.05 11.07 
sync_1284 collagenase -1.00 89.34 13.60 
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sync_0660 hypothetical protein -1.00 651.00 66.90 
sync_0300 serine hydroxymethyltransferase -1.00 298.00 31.10 

sync_1565 
cytidine/deoxycytidylate deaminase family 
protein -1.01 54.53 10.79 

sync_1706 conserved hypothetical protein -1.01 60.13 9.87 
sync_1983 peptidase, M50B family -1.02 56.77 9.96 
sync_0129 thiamine biosynthesis protein ThiC -1.02 51.13 9.86 
sync_1796 hypothetical protein -1.02 338.00 34.90 
sync_1528 Protein erfK/srfK precursor -1.02 151.10 17.94 
sync_2840 hypothetical protein -1.02 2935.80 338.28 
sync_1761 hypothetical protein -1.02 109.00 13.60 
sync_2522 ABC transporter, ATP binding component -1.03 54.80 10.24 
sync_2031 primosomal protein N -1.03 148.04 19.00 
sync_1274 conserved hypothetical protein -1.03 82.67 11.75 
sync_1859 hypothetical protein -1.03 134.00 15.70 
sync_2912 hypothetical protein -1.04 126.53 16.87 
sync_1123 conserved hypothetical -1.04 74265.70 7427.63 
sync_1853 conserved hypothetical -1.05 189.37 23.85 
sync_2879 urease, alpha subunit -1.06 13617.26 1382.24 
sync_0216 Heme oxygenase -1.06 202.93 22.43 
sync_1443 Acyltransferase family, putative -1.06 108.42 15.50 
sync_2516 Predicted molecular chaperone -1.06 456.02 50.64 
sync_2699 tRNA modification GTPase TrmE -1.06 668.77 70.85 

sync_2112 
possible ABC transporter, ATP binding 
protein -1.07 142.50 17.51 

sync_0494 hypothetical protein -1.07 569.73 61.37 
sync_1612 hypothetical protein -1.07 159.47 19.91 
sync_1296 conserved hypothetical protein -1.07 99.09 14.10 
sync_1239 hypothetical protein -1.07 202.00 21.50 
sync_2756 Unknown -1.07 1519.93 154.19 
sync_0823 Potassium channel -1.07 762.21 86.37 
sync_1071 hypothetical protein -1.07 69.77 11.30 

sync_1390 
phosphate ABC transporter, permease protein 
PstC -1.08 281.21 32.86 

sync_1622 hypothetical protein -1.08 144.47 17.72 

sync_2154 
photosystem I reaction centre subunit IX-
related protein -1.08 5620.00 562.50 

sync_1016 Helix-turn-helix motif -1.09 8733.17 993.17 
sync_1847 hypothetical -1.09 2677.50 268.50 
sync_1597 hypothetical protein -1.09 122.02 16.88 
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sync_0737 Uncharacterized conserved protein -1.10 70.21 11.73 
sync_1619 hypothetical -1.10 184.63 20.88 
sync_2866 Aminotransferases class-IV -1.10 812.50 100.61 
sync_2066 hypothetical protein -1.10 496.43 53.19 
sync_1702 Uncharacterized protein family UPF0094 -1.10 104.20 13.95 
sync_1647 hypothetical protein -1.10 123.10 16.52 
sync_1047 hypothetical protein -1.10 21924.70 2194.60 
sync_0913 hypothetical protein -1.11 14680.05 1550.10 
sync_1209 S4 domain protein -1.11 113.93 14.50 
sync_1600 Uncharacterized conserved protein -1.11 184.37 22.02 
sync_2861 ABC transporter, multi drug efflux family -1.11 128.14 17.66 
sync_1406 CsaB protein -1.12 1048.35 109.90 
sync_0398 photosystem I reaction center subunit XI -1.12 388.33 39.73 
sync_0835 hypothetical protein -1.12 69.40 11.05 
sync_0302 CinA-like protein -1.12 106.00 13.75 
sync_0849 possible Zn-finger in Ran binding protein and -1.13 66.93 11.37 
sync_0794 Uncharacterized membrane protein -1.13 58.27 10.29 
sync_1591 hypothetical protein -1.13 251.00 26.20 
sync_0999 acylphosphatase -1.14 127.43 15.44 
sync_0471 3-5 exonuclease family protein -1.14 74.40 11.30 
sync_2407 hypothetical protein -1.14 1836.20 185.60 
sync_0813 conserved hypothetical protein -1.14 546.27 58.91 
sync_0590 precorrin-2 C20-methyltransferase -1.14 71.31 11.86 
sync_0983 Predicted protein-related protein -1.15 86.57 12.93 

sync_1249 
possible phycobilisome rod-core linker 
polypeptide (L-RC 28.5) -1.15 110.08 14.90 

sync_1841 hypothetical -1.15 50346.20 5039.12 
sync_0209 OSJNBa0011F23.4 -1.15 50.07 9.98 
sync_1550 glutamate racemase -1.15 116.30 16.68 
sync_1878 gamma-glutamyl phosphate reductase -1.16 207.46 25.30 
sync_1136 possible carbonic anhydrase -1.16 73.87 11.45 
sync_1926 conserved hypothetical protein -1.16 74.57 11.51 
sync_0297 conserved hypothetical protein -1.16 78.21 12.72 
sync_0954 hypothetical-related protein -1.17 25719.55 2574.33 

sync_2638 
phosphoribosylaminoimidazole carboxylase, 
catalytic subunit -1.17 79.43 11.85 

sync_2340 SAM dependent methyltransferase -1.17 7185.84 720.80 
sync_2863 Ecotin precursor -1.17 152.20 18.15 
sync_1537 3-phosphoshikimate 1-carboxyvinyltransferase -1.18 130.96 17.14 
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sync_2876 Urease accessory protein ureD -1.18 3513.84 355.44 
sync_1300 DNA and RNA helicase -1.18 75.81 11.81 
sync_1371 conserved hypothetical protein -1.18 305.40 44.37 
sync_1991 creatininase -1.19 60.93 10.33 
sync_1053 similar to UvrD/REP helicase -1.19 1120.03 113.90 
sync_0509 conserved hypothetical protein -1.20 256.07 28.21 
sync_1911 Uncharacterized membrane protein -1.20 782.67 79.30 
sync_2311 hypothetical -1.21 66.70 10.75 
sync_0658 hypothetical protein -1.21 106.00 12.90 
sync_0706 sensor histidine kinase -1.21 124.67 15.48 

sync_0452 
putative molybdopterin biosynthesis protein 
MoeB -1.21 126.83 15.96 

sync_1614 Integral membrane protein, DUF6 -1.21 132.63 17.43 
sync_0987 possible Hepatitis C virus core protein -1.21 85.70 12.79 
sync_0295 integral membrane protein MviN -1.21 678.57 71.50 

sync_2807 
Domain of unknown function (DUF389) 
family -1.21 67.18 12.16 

sync_0113 
Membrane protein, similar to rod shape-
determining protein -1.21 269.67 28.67 

sync_1139 putative cation efflux transporter (CDF family) -1.21 88.61 13.31 
sync_1119 hypothetical protein -1.21 403.95 42.00 

sync_2857 
Short-chain dehydrogenase/reductase family 
enzyme -1.21 321.74 37.35 

sync_0626 conserved hypothetical protein -1.22 55.20 10.59 
sync_1042 hypothetical protein -1.22 548.56 67.15 
sync_0046 cobalamin biosynthesis protein CbiD -1.22 113.17 14.87 
sync_1789 hypothetical protein -1.22 1642.41 167.32 
sync_0699 conserved hypothetical protein -1.23 905.00 90.75 
sync_1914 Uvs052 -1.23 94.67 13.22 
sync_2719 Fimbrial assembly protein (PilN) family -1.23 95.47 12.91 

sync_2488 
phycobilisome rod-core linker polypeptide 
cpcG1 -1.23 385.33 40.64 

sync_0898 photosystem I assembly protein (Ycf4 family) -1.24 138.07 18.75 
sync_2774 hypothetical protein -1.24 274.00 28.60 
sync_2736 arginine biosynthesis bifunctional protein ArgJ -1.24 590.33 60.47 
sync_0916 NAD/NADP transhydrogenase alpha subunit -1.24 537.90 57.29 
sync_1694 uracil phosphoribosyltransferase -1.24 541.33 57.32 
sync_2721 dihydroorotate oxidase -1.24 65.91 11.59 
sync_1473 Predicted calcineurin family phosphoesterase -1.24 63.73 11.81 
sync_1633 tRNA/rRNA methyltransferase -1.25 57.47 10.77 
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sync_0334 Predicted membrane protein -1.25 66240.60 6634.10 
sync_1251 conserved hypothetical-related protein -1.25 147.90 21.12 

sync_0709 
type I secretion target GGXGXDXXX repeat 
protein -1.26 57.77 9.86 

sync_2621 predicted inorganic polyphosphate -1.26 50.95 10.83 
sync_0503 hypothetical protein -1.26 152.45 17.85 
sync_0133 photosystem I iron-sulfur center, subunit VII -1.28 137.87 16.61 
sync_0768 PhoH family protein -1.28 55.40 9.96 
sync_2593 thymidylate kinase -1.29 89.77 13.43 
sync_2141 Uncharacterized protein -1.30 259.57 30.47 
sync_1753 Cytochrome c, class IC:Cytochrome c, class I -1.31 55.10 10.59 
sync_2641 Pseudouridine synthase -1.31 57.36 11.41 
sync_0800 hypothetical protein -1.31 90.80 12.90 
sync_1698 conserved hypothetical protein -1.31 134.67 15.80 
sync_2281 large-conductive mechanosensitive channel -1.31 125.17 16.27 
sync_0805 similar to zeta-carotene desaturase -1.31 206.07 24.46 

sync_0607 

Lipoyltransferase (Lipoyl-[acyl-carrier 
protein]-protein-N-lipoyltransferase) (Lipoate-
protein ligase B) -1.32 140.80 16.53 

sync_0852 hypothetical protein -1.32 701.80 73.07 

sync_1756 
ABC transporter component, possibly Mn 
transport -1.32 55.83 10.41 

sync_0533 
Photosystem II reaction centre T protein 
superfamily -1.33 494.00 50.00 

sync_2146 precorrin-4 C11-methyltransferase -1.33 66.80 11.66 
sync_0517 possible Phycobilisome polypeptide -1.33 1075.42 118.00 
sync_2545 photosystem II extrinsic protein -1.34 136.84 17.32 
sync_1745 possible tRNA synthetases class I (E and Q) -1.35 75.78 12.06 
sync_0060 possible amidase enhancer -1.35 59.46 10.75 
sync_0879 conserved hypothetical protein -1.36 99.03 14.03 
sync_1063 hypothetical protein -1.37 120.00 15.00 
sync_0403 Beta-lactamase superfamily protein -1.37 68.87 11.26 
sync_2667 arginyl-tRNA synthetase -1.38 100.47 13.15 
sync_1773 hypothetical protein -1.38 768.07 78.20 

sync_2574 
sodium/hydrogen exchanger family/TrkA 
domain protein -1.38 162.80 20.17 

sync_0914 Predicted protein -1.40 96.32 14.41 
sync_0884 hypothetical protein -1.40 523.00 53.60 
sync_1951 Thioredoxin reductase -1.40 60.70 10.93 
sync_2911 Chloride channel protein EriC -1.41 75.10 11.34 
sync_2824 small mechanosensitive ion channel, MscS  -1.42 277.20 31.68 
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sync_0392 Proline-rich region -1.42 484.00 57.26 
sync_0512 phycobilisome linker polypeptide -1.42 74.20 11.00 
sync_2679 enantiomer-selective amidase -1.42 374.78 40.56 
sync_1407 Ycf49-like protein -1.43 302.23 33.60 
sync_0167 hypothetical protein -1.43 1979.09 201.53 
sync_2109 biotin--acetyl-CoA-carboxylase ligase -1.43 174.13 21.56 
sync_2295 alanine dehydrogenase -1.43 4283.17 466.63 
sync_0495 C-phycoerythrin class I beta chain -1.43 6440.00 644.00 
sync_0977 sugar transport system permease protein -1.43 131.53 16.34 
sync_2793 fatty acid desaturase -1.44 27389.50 2741.83 
sync_0344 NADH dehydrogenase -1.45 171.43 19.43 
sync_1639 Uncharacterized membrane protein -1.46 394.33 40.37 
sync_0984 conserved hypothetical protein TIGR00106 -1.46 262.43 29.59 
sync_1976 light-dependent protochlorophyllide reductase -1.47 181.00 21.55 

sync_0562 

Photosystem I reaction center subunit IV, 
chloroplast precursor (PSI-E) (Photosystem I 
8.1 kDa protein) (P30 protein) -1.48 300.33 31.03 

sync_2241 2.3.1.- -1.48 92.27 13.34 
sync_2816 hypothetical protein -1.48 2299.60 233.91 
sync_1490 ThiJ-like protein -1.48 1243.98 129.20 
sync_0927 multidrug transporter, putative -1.48 60.63 11.20 
sync_2856 dps protein -1.49 18888.98 1966.04 
sync_2123 membrane protein, putative -1.49 134.60 15.73 
sync_0988 pseudouridine synthase RluA PA3246 -1.50 56.33 10.46 
sync_0694 sun protein -1.50 72.90 11.30 

sync_1162 
possible light-dependent protochlorophyllide 
oxido-reductase -1.51 108.80 14.35 

sync_0322 unnamed protein product -1.52 150.93 18.67 
sync_0497 Bilin biosynthesis protein mpeV -1.52 795.37 83.38 
sync_2451 Predicted membrane protein -1.54 55.93 10.69 
sync_0439 Fe-S cluster containing protein -1.54 188.86 22.25 
sync_0496 C-phycoerythrin class I alpha chain -1.56 502.67 51.27 

sync_1973 
light-independent protochlorophyllide 
reductase, N subunit -1.57 57.22 10.57 

sync_1915 dehydrogenase subunit-like protein -1.57 80.60 12.49 
sync_2033 hypothetical protein -1.57 752.00 71.90 
sync_2734 Predicted protein -1.57 26919.52 2694.61 
sync_1258 Staphylococcus nuclease -1.58 85.60 12.96 
sync_2078 hypothetical protein -1.58 101.40 13.35 
sync_0357 Predicted protein family PM-3 -1.58 205.90 22.97 
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sync_2041 Uncharacterized membrane protein -1.58 57.99 10.40 
sync_2888 nitrate reductase -1.59 107.97 15.21 
sync_1059 transporter, bile acid/Na+ symporter family -1.60 62.43 10.94 
sync_0803 hypothetical protein -1.61 58.73 10.06 
sync_0094 CrcB-like protein superfamily -1.62 75.43 11.78 
sync_0510 hypothetical protein -1.62 128.87 16.29 
sync_0710 hypothetical protein -1.62 158.75 18.63 
sync_2892 molybdopterin biosynthesis protein MoeA -1.63 95.70 12.75 

sync_0807 
possible two-component response regulator or 
pseudogene -1.63 339.87 36.35 

sync_1269 peptide chain release factor 3 -1.64 54.97 11.54 
sync_0017 conserved hypothetical protein TIGR00275 -1.64 70.67 11.93 
sync_0780 hypothetical protein -1.64 1018.50 102.55 
sync_0567 trehalose synthase -1.65 134.23 17.06 
sync_1482 Mechanosensitive ion channel family -1.65 351.40 46.75 
sync_2011 CAAX amino terminal protease family protein -1.65 2007.00 202.23 
sync_1282 geranylgeranyl reductase -1.65 136.77 16.37 
sync_2747 hypothetical protein -1.65 3778.15 392.60 
sync_0588 hypothetical protein -1.65 102.00 13.20 

sync_1749 
ABC transporter, ATP binding domain, 
possibly Mn transport -1.67 103.93 14.55 

sync_2543 undecaprenol kinase, putative -1.68 68.87 11.44 
sync_2169 conserved hypothetical protein -1.68 108.10 13.83 

sync_1668 
ABC-type phosphate/phosphonate transport 
system permease component -1.69 136.23 17.49 

sync_0891 putative membrane protein -1.71 296.63 33.08 
sync_2753 hypothetical protein -1.71 396.00 40.40 
sync_1023 phosphatidate cytidylyltransferase -1.71 53.29 10.52 
sync_0674 hypothetical protein -1.71 74.63 11.62 
sync_0538 Predicted thioesterase -1.72 579.36 62.15 
sync_1751 conserved hypothetical protein -1.73 60.73 10.45 
sync_1185 hypothetical protein -1.73 65.33 11.32 
sync_0862 hypothetical protein -1.73 401.00 42.15 

sync_1187 
ABC transporter for amino acids, membrane 
component -1.73 113.20 14.30 

sync_2245 
Hydantoinase/oxoprolinase:Hydantoinase 
B/oxoprolinase -1.74 3761.72 379.98 

sync_1001 
Possible glucose 6-phosphate dehydrogenase 
effector OpcA -1.74 123.33 15.62 

sync_1655 hypothetical protein -1.76 65.80 10.30 
sync_1342 possible DnaJ domain -1.77 86.00 13.23 
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sync_2875 urease accessory protein E -1.78 90.37 12.21 
sync_1752 possible permease -1.79 348.00 36.43 
sync_1462 S-formylglutathione hydrolase -1.80 3289.40 332.17 
sync_2151 Sec-independent protein translocase TatC -1.80 797.20 81.67 
sync_2720 conserved hypothetical protein -1.81 76.33 13.05 
sync_0394 photosystem I core protein PsaB -1.82 1076.67 108.00 
sync_2936 Sucrose phosphate synthase -1.83 66.43 10.85 
sync_2855 RNA polymerase sigma-70 factor family -1.83 1107.03 112.53 
sync_0614 hypothetical protein -1.83 134.00 17.70 
sync_0773 GTP-binding protein Era -1.84 117.93 15.37 
sync_1040 conserved hypothetical protein -1.88 55.13 9.86 

sync_1975 
light-independent protochlorophyllide 
reductase, iron-sulfur ATP-binding protein -1.88 109.16 15.81 

sync_1626 hypothetical protein -1.95 125.00 15.10 

sync_0753 

Hydrogenase accessory protein or high-affinity 
nickel-transport protein homolog, membrane 
protein -1.96 157.75 19.64 

sync_2307 SEC-C motif domain protein -1.96 51.53 9.89 
sync_0293 ammonium transporter -1.97 242.67 25.57 
sync_2497 membrane protein, putative -1.98 119.10 16.72 

sync_1974 
light-independent protochlorophyllide 
reductase, B subunit -1.99 60.83 10.27 

sync_2410 hypothetical protein -1.99 86.73 12.73 
sync_2050 Uncharacterized conserved membrane protein -2.01 57.09 11.41 

sync_1497 
ABC transporter component, possibly Zn 
transport. -2.03 160.88 20.46 

sync_2800 hypothetical protein -2.04 210.60 24.71 
sync_0267 possible transporter, MFS family -2.04 3296.33 330.37 

sync_2871 
high-affinity branched-chain amino acid 
transport protein                livH -2.04 284.93 32.14 

sync_1471 feruloyl-CoA synthetase -2.05 53.14 10.34 
sync_2627 phosphohistidine phosphatase SixA -2.07 55.52 11.37 
sync_1667 Arylesterase -2.08 82.57 12.40 
sync_0154 membrane protein, putative -2.10 605.15 63.47 
sync_2870 ABC transporter permease protein -2.12 63.07 10.71 
sync_2903 hypothetical protein -2.14 107.87 14.82 
sync_0341 hypothetical protein -2.14 395.05 42.72 
sync_2534 similar to serum resistance locus BrkB -2.17 275.10 30.88 
sync_1603 hypothetical protein -2.17 168.00 19.30 
sync_0921 Na+-dependent transporter of the SNF family -2.17 61.17 11.26 
sync_1709 prepilin peptidase -2.19 108.73 14.50 
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sync_2264 hypothetical protein -2.19 12126.23 1215.18 
sync_0093 Predicted protein -2.21 236.92 26.75 
sync_1790 Predicted protein-related protein -2.22 107.60 14.06 
sync_1295 membrane protein, TerC family -2.22 2857.62 290.16 

sync_2131 
ABC-type multidrug transport system 
permease component -2.22 60.78 11.49 

sync_2280 ammonium transporter alr0992 -2.22 123.70 14.87 
sync_1234 PvdS -2.23 67.42 12.36 
sync_0819 hypothetical protein -2.27 478.40 51.46 
sync_2833 hypothetical protein -2.28 110.30 15.22 
sync_2117 Uncharacterized conserved membrane protein -2.29 174.33 19.50 
sync_2155 Photosystem I reaction center subunit III -2.32 6643.33 664.33 

sync_0121 
Domain of unknown function (DUF323) 
family -2.32 10228.57 1026.76 

sync_0836 hypothetical protein -2.32 311.07 34.56 
sync_2887 nitrate permease NapA -2.32 54.90 10.33 
sync_2882 Lfe103p2 -2.38 70.49 12.18 
sync_2305 hypothetical protein -2.39 87.44 13.77 
sync_2809 Uncharacterized conserved membrane protein -2.41 109.66 15.35 
sync_2308 Uncharacterized membrane protein -2.42 466.93 49.58 

sync_0676 
ABC-type peptide transporter permease 
component -2.43 120.57 15.46 

sync_2176 Uncharacterized protein -2.45 54.47 10.44 

sync_1748 
ABC transporter component, possibly Mn 
transport -2.46 117.17 14.48 

sync_1800 hypothetical -2.47 68.10 11.62 

sync_1608 
FAD binding-monooxygenase family protein, 
putative -2.57 53.80 10.08 

sync_1791 hypothetical protein -2.57 67.99 11.85 
sync_2064 hypothetical protein -2.61 109.60 14.17 
sync_0102 putative A/G-specific adenine glycosylase -2.62 871.20 90.91 
sync_0985 hypothetical -2.69 257.79 29.94 
sync_0289 bifunctional purine biosynthesis protein PurH -2.78 928.37 95.57 
sync_0718 ComEC/Rec2-related protein -2.78 1769.82 181.17 

sync_1725 
CDP-diacylglycerol--glycerol-3-phosphate 3-
phosphatidyltransferase -2.85 182.67 19.90 

sync_2128 Uncharacterized membrane protein -2.86 2209.43 223.83 

sync_2353 
Sodium:solute symporter family, possible 
glucose transporter -2.88 73.70 11.66 

sync_0635 hypothetical protein -3.01 83.37 12.44 
sync_2697 hypothetical protein -3.02 3025.00 302.50 
sync_2852 hypothetical protein -3.08 79.05 13.22 
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sync_2129 protoheme IX farnesyltransferase -3.24 81.13 12.96 
sync_1778 hypothetical protein -3.30 55.30 9.23 
sync_0642 conserved hypothetical protein -3.35 98.31 14.53 
sync_1978 hypothetical protein -3.39 1760.45 178.46 
sync_2762 hypothetical protein -3.53 2418.25 244.14 
sync_1021 hypothetical protein -3.73 1165.95 119.36 
sync_0712 hypothetical protein -3.87 69.90 10.40 
sync_1875 hypothetical -4.74 73.99 12.18 
sync_1874 hypothetical -4.88 51.00 10.22 

 




