
UC Santa Cruz
UC Santa Cruz Electronic Theses and Dissertations

Title
Bioinformatic Investigations in Marine Microbial Ecology

Permalink
https://escholarship.org/uc/item/61q69869

Author
Heller, Philip

Publication Date
2014

Copyright Information
This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, availalbe at 
https://creativecommons.org/licenses/by-nc-nd/4.0/
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/61q69869
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/


	
  
	
  
	
  

UNIVERSITY	
  OF	
  CALIFORNIA	
  
SANTA	
  CRUZ	
  

	
  
BIOINFORMATIC INVESTIGATIONS IN MARINE MICROBIAL 

ECOLOGY 
 

A dissertation submitted in partial satisfaction  
of the requirements for the degree of  

 
DOCTOR OF PHILOSOPHY 

 
in 
 

BIOINFORMATICS	
  
	
  
by	
  
	
  

Philip	
  Heller	
  
	
  

December	
  2014	
  
	
  
	
  

The	
  Dissertation	
  of	
  Philip	
  Heller	
  is	
  approved:	
  
	
  
	
  

____________________________________________________	
  
Professor	
  Jonathan	
  Zehr,	
  chair	
  

	
  
	
  

____________________________________________________	
  
Professor	
  Josh	
  Stuart	
  

	
  
	
  

____________________________________________________	
  
Rex	
  Malmstrom,	
  Ph.D.	
  

	
  
________________________________________________	
  
Tyrus	
  Miller	
  
Vice	
  Provost	
  and	
  Dean	
  of	
  Graduate	
  Studies	
  
 
 



	
  
	
  
	
  
	
  

Copyright	
  ©	
  by	
  
	
  

Philip	
  Heller	
  
	
  

2014	
  



	
   	
  iii	
  

Table of Contents 
	
  

Table	
  of	
  Contents	
  .............................................................................................................	
  iii	
  
List	
  of	
  Tables	
  and	
  Figures	
  ...............................................................................................	
  v	
  

Abstract	
  .............................................................................................................................	
  vii	
  

Introduction	
  ........................................................................................................................	
  1	
  
Background	
  .................................................................................................................................	
  1	
  
nifH	
  sequence	
  retrieval	
  and	
  curation	
  .................................................................................	
  4	
  
Metagenomics	
  of	
  UCYN-­‐A2	
  .....................................................................................................	
  6	
  
Transcriptomics	
  and	
  diel	
  expression	
  of	
  cyanobacteria	
  ...............................................	
  7	
  

Chapter	
  1:	
  ARBitrator:	
  A	
  software	
  pipeline	
  for	
  on-­‐demand	
  retrieval	
  of	
  
auto-­‐curated	
  nifH	
  sequences	
  from	
  GenBank1	
  .......................................................	
  15	
  
Abstract	
  .......................................................................................................................................	
  16	
  
Introduction	
  ..............................................................................................................................	
  17	
  
System	
  and	
  Methods	
  ...............................................................................................................	
  21	
  
Design	
  Criteria	
  ..........................................................................................................................	
  21	
  
Algorithm	
  .................................................................................................................................................	
  23	
  
Implementation	
  ....................................................................................................................................	
  23	
  
Tuning	
  .......................................................................................................................................................	
  26	
  
Error	
  rates	
  ...............................................................................................................................................	
  27	
  
Extension	
  beyond	
  nifH	
  .......................................................................................................................	
  28	
  

Results	
  .........................................................................................................................................	
  29	
  
Sequences	
  Retrieved	
  on	
  Nov	
  20,	
  2012	
  .......................................................................................	
  29	
  
Error	
  Rates	
  ..............................................................................................................................................	
  30	
  
Comparison	
  to	
  other	
  nifH	
  databases	
  ...........................................................................................	
  31	
  
nifD	
  results	
  ..............................................................................................................................................	
  32	
  

Discussion	
  ..................................................................................................................................	
  32	
  
Necessity	
  for	
  Both	
  Quality	
  and	
  Superiority	
  Criteria	
  .............................................................	
  33	
  
Error	
  Rates	
  ..............................................................................................................................................	
  34	
  
Comparison	
  to	
  other	
  nifH	
  databases	
  ...........................................................................................	
  35	
  

Acknowledgements	
  .................................................................................................................	
  37	
  
References	
  ..................................................................................................................................	
  38	
  
Supplementary	
  Appendix	
  A:	
  Procedure	
  for	
  updating	
  an	
  existing	
  ARB	
  database	
  
with	
  ARBitrator	
  output	
  ..........................................................................................................	
  42	
  
Figures	
  .........................................................................................................................................	
  45	
  

Chapter	
  2:	
  Metagenomics	
  of	
  Uncultivated	
  UCYN-­‐A	
  Cyanobacteria1	
  ..............	
  50	
  
Preface	
  .........................................................................................................................................	
  51	
  
Comparative	
  genomics	
  reveals	
  surprising	
  divergence	
  of	
  two	
  closely	
  related	
  
strains	
  of	
  uncultivated	
  UCYN-­‐A	
  cyanobacteria	
  ..............................................................	
  53	
  
ABSTRACT	
  ...............................................................................................................................................	
  53	
  
Introduction	
  ............................................................................................................................................	
  54	
  



	
   	
  iv	
  

Materials	
  and	
  Methods	
  ......................................................................................................................	
  57	
  
Results	
  .......................................................................................................................................................	
  61	
  
Discussion	
  ................................................................................................................................................	
  66	
  
Conclusions	
  .............................................................................................................................................	
  72	
  
Conflict	
  of	
  Interest	
  ...............................................................................................................................	
  73	
  
Acknowledgements	
  .............................................................................................................................	
  74	
  
References	
  ...............................................................................................................................................	
  74	
  
Supplemental	
  Methods	
  ......................................................................................................................	
  80	
  
Supplemental	
  References	
  .................................................................................................................	
  85	
  
Figures	
  and	
  Tables	
  ...............................................................................................................................	
  87	
  

Addendum	
  to	
  Chapter	
  2:	
  16S	
  Ribosomal	
  RNA	
  Assembly	
  ...........................................	
  99	
  
Addendum	
  Introduction	
  ...................................................................................................................	
  99	
  
Addendum	
  Methods	
  ..........................................................................................................................	
  100	
  
Addendum	
  Results	
  .............................................................................................................................	
  102	
  
Addendum	
  Discussion	
  ......................................................................................................................	
  103	
  
Addendum	
  References	
  .....................................................................................................................	
  107	
  
Addendum	
  Figures	
  ............................................................................................................................	
  109	
  

Chapter	
  3	
  –	
  Dexter:	
  A	
  tool	
  for	
  exploring	
  diel	
  expression	
  data	
  sets	
  .............	
  112	
  
Abstract	
  ....................................................................................................................................	
  112	
  
Background	
  ............................................................................................................................	
  113	
  
System	
  and	
  Methods	
  ............................................................................................................	
  120	
  
Requirements	
  ........................................................................................................................	
  120	
  
Workflow	
  ...............................................................................................................................................	
  121	
  

Application	
  to	
  Operon	
  Prediction	
  ...................................................................................	
  125	
  
Results	
  and	
  Discussion	
  .......................................................................................................	
  130	
  
Operon	
  Prediction	
  ..............................................................................................................................	
  130	
  
Further	
  applications	
  for	
  Dexter	
  ...................................................................................................	
  138	
  

Acknowledgements	
  ..............................................................................................................	
  141	
  
References	
  ...............................................................................................................................	
  142	
  
Figures	
  and	
  Tables	
  ...............................................................................................................	
  149	
  

 

  



	
   	
  v	
  

List of Tables and Figures 
 
Chapter 1: ARBitrator: A software pipeline for on-demand retrieval 

of auto-curated nifH sequences from GenBank  
	
  
Figure	
  1……………………………………………………………………………………………………………..45	
  	
  
Figure	
  2.	
  .......................................................................................................................................................	
  46	
  
Figure	
  3	
  ........................................................................................................................................................	
  47	
  
Figure	
  4	
  ........................................................................................................................................................	
  48	
  
Figure	
  S1	
  .....................................................................................................................................................	
  49	
  
 
Chapter 2: Metagenomics of Uncultivated UCYN-A Cyanobacteria 
	
  
Figure	
  1	
  ........................................................................................................................................................	
  87	
  
Figure	
  2	
  ........................................................................................................................................................	
  88	
  	
  
Figure	
  3	
  ........................................................................................................................................................	
  89	
  
Figure	
  4	
  ........................................................................................................................................................	
  90	
  
Figure	
  5	
  ........................................................................................................................................................	
  91	
  
Figure	
  S1	
  .....................................................................................................................................................	
  92	
  
Figure	
  S2	
  .....................................................................................................................................................	
  93	
  
Figure	
  S3	
  .....................................................................................................................................................	
  93	
  
Figure	
  S4	
  .....................................................................................................................................................	
  94	
  
Table	
  1	
  ..........................................................................................................................................................	
  95	
  	
  
Table	
  2	
  ..........................................................................................................................................................	
  97	
  
Table	
  S1	
  .......................................................................................................................................................	
  98	
  
Figure	
  A1	
  ..................................................................................................................................................	
  109	
  	
  
Figure	
  A2	
  ..................................................................................................................................................	
  110	
  
Figure	
  A3	
  ..................................................................................................................................................	
  111	
  
 
Chapter 3: Dexter: A tool for exploring diel expression data sets 
	
  
Figure	
  1	
  .....................................................................................................................................................	
  149	
  
Figure	
  2	
  .....................................................................................................................................................	
  150	
  	
  
Figure	
  3	
  .....................................................................................................................................................	
  151	
  
Figure	
  4	
  .....................................................................................................................................................	
  152	
  
Figure	
  5	
  .....................................................................................................................................................	
  153	
  
Figure	
  6	
  .....................................................................................................................................................	
  154	
  
Figure	
  7	
  .....................................................................................................................................................	
  155	
  	
  
Figure	
  8	
  .....................................................................................................................................................	
  156	
  	
  
Figure	
  9	
  .....................................................................................................................................................	
  157	
  	
  
Figure	
  10	
  ..................................................................................................................................................	
  159	
  



	
   	
  vi	
  

Table	
  1	
  .......................................................................................................................................................	
  160	
  	
  
Table	
  2	
  .......................................................................................................................................................	
  161	
  
Table	
  3	
  .......................................................................................................................................................	
  162	
  
Table	
  4	
  .......................................................................................................................................................	
  163	
  

  



	
   	
  vii	
  

 
	
  
	
  

Abstract 
	
  
	
  

Philip Heller 
 

Bioinformatic investigations in marine microbial 
ecology 

	
  

Chapter	
  1:	
  The	
  number	
  of	
  known	
  sequences	
  for	
  the	
  nifH	
  gene,	
  commonly	
  used	
  

to	
  assess	
  community	
  potential	
  for	
  N2	
  fixation,	
  has	
  been	
  rapidly	
  growing	
  over	
  the	
  

past	
  few	
  decades.	
  Obtaining	
  these	
  sequences	
  from	
  the	
  National	
  Center	
  for	
  

Biotechnology	
  Information’s	
  GenBank	
  database	
  is	
  problematic	
  because	
  of	
  

annotation	
  errors,	
  nomenclature	
  variation,	
  and	
  paralogues;	
  moreover,	
  

GenBank’s	
  tools	
  are	
  not	
  conducive	
  to	
  searching	
  solely	
  by	
  function.	
  A	
  software	
  

retrieval	
  and	
  curation	
  pipeline	
  called	
  ARBitrator	
  was	
  developed	
  that	
  uses	
  a	
  

BLAST	
  search	
  followed	
  by	
  a	
  screening	
  phase	
  based	
  on	
  conserved	
  domain	
  

similarity	
  to	
  retrieve	
  nifH	
  sequences	
  from	
  Genbank.	
  A	
  total	
  of	
  34,420	
  nifH	
  

sequences	
  were	
  identified	
  in	
  GenBank.	
  The	
  false-­‐positive	
  rate	
  is	
  0.033%.	
  The	
  

pipeline	
  can	
  be	
  adapted	
  for	
  other	
  genes.	
  	
  

Chapter	
  2:	
  Marine	
  cyanobacteria	
  capable	
  of	
  fixing	
  molecular	
  nitrogen	
  

(“diazotrophs”)	
  are	
  key	
  in	
  biogeochemical	
  cycling;	
  the	
  nitrogen	
  fixed	
  is	
  a	
  major	
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external	
  source	
  of	
  nitrogen	
  to	
  the	
  open	
  ocean.	
  Candidatus	
  Atelocyanobacterium	
  

thalassa	
  (UCYN-­‐A)	
  is	
  a	
  diazotrophic	
  cyanobacterium	
  known	
  for	
  its	
  widespread	
  

geographic	
  distribution,	
  unusually	
  reduced	
  genome,	
  and	
  symbiosis	
  with	
  a	
  single-­‐

celled	
  prymnesiophyte	
  alga.	
  Recently	
  a	
  novel	
  strain	
  of	
  this	
  organism,	
  called	
  

UCYN-­‐A2,	
  was	
  detected	
  in	
  coastal	
  waters	
  off	
  southern	
  California.	
  We	
  assembled	
  

and	
  analyzed	
  the	
  metagenome	
  of	
  this	
  UCYN-­‐A2	
  population.	
  UCYN-­‐A2	
  and	
  the	
  

open-­‐ocean	
  UCYN-­‐A1	
  strain	
  share	
  most	
  protein-­‐coding	
  genes	
  with	
  high	
  synteny,	
  

yet	
  average	
  amino-­‐acid	
  sequence	
  identity	
  between	
  orthologous	
  genes	
  is	
  only	
  

86%.	
  Our	
  results	
  suggest	
  that	
  UCYN-­‐A1	
  and	
  UCYN-­‐A2	
  had	
  a	
  common	
  ancestor	
  

and	
  diverged	
  after	
  genome	
  reduction.	
  	
  

Chapter	
  3:	
  Gene	
  expression	
  in	
  cells	
  fluctuates	
  over	
  time	
  in	
  response	
  to	
  internal	
  

and	
  external	
  stimuli.	
  Cyanobacteria,	
  whose	
  metabolism	
  is	
  tightly	
  coupled	
  to	
  the	
  

sunlight	
  cycle,	
  have	
  evolved	
  complex	
  patterns	
  of	
  gene	
  expression	
  that	
  may	
  

derive	
  from	
  optimizing	
  growth	
  by	
  coordinating	
  photosynthesis	
  and	
  protein	
  

synthesis.	
  These	
  patterns	
  can	
  provide	
  much	
  information	
  on	
  how	
  

microorganisms	
  grow	
  and	
  respond	
  to	
  the	
  environment.	
  However,	
  analyzing	
  

complex	
  information	
  from	
  whole-­‐genome	
  expression	
  studies	
  is	
  difficult,	
  

requiring	
  computational	
  approaches	
  that	
  support	
  visual	
  exploration	
  and	
  

analysis	
  of	
  data	
  in	
  order	
  to	
  detect	
  related	
  expression	
  signatures.	
  

A	
  Java	
  application	
  called	
  Dexter	
  was	
  developed	
  to	
  facilitate	
  analysis	
  of	
  single	
  or	
  

multiple	
  gene	
  expression	
  time-­‐series	
  data	
  sets.	
  The	
  value	
  of	
  the	
  program	
  was	
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demonstrated	
  by	
  using	
  it	
  to	
  improve	
  operon	
  predictions.	
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Introduction 
	
  

Background 
	
  
The world’s oceans harbor abundant single-celled life. Recent estimates compute the global 

marine prokaryote population (bacteria plus archaea) 1.2 x 10^29 cells, with biomass in 

excess of 300 Pg of carbon (Whitman et al., 1998). Cyanobacteria (photosynthetic bacteria) 

in the ocean, principally Prochlorococcus and Synechococcus (Partensky et al., 1999; 

Johnson et al., 2006; Scanlan et al., 2009), are important in global biogeochemical 

processes (Karl et al., 2002; Gruber & Galloway, 2008). For example, marine 

cyanobacteria annually convert 45-50 Gt of carbon in the form of atmospheric CO2, to 

marine biomass (Longhurst 1995, Field 1998, Carr 2006). A significant fraction of biomass 

generated by this process, known as primary production, enters the food web and 

eventually sinks to the deep ocean, thus sequestering CO2 (Falkowski 1997). 

Primary production in the open ocean is often limited by scarcity of bioavailable reduced 

nitrogen in the forms of nitrate, nitrite, ammonium, urea and amino acids (Stal, 2009). A 

small number of prokaryotic organisms, known as diazotrophs, are able to provide new 

bioavailable nitrogen to microbial communities by reducing atmospheric N2; this reaction 

hydrolyzes 16 units of ATP per molecule of molecular nitrogen reduced, and is one of the 

most metabolically expensive processes in nature (Raymond et al., 2004). Reduction is 

catalyzed by the nitrogenase enzyme, a tetramer composed of the products of the nifH, 

nifD, and nifK genes (Peters et al., 1995; Igarashi, 2003). Nitrogenase is inactivated by 
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even low concentrations of O2 (Allison 1940; Parker & Scutt, 1960), and cyanobacteria, 

which evolve O2 through photosynthesis, have consequently evolved several strategies for 

separating nitrogen fixation from the oxygen evolved by photosynthesis (Fay 1992; 

Bergman et al. 2012; . Several filamentous cyanobacteria, for example Nostoc (Fleming & 

Haselkorn, 1973), are known to form heterocysts, specialized cells that contain no 

chlorophyll and fix nitrogen that is transferred to the vegetative cells of the filaments (Fay 

1992). Some unicellular cyanobacteria, notably Crocosphaera watsonii, only fix nitrogen at 

night (Sherman et al., 1998). The symbotic cyanobacterium Candidatus 

Atelocyanobacterium thalassa (“UCYN-A”) has lost its photosystem II genes and obtains 

the products of photosynthesis from its eukaryotic single-celled hosts in exchange for 

reduced nitrogen (Tripp et al., 2010; Bombar et al., 2014). Intriguingly, Trichodesmium 

erythraeum is filamentous but does not form heterocysts, and fixes nitrogen during the day 

despite the lack of any known segregation strategy (Capone et al. 1997). 

Biological nitrogen fixation is an essential component of the marine nitrogen 

biogeochemical cycle. In order to fully understand this and other important marine 

biogeochemical cycles, such as the phosphorus and iron cycles, it is necessary to 

understand the role of bacteria in transferring abiotic material into communities. However, 

studying marine microbes by traditional microbiological approaches is hampered by at least 

two major difficulties. First, most marine bacteria have not been cultivated (although some 

progress is being made in this direction; see for example Markou 2011), and therefore 

cannot be studied in vitro. Second, it is difficult to identify microorganisms visually and 

microbial morphology is too simple to be a sound basis for phylogenetic classification 
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(Olsen et al., 1986; Amann et al., 1990). The shortcomings of traditional investigative tools 

prompted the application of techniques from molecular biology to problems of microbial 

oceanography. In 1987, Carl Woese used sequences of the 16S ribosomal RNA (rRNA) 

subunit to construct a phylogenetic tree of life that revealed 3 top-level “ur-kingdoms” that 

he termed Archaebacteria, Eubacteria, and Eukaryota (Woese 1987; Woese, Kandler, & 

Wheelis, 1990). 16S rRNA continues to be a useful basis for general phylogeny and 

identification, while sequences of other genes are used to investigate specific metabolic 

processes, including nasA for nitrate assimilation (Allen et al., 2001), nifH for nitrogen 

fixation (Zehr & McReynolds, 1989), nirS for denitrification (Ward et al., 2007), and nosZ 

for nitrous oxide reduction (Jones et al., 2013). Today molecular techniques are applied to 

at least three kinds of studies: studies that focus on a single gene, for example to assess 

community potential to carry out metabolic processes associated with the gene(refs); 

metagenomic studies, which analyze all DNA sequences from an environmental sample; 

and transcriptome/metatranscriptome studies, which analyze gene expression of cultures or 

environmental populations and communities. 

With the increased application of molecular methods and decreasing nucleic acid 

sequencing costs, data collection has outpaced analysis in all three kinds of studies 

mentioned above. Analysis is challenging because of the size and complexity of 

experimental results, and computational methods are necessary to determine relationships 

within large molecular biology data sets. This thesis presents three computation-based 

studies that resulted in important discoveries in single-gene genomics, metagenomics, and 

transcriptomics data, by applying a combination of existing and novel bioinformatics 
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techniques. The first project, described below in the section titled “nifH sequence retrieval 

and curation”, involved nifH, the gene that encodes the two identical subunits of the iron 

protein of nitrogenase. Accelerating accumulation of sequences of this gene in the 

GenBank database has made manual retrieval and curation of such sequences intractable 

and impeded advancement of nifH diversity and phylogeny studies. To address this 

problem, a novel algorithm was developed and implemented in a software tool called 

ARBitrator. The second project, described below in the section titled “Metagenomics of 

UCYN-A2”, involved assembly from metagenomic data of the genome of a new strain of a 

symbiotic diazotrophic cyanobacterium called UCYN-A, which may be a globally 

important nitrogen-fixer. This work provides a basis for comparing the genomes of the two 

strains; future study of new strains may benefit from the bioinformatic techniques 

developed for the assembly and analysis. The third project, described below in the section 

titled “Transcriptomics and diel expression of cyanobacteria”, involved time series analysis 

of cyanobacterial transcriptome data. Cyanobacteria, whose metabolism is tightly coupled 

to the daily cycle of sunlight, have evolved complex daily patterns of gene expression. 

Although several time-series expression studies have been performed on cyanobacteria in 

axenic cultures, single-organism and comparative analysis are challenging because of a 

lack of computational tools. A Java application called Dexter was developed and applied to 

compare and analyze cyanobacterial gene expression time series datasets. 

nifH sequence retrieval and curation 

The identification in 1989 by Zehr and McReynolds of the role of Trichodesmium in fixing 
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nitrogen in Trichodesmium aggregates was carried out using degenerate PCR primers that 

targeted a broad variety of nifH sequences (Zehr & McReynolds, 1989). nifH encodes the 

iron protein , a component of nitrogenase, the enzyme that catalyzes reduction of molecular 

nitrogen to ammonia, and is an effective molecular proxy for environmental nitrogen 

fixation (Zehr et al., 2007). The success of this work led to reuse of the primers and 

discovery of nifH genes in diverse marine and non-marine habitats, including woody 

dicotyledenous plants (Simonet 1991), rice roots (Ueda, et al., 1995), termite guts (Ohkuma 

1996), stromatolites (Steppe et al., 1996), central ocean gyres (Zehr et al., 1998), and salt 

marshes (Lovell et al., 2000). Many newly discovered genes were sequenced, and the 

sequences were deposited in the GenBank database (Benson et al., 2004; Benson et al., 

2011), allowing cross-study phylogenetic analysis. nifH phylogeny is important because 

diazotrophs are distributed broadly but sparsely throughout the bacterial and archaeal 

domains (Young 2005; Gruber & Galloway, 2008); therefore organism phylogeny is not a 

useful predictor of the capacity to fix nitrogen. 

nifH sequences in the GenBank database have been accumulating at an accelerating pace 

for two decades, causing a curation challenge that is no longer tractable except by 

computational approaches. In 1994, the database contained 19 nifH sequences (Chien & 

Zinder, 1994); this rose to 100 in 1998. A census of nifH diversity initiated in 2007 

identified over 17,000 nifH sequences in GenBank (Gaby & Buckley, 2011); in 2011 there 

were over 30,000, with approximately 250 additional sequences deposited monthly. 

Diversity studies and sequence collections had become hampered by the inability to 

efficiently collect all nifH sequences from GenBank. Chapter 1 of this thesis describes a 
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software pipeline that rapidly and automatically retrieves and curates nifH sequences from 

GenBank with high sensitivity and specificity, thus enabling ongoing phylogeny and 

diversity studies. 

Metagenomics of UCYN-A2 

Trichodesmium has long been recognized as an important marine nitrogen fixer (Capone et 

al., 1997). However, estimates of nitrogen fixation by Trichodesmium amount to only 25% 

- 50% of geochemically derived rates (Mahaffey et al., 2005; Capone et al., 2005). This 

discrepancy has motivated the search for additional significant marine diazotrophs. 

In 1998 (Zehr et al., 1998) and 2000 (Zehr et al., 2000), diverse diazotroph 

populations were discovered by nifH gene amplification at station ALOHA, 100 km 

north of Oahu. Phylogenetic analysis of nifH genes revealed two sub-clusters, 

referred to as Group A and Group B. Group B was identified to be Crocosphaera 

watsonii, a previously cultivated marine cyanobacterium. Group A represented a 

previously unknown clade, commonly called “UCYN-A” (for “unicellular 

cyanobacteria nitrogen-fixing, Group A”) after nomenclature introduced by Mazard 

(Mazard et al., 2004) to describe a clade of unicellular nitrogen fixers detected by 16S 

ribosomal DNA phylogeny; UCYN-A was recently given the temporary name 

Candidatus Atelocyanobacterium thalassa. Cells from water samples were sorted by 

flow cytometry to enrich for UCYN-A cells and then the DNA was sequenced (Zehr 

et al., 2008) and later assembled (Tripp et al., 2010) to reveal a genome that lacked 

major metabolic components, including photosystem II. This unusual genomic 
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streamlining implied that UCYN-A is a symbiont receiving photosystem II products 

in exchange for fixed nitrogen. The symbiont’s host has been identified as 

Braarudosphaera bigelowii (Thompson et al., 2012), a nanoplankton. 

	
  

Research in the Pacific Ocean (Montoya 2004; Moisander et al., 2010) suggested that 

UCYN-A may be as least as important in nitrogen fixation as Trichodesmium and prompted 

the search for additional UCYN-A genomes from different habitats. Chapter 2 of this thesis 

describes the assembly and analysis of the metagenome of a second strain of UCYN-A 

from coastal waters off Scripps Oceanic Institute in La Jolla, California, an environment 

substantially different from that at Station ALOHA (Chavez 2002). As with the original 

strain, water was partially purified by flow cytometry and paired-end sequencing was 

performed prior to metagenome assembly. Assembly revealed that the two strains have 

97% of their coding genes in common and a high degree of synteny, but have surprisingly 

low nucleotide and amino acid similarity. The availability of the genome of a second strain 

provides a basis for investigating how genomic differences between strains may reflect 

adaptation to different habitats, while the bioinformatic techniques developed for the 

assembly and analysis are likely to prove of value in the study of additional UCYN-A 

strains. 

Transcriptomics and diel expression of cyanobacteria 

Whereas genomics and metagenomics measure the metabolic potential of organisms and 

communities, transcriptomics and metatranscriptomics measure the expression level of 
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genes. Time series transcriptomic and metatranscriptomic data can reveal the temporal 

dynamics of metabolic processes in organisms and communities. 

Representatives of all 3 domains of life have been observed to express genes in cycles that 

repeat every 24 hours, controlled by external cues such as light or temperature or by 

endogenous circadian clocks. Cyanobacteria can be expected to exhibit especially 

prominent and complex daily periodic expression patterns, as their lifestyles are 

coordinated to the availability of sunlight; this may be especially true in the case of 

diazotrophic cyanobacteria like Crocosphaera that temporally separate photosynthesis 

from nitrogen fixation. Time-series expression studies of cyanobacteria in culture are 

available for a few organisms, including Crocosphaera watsonii WH8501 (Shi 2010), 

Cyanothece sp. Strain ATCC 51142 (Stoeckel 2008; Toepel 2008), Prochlorococcus 

marinus MED4 (Zinser 2009), and Trichodesmium erythraeum IMS101 (I. Shilova and J. 

Zehr, unpub. data).���Analysis of diel expression patterns appears to support the hypothesis 

that genes with similar expression patterns have similar function. Few community-wide 

environmental time-series expression studies have been performed; one recent 

metatranscriptome time-series study (Otteson 2014) revealed intriguing waves of 

coordinated expression patterns that begin with cyanobacterial primary producers and 

propagate to heterotrophic bacteria. 

Systematic mining of time series expression data sets, and comparison of data sets for 

different organisms or ecotypes, is challenging because of a lack of software tools for 

visualization, exploration, and analysis; the problem is exacerbated by variations in 



	
   	
  9	
  

experimental design, which make comparison of data sets difficult. Chapter 3 of this thesis 

presents a novel software tool called Dexter that facilitates visualization, exploration, and 

analysis of multiple time-series expression data sets. The value of the program was 

demonstrated by using it to explore gene expression similarity within operons and to 

improve operon predictions in three cyanobacterial strains. 
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Chapter 1: ARBitrator: A software pipeline for 
on-demand retrieval of auto-curated nifH 
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Abstract 
	
  
Motivation: Studies of the biochemical functions and activities of uncultivated 

microorganisms in the environment require analysis of DNA sequences for 

phylogenetic characterization and for the development of sequence-based assays for 

the detection of microorganisms. The numbers of sequences for genes that are 

indicators of environmentally important functions such as nitrogen (N2) fixation have 

been rapidly growing over the past few decades. Obtaining these sequences from the 

National Center for Biotechnology Information’s GenBank database is problematic 

because of annotation errors, nomenclature variation, and paralogues; moreover, 

GenBank’s structure and tools are not conducive to searching solely by function. For 

some genes, such as the nifH gene commonly used to assess community potential for 

N2 fixation, manual collection and curation are becoming intractable due to the large 

number of sequences in GenBank and the large number of highly similar paralogues. 

If analysis is to keep pace with sequence discovery, an automated retrieval and 

curation system is necessary. 

 Results: ARBitrator uses a two-step process comprised of a broad collection of 

potential homologues followed by screening with a best-hit strategy to conserved 

domains. 34,420 nifH sequences were identified in GenBank as of Nov 20, 2012. The 

false-positive rate is approximately 0.033%. ARBitrator rapidly updates a public nifH 

sequence database, and we show that it can be adapted for other genes. 

���Availability and Implementation: Java source and executable code are freely 
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available to non-commercial users at 

http://pmc.ucsc.edu/~wwwzehr/research/database/. 

Introduction 

Microorganisms catalyze a variety of biogeochemical transformations, such as 

nitrogen (N2) fixation, that are critical for ecosytem function. Since many 

microorganisms in the environment have not been cultivated, studies of such 

functions depend on amplification and sequencing of genes that encode proteins 

involved in the functions of interest (Zehr et al., 1995; Ueda et al., 1995; Zehr et al., 

2003). This approach facilitates detection and phylogenetic characterization of 

uncultivated microorganisms. 

Dinitrogen (N2) is the most abundant gas in the atmosphere, but is not bioavailable 

unless it is reduced to ammonia by N2 fixation. Biological N2 fixation can require the 

protein products of up to 20 nif genes. The nifH, nifD, and nifK gene products are the 

structural components of the conventional molybdenum (Mo)-containing nitrogenase 

enzyme (Igarashi, 2003). The products of other nif genes are involved in roles such as 

regulation and biosynthesis (Rubio and Ludden, 2008). In environmental studies nifH, 

which encodes the Fe protein of Mo, V and Fe nitrogenases, is the most commonly 

utilized nitrogenase gene for the investigation of microorganisms with the potential to 

fix N2, since it is the most highly conserved in sequence (Young, 1992). This gene 

can be used to examine the diversity of N2-fixing microorganisms in the environment, 
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provides insight into the evolution and ecology of N2 fixation, and can indicate the 

potential for N2 fixation in microbial communities (Zehr and Capone, 1996; Lovell et 

al., 2001). 

The application of degenerate nifH PCR primers (Zehr and McReynolds, 1989) 

enabled the discovery of novel nifH sequences in the environment. This approach 

fueled studies of N2 fixation across a broad range of habitats, including woody 

dicotyledenous plants (Simonet et al., 1991), rice roots (Ueda et al., 1995), termite 

guts (Ohkuma et al., 1996), stromatolites (Steppe et al., 1996), central ocean gyres 

(Zehr et al., 1998), and salt marshes (Lovell et al., 2001). The size of phylogenetic 

trees based on all available nucleotide and amino acid sequences expanded from 19 

sequences in 1994 (Chien and Zinder, 1994) to approximately 100 sequences in 1997 

(Zehr et al., 1997) and to approximately 1500 sequences in 2003 (Zehr et al., 2003). 

Four (or five, depending upon author) major phylogenetic clusters have been 

described (Chien and Zinder, 1994; Zehr et al., 2003; Raymond et al., 2004; Gaby 

and Buckley, 2011). Only 3 of these phylogenetically-related clusters contain true 

nitrogenase-encoding nif genes. Cluster I nifH primarily comprises “conventional” 

nifH, which encodes the Fe protein of Mo nitrogenase (Igarashi, 2003), as well as 

vnfH genes that encode the Fe protein of vanadium (V) nitrogenase (note that 

vanadium nitrogenase genes cluster differently based on nifD or nifK 

genes)(Raymond et al., 2004). Organisms that contain Cluster 1 nifH genes include 

cyanobacteria and alpha-, beta-, and gamma-proteobacteria. Cluster II nifH genes 
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encode the Fe protein of “alternative” nitrogenases that contain iron but do not 

contain Mo or V (Lehman and Roberts, 1991; Joerger et al., 1989). Cluster III is 

dominated by genes encoding Fe proteins of nitrogenases primarily of anaerobes, 

including methanogens and sulfate reducers; these nitrogenases likely contain Mo. 

Clusters IV and V (sometimes grouped as Cluster IV) contains nifH paralogues whose 

functions include photopigment biosynthesis (Young, 2005) and non-N2- fixation 

electron transport (Raymond et al., 2004). It has also been suggested that the function 

of Cluster IV nifH paralogues found in non-N2-fixing Archaea is the biosynthesis of 

cofactor F430, essential to the production of methane (Staples et al., 2007; Boyd et 

al., 2011). The gene name nflH, for “nifH-like”, has been proposed for these nifH 

paralogues (Staples et al., 2007). 

Since sequences are accumulating rapidly in gene sequence databases, ongoing 

efforts to retrieve and analyze new nifH records are necessary in order to elucidate 

relationships between phylogenetic categories and identify phylotypes in different 

ecosystems. These efforts can be frustrated by the sheer number and growth rate of 

nifH gene sequences deposited into the National Center for Biotechnology 

Information (NCBI) GenBank database (Benson, 2004). For example, in February 

2009, Gaby and Buckley identified nifH sequences from the nonredundant nucleotide 

collection database (nr/nt) at GenBank for a global census of nitrogenase diversity 

(Gaby and Buckley, 2011) and records were manually curated to form a database of 

approximately 17,000 sequences. We estimate that in the intervening time between 

the download and publication of the related article in 2011, at least 10,000 nifH 
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sequences were added to the database. We estimate that as of January 2012 there 

were over 32,000 nifH sequences in that database, with a growth rate of over 300 

sequences per month. Retrieval involving human intervention now requires a 

significant investment of manpower that will increase over time; an automated 

retrieval pipeline is needed to allow analysis to keep pace with data collection. 

However, automating retrieval of all sequences of any specific gene from GenBank is 

difficult. Moreover, the most common query idioms for searching GenBank are 

variants of BLAST (Altschul et al., 1990), which searches for sequence similarity 

rather than function. Approaches based on BLAST alone are likely to be overly 

sensitive, as hits to nifH homologues with functions other than N2 fixation are not 

easily distinguished from genuine nifH hits. Text searches that analyze sequence 

annotation can be misled by misannotation (Tripp et al., 2011) or misspellings in the 

annotation fields; a text search for “nifh” in the nr protein database found only 6,173 

sequences, of which we believe 527 are not actually nifH. The Fungene database 

(http://fungene.cme.msu.edu) provides a repository of collections of functional genes 

from GenBank, classified by hidden Markov models (Krogh et al., 1994; Eddy, 

1998); however, updates from GenBank are infrequent and the hidden Markov model 

approach is prone to false calls. An alternative nifH database available to the public, 

maintained at Cornell (Gaby and Buckley, 2001; Gaby and Buckley, 2014), requires 

the manual retrieval and curation of Genbank nifH sequences. 

To resolve these issues, a software pipeline was developed, called ARBitrator, that 

requires little human intervention and retrieves up-to-date nifH sequence collections 
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within a few hours. The software is adaptable to collecting sequences for genes other 

than nifH, and is especially helpful for discriminating genes of interest from their 

paralogues, since it incorporates an auto-curation feature based upon best reversePSI 

BLAST hits to GenBank’s Conserved Domain Database. ARBitrator’s output is 

formatted for input into other programs, such as the ARB phylogenetic software 

environment (Ludwig	
  et al.,	
  2004). Supplementary Appendix A provides a procedure 

for incrementally updating an existing nifH ARB database using the output of 

ARBitrator, thus facilitating maintenance of a comprehensive updated gene database. 

System and Methods 

Design Criteria 

In order to retrieve sequences for a single gene (in this case the nifH gene) from a 

large public database, and to facilitate maintenance of a sequence database for that 

gene, a pipeline needs to meet specific design criteria. Based on experience with 

maintaining a public database of nifH sequences 

(http://pmc.ucsc.edu/~wwwzehr/research/database/), the following requirements 

were identified: 

(1) The pipeline should be easy to invoke, and should require no manual setup or 

runtime intervention. In particular, the pipeline should use the public on-line 

GenBank database and services provided by NCBI, rather than using a local copy of 

the database which would need to be downloaded and updated prior to pipeline 
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execution. 

(2) The data should not require manual curation. Given the current size of the 

GenBank database and the rate at which new nifH sequences are submitted, any step 

involving even trivial manual inspection of individual records would introduce 

excessive delays and possible errors. 

(3) The pipeline should have acceptable error rates. Automated classification systems 

have inherent error rates which must be controlled to within acceptable tolerances. In 

the case of nifH classification, sequences with strong similarity to nifH but different 

function might be accepted on the basis of homology (false positives). Similarly, 

sequences with nifH function that have strong similarity to non-nifH genes might be 

rejected (false negatives). Both kinds of error must be minimized. 

(4) Sequence identification should not rely on annotations in the database. Although 

annotations are useful as quality control checks (e.g. for determining false 

positive/negative rates), classification should be based only on sequence content. A 

solution based on annotations could be no better than the false annotation rate, which 

is unknown but may be too high for reliable classification. Moreover, any such 

solution would complicate the software by requiring natural language processing. 

(5) The output of the pipeline should contain all metadata associated with the 

identified sequences, presented in a standard format. The pipeline’s results should be 

easy to analyze. We have traditionally used ARB (Ludwig	
  et al.,	
  2004)	
  to build 
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phylogenetic trees of nifH sequences; therefore the pipeline must produce output in 

EMBL format (Kanz,	
  2004), which ARB is able to read. All annotation information 

and metadata should be included in the EMBL records. 

(6) The pipeline should be adaptable to the retrieval of genes other than nifH. To this 

end, code should be open-source under standard licenses, and adaptation should not 

require a high level of programming expertise or technical support. 

Algorithm 

ARBitrator evaluates candidate sequences on two criteria, which we designate 

“quality” and “superiority”. Quality measures a candidate sequence’s similarity to the 

most similar member of a representative set of 15 nifH sequences; superiority 

measures the degree to which a candidate is more similar to nifH than to genes coding 

for other known proteins. ARBitrator first executes a sensitivity phase in which it 

collects candidates based on quality (Figure 1). Initial investigations showed that this 

phase is effective at finding nifH sequences; however, many non-nifH (false positive) 

sequences are also collected. In the subsequent specificity phase, false positive 

candidates are eliminated based on superiority. In a final formatting phase, nucleotide 

sequences and annotations are retrieved for each accepted sequence and an output file 

is generated in EMBL format. 

Implementation 

In the sensitivity phase, a set of nifH protein sequences is BLASTed against the nr 



	
   	
  24	
  

database at GenBank using the blastp (protein query, protein subject) program. Given 

the large number of known nifH sequences (over 15,000 at the inception of this 

project), a “representative set” was selected consisting of 15 sequences that are 

evenly distributed throughout the nifH phylogenetic tree (Figure 2). By only 

BLASTing these representative sequences, rather than all known sequences, time 

spent in this phase of the algorithm is reduced by 3 orders of magnitude. For all 

candidate sequences (hits) retrieved, we define “quality” as the negative log10 of the 

E-value of the hit. If a subject is hit by multiple queries from the representative set, 

then quality is defined as the negative log10 of the smallest E-value across all hits. The 

sensitivity phase accepts sequences with quality >= 2 (i.e. all E-values are <= .01). 

The output of this phase is a collection of GIs (GenInfo Identifiers). 

To support the specificity phase, a database of conserved domains was constructed 

based on the total set of GenBank Conserved Domains in the Sub-family Hierarchy 

for cd01983, Fer4_Nifh. Candidate GIs that meet the sensitivity criteria are reverse-

PSI BLASTed against this database. The reverse-PSI BLAST algorithm uses 

position-specific scoring (Marchler-­‐Bauer	
  et al.,	
  2001;	
  2011), and is thus 

appropriate for conserved domain analysis since differences within a conserved 

domain are penalized more heavily than differences in non-conserved regions. The 3 

best-scoring hits for each candidate are analyzed. Any hits to the cd02117 

(NifH_like) conserved domain are discarded as uninformative; candidate sequences 

are accepted if the best remaining hit is to the cd02040 (NifH) conserved domain, and 
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the E-value of this hit is at least 10x smaller than the E-value of the next-best hit. We 

define a sequence’s superiority as log10 (E-value of best non-cd02040 hit) - log10 (E-

value of cd02040 hit). Thus, candidates are accepted if their superiority is >= 1. The 

output of the sensitivity phase is a subset of the protein GIs generated by the 

sensitivity phase, representing sequences that ARBitrator classifies as nifH. For 

analysis requiring only protein GIs, the pipeline may optionally be terminated at this 

point. 

The formatting phase retrieves the nucleotide coding sequence and annotations 

associated with each protein GI, and builds a record in EMBL format (Kulikova	
  et al.,	
  

2007). The GenBank protein record for each GI is retrieved from NCBI via the 

eUtils utility (http://www.ncbi.nlm.nih.gov/books/NBK25497/pdf/chapter2.pdf). This 

record is scanned for the “coded_by” subfield of the “CDS” field to extract the 

identifier of a nucleotide sequence – typically a complete genome – along with 

coordinates for the start and end of the protein sequence. A second eUtils query 

retrieves the nucleotide record, from which the nifH nucleotide sequence is extracted. 

The public-domain ReadSeq utility 

(http://iubio.bio.indiana.edu/soft/molbio/readseq/java/) converts this record to EMBL 

format. Lastly, for compatibility with ARB’s input filtering, multi-line literal quote 

field values in the EMBL record are concatenated into single monolithic lines. 

After execution of the pipeline, new records can be incorporated into an existing ARB 

database using a protocol described in Supplementary Appendix A. Briefly, new 
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records are imported into ARB using a custom import filter. All protein sequences are 

then exported and aligned to the NifH/FrxC protein family using a hidden Markov 

model. The aligned sequences are then imported into ARB. Nucleotide sequences are 

back-aligned to the protein alignment using the ARB backalign tool. The nucleotide 

and amino acid sequences can then be used for phylogenetic analysis and probe 

design. 

Tuning 

The software’s classification algorithm is fine-tuned by three parameters: the 

representative set of verified nifH sequences used as the BLAST queries of the 

sensitivity phase, and the threshold values for quality and superiority. The 

representative set was chosen to broadly represent the known clades in the nifH 

phylogenetic tree. Members of the set are shown in Figure 2.  

To determine threshold values for quality and superiority, positive and negative 

training sets were created. The positive training set contains the 15,513 nifH 

sequences in a manually curated nifH database 

(http://pmc.ucsc.edu/~wwwzehr/research/database/) as of September 1, 2010. The 

negative training set contains 766 sequences that are believed not to be nifH but that 

are moderately similar to nifH. Optimal quality and superiority thresholds were 

computed by exhaustive search of quality-superiority space. When quality threshold = 

2 and superiority threshold = 1, miscalls are minimized in both training sets. These 

thresholds were verified by N-fold cross validation. 
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Error rates 

To determine false positive and false negative rates, ARBitrator was executed 

immediately after the November 2012 run reported herein, with the quality threshold 

relaxed to zero and the superiority threshold relaxed to -10. This generated a sample 

set consisting of sequences that were accepted by ARBitrator as nifH, as well as 

sequences that were rejected by a small margin. Sequences were aligned to a Pfam-

curated multiple alignment of the NifH/frxC family (Fer4_NifH; PF00142) using the 

HMMalign module of the HMMer software package (Finn et. al.,2011). Sequences 

that were too short for reliable alignment were omitted from the error rate 

computation. To classify “accept” sequences, a neighbor-joining phylogenetic tree 

(Saitou and Nei, 1987) was constructed using sequences that had amino acid residues 

in the region most widely PCR amplified by nifH primers (Zehr et.al. 2003), as the 

majority of the sequences submitted to GenBank are from PCR amplification. 

Sequences with short branches within Clusters I through III were classified as nifH; 

sequences with short branches within Cluster IV (which contains nifH homologues 

and non-functional genes) could not be classified with confidence, and were omitted 

from the error-rate computation; sequences with long branches within Cluster IV 

were classified as not nifH. ARBitrator’s false positive rate was computed as the 

number of “accept” sequences classified phylogenetically as not nifH, divided by the 

total number of “accept” sequences that could be aligned. A false positive rate for 

sequences reported as nifH by Fungene was computed by the same method. To 

classify “reject” sequences, any sequence that aligned poorly with the NifH/frxC 
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family model was classified as not nifH. Those that aligned well but did not have 

amino acid residues in the region most widely amplified by nifH primers were 

omitted from the error rate computation, as their phylogenetic analysis would not be 

reliable. A neighbor-joining tree was constructed using the remaining “rejects” (i.e. 

those whose alignments permitted phylogenetic analysis), and the nifH representative 

set sequences. Classification was performed as described above, except that 

sequences with short branches to Cluster IV were conservatively classified as nifH to 

determine an upper bound for the false positive rate. 

To assess the reliability of annotations among nifH and similar sequences, annotated 

gene function was retrieved for all “accept” and “reject” sequences. Records whose 

annotated function was nifH or synonymous to nifH (“dinitrogenase reductase”, 

“nitrogenase Fe protein”, and 138 others) were classified as annotated as nifH. 

Phylogeny-based misannotation rates were computed using the approach described to 

determine error rates. Sequences whose annotation contradicted phylogenetic 

classification were blasted against the GenBank nr database to assess the likelihood of 

misannotation.  

Extension beyond nifH 

To test ARBitrator’s effectiveness on genes other than nifH, the pipeline was 

configured to retrieve sequences of the nifD gene (that encodes the alpha subunit of 

the Mo, V and Fe nitrogenase proteins). The representative sequence set consisted of 

the nifD sequences of the organisms that contributed to the nifH representative set, as 
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well as 3 sequences of vnfD (the vanadium-using form of nifD). A positive training 

set was built by running the pipeline with the nifD representative and the 

quality/superiority settings used for nifH, and hand-selecting 73 sequences from the 

results; 43 additional sequences were added from six published studies (Dedysh,	
  

2004;	
  Fani	
  et al.,	
  2000;	
  Henson	
  et al.,	
  2004;	
  Holmes,	
  2004;	
  Parker	
  et al.,	
  2002;	
  

Rodríguez-­‐Echeverría,	
  2010). A negative training set was built by selecting 82 

sequences of five genes that are known to have high similarity to nifD: nifE, nifH, 

nifK, nifN, and protochlorophyllide reductase. Optimal quality and superiority 

thresholds were computed by exhaustive search of quality- superiority space, and the 

pipeline was executed with quality=8.1 and superiority=0.1. As with the nifH 

configuration, the thresholds were then relaxed to generate a sample set for 

computation of true- and false-negative rates. 

Results 

Sequences Retrieved on Nov 20, 2012 

On November 20, 2012, ARBitrator returned 34,420 nifH sequences from GenBank, 

of which 1,757 were new to GenBank since the previous ARBitrator run on July 11, 

2012. The list of protein sequence GIs may be downloaded from 

http://pmc.ucsc.edu/~wwwzehr/research/database/. Figure 3 shows a phylogenetic 

tree of representatives of the 34,420 sequences.  

Figure 4 shows the distribution by quality and superiority of all sequences in the 



	
   	
  30	
  

sample set. Linear regression analysis of the accepted sequences (upper-right 

quadrant) shows a linear relationship with superiority = 1.3 + .45 x quality, and a 

coefficient of determination of .91. Most sequences accepted by ARBitrator cluster 

around the point (quality=63, superiority=28). Intriguingly, there is a cluster of 

rejected sequences around the point (quality=2, superiority=-5); these are 

predominantly annotated as septum-site determining proteins or cobyrinic acid a,c-

diamide synthase (cobB). 

Error Rates 

Of 34,420 sequences in the sample set that are called nifH by ARBitrator (upper-right 

quadrant in Figure 4), 2,208 are too short for phylogenetic analysis and are omitted 

from the error-rate computation. 30,051 cluster with short branches with Clusters I, II, 

and III, and are confirmed as nifH. 2,151 sequences that cluster with short branches 

within Cluster IV cannot be confidently classified as nifH or not-nifH, and are omitted 

from the computation. 10 sequences associate via long branches with Cluster IV and 

are classified as not nifH. Thus the phylogenetically-derived false positive rate is 10 / 

(10 + 30,051) = 0.033%. Of the 32,227 sequences in the sample that are rejected by 

ARBitrator (upper-left, lower-left, and lower- right quadrants in Figure 4), 2,067 are 

too short for phylogenetic analysis and are omitted from the error-rate computation. 

28,846 align poorly with the NifH/frxC family and are confirmed as not nifH. 1,134 

cluster with long branches within Cluster IV, and are also confirmed as not nifH. 8 

associate via short branches with Cluster IV and are omitted from the error-rate 
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computation. Thus the phylogenetic analysis detected no false negative errors. See 

Supplementary Figure S1 for phylogenetic trees of accepted and rejected sequences. 

104 sequences that ARBitrator accepts are annotated as not nifH; 87 of these are 

confirmed by phylogeny as nifH (i.e. phylogeny confirms ARBitrator’s call), 10 are 

classified by phylogeny as not nifH, and 10 cannot be phylogenetically classified. 88 

sequences in the sample set that ARBitrator rejects are annotated as nifH; 82 of these 

are classified by phylogeny as not nifH (i.e. phylogeny confirms ARBitrator’s call), 8 

are classified by phylogeny as nifH, and 8 cannot be phylogenetically classified. 

Comparison to other nifH databases 

The sequences were compared to the 31,970 sequences in the Fungene database as of 

November 20, 2012. ARBitrator and Fungene had 29,836 sequences in common. 

ARBitrator collected 4,584 sequences that Fungene rejected, and Fungene collected 

2,134 sequences that ARBitrator rejected; of these, ARBitrator rejected 1,744 due to 

quality and 390 due to superiority. For the sequences reported by both ARBitrator and 

Fungene, the phylogenetically derived false positive rate is .033%, the same as the 

overall ARBitrator false positive rate. For the 2,134 sequences that only Fungene 

reports as nifH, 1,964 did not align with the NifH/frxC family and are classified as 

not nifH. Thus the false positive rate for these sequences is >= 1,964/2,134 = 92%. 

The overall Fungene false positive rate is 6.2%. 

The second update of the Cornell nifH database reported in Gaby and Buckley 
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(2014), based on a May 2012 snapshot of GenBank, contained 32,854 nucleotide 

records, 28,742 of which have corresponding protein records specified by a “db_xref” 

field thus permitting comparison to ARBitrator. ARBitrator rejected 479 of these 

records (1.7%): 440 due to low quality, and 39 due to low superiority. 

nifD results 

The nifD configuration of the pipeline returned 2,747 sequences, of which 2,726 are 

annotated as nifD, for a false positive rate of 0.76% conditioned on annotation 

accuracy. The sample set contained 8715 rejected sequences, of which 76 are 

annotated as nifD, for an annotation-conditioned false negative rate of 0.87%. For the 

2,972 nifD sequences reported by Fungene for which unambiguous annotations could 

be retrieved, the annotation-conditioned false positive rate is 48%. 

Discussion 

nifH gene diversity studies, and indeed all single-gene diversity studies, are hampered 

by the difficulty of collecting all sequences associated with the gene of interest. 

NCBI’s GenBank, the database where newly discovered sequences are deposited, 

provides no service for selecting all records that are annotated as representing a 

specified gene. A direct text search of the database would be of dubious value due to 

misannotations. GenBank’s main query idiom is the BLAST search, which selects 

based on sequence similarity regardless of function. Consequently a sequence 

collection pipeline that simply BLASTs a representative set of query genes will 
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accept paralogues with the wrong function. The challenge of supporting diversity 

studies is exacerbated by the rapid growth of GenBank: the collection of nifH, and 

presumably other genes, appears to have been growing exponentially for the past 

several years. Thus there exists an opportunity to facilitate diversity studies by 

increasing the efficiency of sequence retrieval. 

Necessity for Both Quality and Superiority Criteria 

As Figure 4 shows, sequences obtained and accepted as nifH by ARBitrator (above 

and to the right of the purple crosshairs) cluster around the point (quality=63, 

superiority=28). When the quality and superiority criteria are relaxed (to the left of 

and/or below the crosshairs) a second cluster appears around quality=0.1, 

superiority=-5; sequences in this second cluster are predominantly annotated as MinD 

(membrane ATPase of the MinC-MinD-MinE system) or CobB (cobyrinic acid a-c 

diamide synthase, involved in the biosynthesis of vitamin B12). There is an 

approximately linear relationship between quality and superiority (superiority = 1.3 + 

.45 quality), with r2 = .91. This relationship is not strong enough to allow either 

quality or superiority alone to be used as a selection criterion. For example, without 

the quality criterion, all sequences to the right of the vertical crosshair would be 

accepted, including many sequences from the MinD/cobyrinic acid peak. Similarly, 

without the superiority criterion, all sequences below the horizontal crosshair would 

be accepted. 
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Error Rates 

ARBitrator’s low error rates (.033% false positives, no detectable false negatives) can 

be understood in light of the underlying similarities between the ARBitrator 

algorithm and the error-rate analysis. In both approaches, candidate sequences are 

aligned against known nifH sequences. With ARBitrator, the candidate sequences are 

the contents of the GenBank protein database and the known nifH sequences are the 

15 representative sequences; during the sensitivity phase, the BLAST step aligns each 

query (known nifH representative) against each database member (candidate). 

Candidates are provisionally accepted if they align well enough with the 

representatives, with the specificity phase providing necessary additional accuracy to 

the measurement of alignment quality. In the error-rate analysis, the candidate 

sequences are the members of the ARBitrator sample set, which are aligned against 

the known nifH members of the Fer4_NifH Pfam family. The alignment algorithms in 

the two approaches are not identical in all implementation details, but in both cases 

sequences are accepted if and only if they are similar to known nifH sequences, with 

similarity measured by alignment score. 

When a sequence’s annotation contradicts its ARBitrator classification (i.e. 

ARBitrator accepts a sequence that is not annotated as nifH, or rejects a sequence that 

is annotated as nifH), phylogenetic analysis supports the ARBitrator call in 90% of 

cases. 104 sequences are classified by ARBitrator as nifH but annotated as not nifH. 

When these were BLASTed against the nr database and the top 20 non-self hits for 
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each query were inspected, 48 queries hit exclusively to nifH subjects or to non-nifH 

subjects from the same study as the query. We propose that these subject sequences, 

which come from two studies that submitted multiple sequences to GenBank, were 

systematically misannotated by the researchers and should have been annotated as 

nifH. Similarly, ARBitrator rejects 88 sequences that are annotated as nifH. When 

these were blasted against the nr database and the top 20 hits of each query were 

inspected, it was found that 54 of the queries hit exclusively to non-nifH subjects, or 

to nifH subjects from the same study as the query. These subject sequences come 

from five studies which submitted multiple sequences to GenBank, and we propose 

that these sequences were systematically misannotated as nifH. 

Comparison to other nifH databases 

The ARBitrator and Fungene databases as of Nov 20, 2012 had 29,836 nifH 

sequences in common. ARBitrator accepted 4,584 sequences that Fungene rejected. 

The false positive rate for these sequences is approximately the same as for the 

overall sample set (.03%). Fungene accepted 2,134 sequences that ARBitrator 

rejected; the false positive rate for these sequences is 90%. This discrepancy can 

perhaps be attributed to the fundamental difference between ARBitrator’s BLAST-

based algorithm and the hidden Markov model that underlies the Fungene pipeline. 

ARBitrator classifies according to similarity to representative nifH sequences and to 

the NifH conserved domain; Fungene classifies according to similarity to a composite 

profile model. 
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ARBitrator’s results are substantially in agreement with the latest update of the 

Buckley Lab database, which is not generated by auto-curating software and requires 

manual processing (Gaby and Buckley, 2014).  

Extension beyond nifH ��� 

The nifD pipeline configuration, despite being based on cruder positive and negative 

training sets than the nifH configuration, nevertheless produced annotation-based 

error rates that were less than 1%. This result supports the applicability of the 

ARBitrator algorithm to other genes besides nifH. 

The discrepancy between the superiority thresholds for nifH (1.0) and nifD (0.1) can 

be explained by the evolutionary history of nifD, which apparently originated as an 

ancestral gene that underwent a duplication event, giving rise to an ancestral 

bicistronic operon that later duplicated again to produce the present-day nifD, nifE, 

nifK, and nifN genes (Fani et al.,	
  2000). Thus many nifD genes have low superiority 

because their similarity to the nifE, nifK, and nifN conserved domains is only slightly 

worse than their similarity to the nifD conserved domain. A higher superiority 

threshold would reject such sequences and increase the false negative rate. The 

similarity of nifD to other genes makes it a particu- larly rigorous test of the extension 

of the ARBitrator approach. 

In	
  conclusion,	
  by	
  combining a quality-based sensitivity phase with a superiority-

based specificity phase, we have been able to implement a pipeline that meets all 
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design criteria. Records provide nucleotide and amino acid sequences as well as 

complete annotations. Computed false-positive and false-negative rates are 

acceptably low, and actual rates may be even lower. Results from the Nov 20, 2012 

run are generally in good agreement with the nifH sequence collection at Fungene; 

however, the ARBitrator results are more extensive, have a lower error rate, and can 

be updated whenever a user wishes to rerun the pipeline. ARBitrator is designed to 

support ongoing nifH phylogeny research into the future as the GenBank collection 

continues to grow exponentially. If error rates increase, adjustments can be made to 

the quality and superiority thresholds. If NifH/FrxC family and CobB sequences 

continue to be major contributors to the false positive rate, the software may need to 

be adapted to detect and reject these special cases. 

In addition to its original application to nifH phylogeny, ARBitrator can be adapted to 

other genes, as evidenced by the nifD results. An immediate use for adapted versions 

of the pipeline would be the collection nif genes other than nifH and nifD. 

Comparison of phylogenies of multiple nif genes could provide new insight into N2 

fixation diversity and ecology. 
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Supplementary Appendix A: Procedure for updating 
an existing ARB database with ARBitrator output 
 

Following each ARBitrator run, the output is read into a new ARB database through a 

custom import filter. A custom field is created for all new sequences and populated 

with the date of the ARBitrator run.  Sequences (or “Species” in ARB’s terminology) 

from this new ARB database are merged into the previous ARB database version 

using the ARB “MERGE” function.  Once in the updated database, the newly added 

nucleotide sequences are translated into amino acid sequences, after which the amino 

acid sequences from all entries in the merged database are exported for alignment 

using a custom export filter.  

 

The exported nifH sequences are aligned to a Pfam-curated multiple alignment of the 

NifH/frxC family (Fer4_NifH; PF00142) using the HMMalign module of the HMMer 

software package. HMMAlign is preferred over more commonly used alignment tools 

such as the Clustal suite because hidden Markov models have been shown to provide 

the most consistent and reproducible alignments for functional genes. The start and 

end positions resulting from the HMM alignment output file (in A2M file format) are 

written to new ARB fields for each sequence using a perl script 

(MarkAlignPosOfA2mFile_ver2.pl), prior to importing the aligned sequences into 

ARB using a custom import filter, and merging with the updated ARB database. 
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ARB is then used to back-align nucleotide sequences according to the newly aligned 

amino acid data.  Sequences that are unable to be back-aligned are marked and 

disregarded in all future steps, but very few sequences fall into this category.  For 

example, in the December 2011 update, 122 of 30,591 (0.4%) total sequences were 

unable to be aligned. 

 

In order to facilitate the user-friendly analysis of environmental nifH sequences, 

which now number in the 30,000s, clusters based on nucleotide and amino acid 

sequence similarity are determined using the CD-HIT suite (Huang et al. 2010). This 

requires the use of a custom export ARB filter, as well as a perl script 

(CDHIT_to_ARB_5dot2.pl) designed to format the CD-HIT and CD-HIT-EST output 

results for use in ARB. Once the cluster data is merged into the updated ARB 

database, a final manual transfer of user-defined NDS fields is required. 

 

Putative chimeric sequences were first determined after the December 2010 update 

using the UCHIME algorithm (Edgar et al. 2011). Nucleotide alignments for all 

22,579 sequences (Dec 2010 update; including those obtained from genomes) were 

clustered using CD-HIT-EST (Huang et al. 2010) at 98% sequence identity cut-off, 

and the resulting 8579 representative sequences were analyzed for chimeras using the 

UCHIME algorithm in de novo mode.  As accurate abundance data was unavailable 

for many studies in this database, the number of sequences in each CD-HIT-EST 

cluster was used as a proxy.  UCHIME was run using all the default parameters, but 
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the resulting chimeras were subject to the additional criteria determined empirically 

to reduce the number of false positives.  Putative chimeric sequences were tagged in a 

field named “PutativeChimera” in the ARB database.   Likely chimeras were further 

defined if the two parent sequences were recovered from the same study, and tagged 

in the “PutativeChimeraSameStudy” field.  After each subsequent ARBitrator run and 

nifH database update, the most recent sequences are screened using the UCHIME 

algorithm, and only tagged as a likely chimera if they don’t meet the criteria and the 

parent sequences originate from the same study. 

 

Each updated nifH ARB database version along with supporting documentation is 

available for download at http://pmc.ucsc.edu/~wwwzehr/research/database/.    
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Figures 
 

	
  

	
  

Figure 1. ARBitrator flowchart. In the sensitivity phase, representative nifH 

sequences are BLASTed against the GenBank database at NCBI. In the specificity 

phase, candidate sequences retrieved by the sensitivity phase are BLASTed against a 

database of conserved domains. In the formatting phase, accepted sequence are output 

as EMBL records. After ARBitrator executes, the protocol described in 

Supplementary Appendix A is used to add new records to an existing ARB database. 
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Figure 2. Neighbor-joining tree of partial nifH amino acid sequences constructed 

using the 15 representative sequences (red boxes) and positive training set sequences. 

All major clusters are represented by at least one sequence. Labels are GenBank 

GenInfo Identifiers (GIs). 
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. 

Figure	
  3. Neighbor-joining tree of partial nifH amino acid sequences representing 

the 34,420 nifH sequences acquired in the Nov 20, 2012 pipeline run. Sequences were 

clustered at 98% amino acid identity using CD-HIT (Huang et al., 2010). Clusters and 

sub-clusters are marked.  
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Figure 4. Distribution of sequences by quality and superiority. Thresholds are 

represented by purple crosshairs; sequences classified as nifH by ARBitrator are 

above and to the right of the crosshairs. 
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Figure S1. Phylogenetic tree of accepted and rejected sequences. 
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Chapter 2: Metagenomics of Uncultivated 
UCYN-A Cyanobacteria1 

	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

1Part	
  of	
  this	
  chapter	
  has	
  been	
  published	
  as:	
  Bombar,	
  D.,	
  Heller,	
  P.,	
  Sanchez-­‐Baracaldo,	
  

P.,	
  Carter,	
  B.,	
  and	
  Zehr,	
  J.P.	
  (2014).	
  Comparative	
  genomics	
  reveals	
  surprising	
  

divergence	
  of	
  two	
  closely	
  related	
  strains	
  of	
  uncultivated	
  UCYN-­‐A	
  cyanobacteria.	
  The	
  

ISME	
  Journal,	
  1–13.	
  doi:10.1038/ismej.2014.167 
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Preface 
	
  
This	
  chapter	
  describes	
  work	
  I	
  performed	
  under	
  the	
  supervision	
  of	
  Dr.	
  Deniz	
  

Bombar	
  while	
  he	
  was	
  a	
  postdoctoral	
  fellow	
  working	
  with	
  Dr.	
  J.	
  P.	
  Zehr	
  

(Professor,	
  UCSC).	
  The	
  project	
  was	
  the	
  assembly	
  and	
  analysis	
  of	
  the	
  metagenome	
  

of	
  an	
  uncultivated	
  marine	
  cyanobacterium,	
  the	
  UCYN-­‐A2	
  strain	
  of	
  Candidatus	
  

Atelocyanobacterium	
  thalassa.	
  Candidatus	
  Atelocyanobacterium	
  thalassa	
  is	
  a	
  

symbiotic	
  nitrogen-­‐fixing	
  microorganism	
  with	
  a	
  wide	
  geographic	
  distribution	
  

(Goebel	
  et	
  al.,	
  2010)	
  and	
  possible	
  quantitative	
  biogeochemical	
  significance	
  in	
  the	
  

ocean	
  (Agawin	
  et	
  al.,	
  2014).	
  Prior	
  to	
  the	
  work	
  presented	
  here,	
  the	
  genome	
  of	
  

only	
  a	
  single	
  strain,	
  UCYN-­‐A1,	
  had	
  been	
  sequenced	
  (Tripp	
  et	
  al.,	
  2010).	
  The	
  

present	
  study	
  aimed	
  to	
  compare	
  the	
  genomes	
  of	
  2	
  UCYN-­‐A	
  strains,	
  in	
  order	
  to	
  

determine	
  how	
  similar	
  they	
  are,	
  if	
  they	
  contained	
  the	
  same	
  unusual	
  deletions,	
  

the	
  evolutionary	
  distance	
  or	
  conservation	
  between	
  nucleotide	
  sequences,	
  and	
  to	
  

determine	
  if	
  there	
  may	
  be	
  co-­‐evolution	
  between	
  UCYN-­‐A1	
  and	
  UCYN-­‐A2	
  and	
  

their	
  respective	
  hosts.	
  	
  

	
  

My	
  contribution	
  to	
  the	
  project	
  was	
  the	
  assembly	
  of	
  the	
  sequence	
  reads	
  and	
  most	
  

of	
  the	
  subsequent	
  bioinformatic	
  analyses.	
  Dr.	
  Bombar	
  performed	
  the	
  

comparative	
  analysis	
  between	
  the	
  UCYN-­‐A1	
  reference	
  strain	
  and	
  the	
  UCYN-­‐A2	
  

strain,	
  and	
  wrote	
  the	
  main	
  body	
  of	
  the	
  article,	
  for	
  which	
  we	
  share	
  “equal	
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contribution”	
  credit.	
  I	
  describe	
  my	
  contribution	
  in	
  Supplemental	
  Appendix	
  A	
  of	
  

the	
  article.	
  

	
  

In	
  addition	
  to	
  work	
  presented	
  in	
  the	
  article,	
  I	
  performed	
  several	
  analyses	
  needed	
  

to	
  complete	
  the	
  project,	
  including	
  a	
  novel	
  analysis	
  that	
  was	
  necessary	
  but	
  was	
  

too	
  detailed	
  to	
  include	
  in	
  the	
  research	
  publication.	
  This	
  part	
  of	
  the	
  project	
  is	
  

described	
  here	
  in	
  Chapter	
  2,	
  immediately	
  following	
  the	
  published	
  work.	
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Comparative genomics reveals surprising divergence 
of two closely related strains of uncultivated UCYN-A 
cyanobacteria 
	
  

ABSTRACT 
	
  
Marine planktonic cyanobacteria capable of fixing molecular nitrogen (termed 

‘diazotrophs’) are key in biogeochemical cycling, and the nitrogen fixed is one of the 

major external sources of nitrogen to the open ocean. Candidatus 

Atelocyanobacterium thalassa (UCYN-A) is a diazotrophic cyanobacterium known 

for its widespread geographic distribution in tropical and subtropical oligotrophic 

oceans, unusually reduced genome and symbiosis with a single-celled 

prymnesiophyte alga. Recently a novel strain of this organism was also detected in 

coastal waters sampled from the Scripps Institute of Oceanography pier. We analyzed 

the metagenome of this UCYN-A2 population by concentrating cells by flow 

cytometry. Phylogenomic analysis provided strong bootstrap support for the 

monophyly of UCYN-A (here called UCYN-A1) and UCYN-A2 within the marine 

Crocosphaera sp. and Cyanothece sp. clade. UCYN-A2 shares 1159 of the 1200 

UCYN-A1 protein-coding genes (96.6%) with high synteny, yet the average amino-

acid sequence identity between these orthologs is only 86%. UCYN-A2 lacks the 

same major pathways and proteins that are absent in UCYN-A1, suggesting that both 

strains can be grouped at the same functional and ecological level. Our results suggest 

that UCYN-A1 and UCYN-A2 had a common ancestor and diverged after genome 

reduction. These two variants may reflect adaptation of the host to different niches, 
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which could be coastal and open ocean habitats. 

 

Introduction 

Marine pelagic cyanobacteria play a major role in biogeochemical cycling of carbon 

and nitrogen in the ocean. Prochlorococcus and Synechococcus together are the most 

abundant phototrophic prokaryotes on Earth, and are responsible for a major fraction 

of oceanic carbon fixation (Partensky et al., 1999; Scanlan and West, 2002; Scanlan, 

2003; Johnson et al., 2006). Likewise, cyanobacteria capable of fixing molecular 

nitrogen (‘diazotrophs’) dominate global oceanic N2 fixation although they are 

typically orders of magnitude less abundant than Prochlorococcus or Synechococcus 

(Zehr and Paerl, 2008; Zehr and Kudela, 2011; Voss et al., 2013). Together with 

upward fluxes of deep-water NO3- to the surface ocean, diazotrophs supply the 

nitrogen requirement of primary productivity and quantitatively balance losses by 

sinking of organic material, which can sequester CO2 from the atmosphere to deep 

waters (Karl et al., 1997; Sohm et al., 2011). 

There are several groups of quantitatively significant diazotrophic cyanobacteria in 

the open ocean, all of which thrive mainly in tropical and subtropical latitudes (Stal, 

2009). Traditionally, the filamentous, aggregate-forming cyanobacterium 

Trichodesmium sp. was viewed as the most important oceanic N2 fixer, based on its 

wide distribution and direct measurements of its N2 fixation capacity (Dugdale et al., 
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1961; Capone et al., 1997; Bergman et al., 2013). Other diazotrophic cyanobacteria 

discovered in early microscopic studies are the filamentous heterocyst-forming types 

of the Richelia and Calothrix lineages, which live in symbioses with several different 

diatom species (Villareal, 1992; Janson et al., 1999; Foster and Zehr, 2006). More 

recently, the application of molecular approaches resulted in the discovery of 

unexpected and unusual cyanobacteria involved in oceanic N2 fixation (Zehr et al., 

1998, 2001). These have usually been grouped as ‘unicellular’ diazotrophic 

cyanobacteria, but, among them, different types have very different lifestyles, with 

Crocosphaera watsonii being photo- synthetic and mostly free-living cells (but see 

Foster et al., 2011), whereas UCYN-A (Candidatus Atelocyanobacterium thalassa) is 

a photoheterotroph that is symbiotic with prymnesiophyte algae (Thompson et al., 

2012). While the major biogeochemical role of all diazotrophic cyanobacteria is to 

provide new nitrogen to the system, their different lifestyles suggest important 

differences regarding their distribution in the ocean, and the fate of the fixed nitrogen 

and carbon (Glibert and Bronk, 1994; Scharek et al., 1999; Mulholland, 2007). 

As a diazotrophic cyanobacterium, UCYN-A (termed UCYN-A1 from here on) is 

remarkable in several ways. Although somewhat closely related to Cyanothece sp. 

strain ATCC 51142, the UCYN-A1 genome is only 1.44Mb and lacks many genes 

including whole metabolic pathways and proteins, such as the oxygen-evolving 

photosystem II and RuBisCO, that is, features that normally define cyanobacteria 

(Tripp et al., 2010). The recent identification of a symbiotic eukaryotic 

prymnesiohyte partner, to which UCYN-A1 provides fixed nitrogen while receiving 
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carbon in return, is the first known example of a symbiosis between a cyanobacterium 

and a prymnesiophyte alga (Thompson et al., 2012). Further, UCYN-A1 can be 

detected in colder and deeper waters compared with other major N2 fixers like 

Trichodesmium sp. and C. watsonii (Needoba et al., 2007; Langlois et al., 2008; Rees 

et al., 2009; Moisander et al., 2010; Diez et al., 2012), and is also abundant in some 

coastal waters (Mulholland et al., 2012). 

There is now evidence that there are at least three nifH lineages of UCYN-A in the 

ocean (Thompson et al., 2014). These different clades were previously unrecognized 

because their nifH amino-acid sequences are nearly identical, with sequence variation 

primarily only occurring in the third base pair of each codon (Thompson et al., 2014). 

It is unknown whether these strains are different metabolic variants of UCYN-A, 

analogous to observations in free-living cyanobacteria like Prochlorococcus and 

Synechococcus, which have extensive heterogeneity in their genome contents that 

enable them to occupy different niches along gradients of nutrients and light (Moore 

et al., 1998; Ahlgren et al., 2006; Kettler et al., 2007). Phylotype ‘UCYN-A2’ shares 

only 95% nifH nucleotide similarity with UCYN-A1, and was discovered to be 

abundant and actively expressing nifH off the Scripps Institute of Oceanography 

(SIO) pier. This habitat seems to generally lack UCYN-A1 and has environmental 

conditions that clearly differ from the tropical/subtropical oligotrophic open ocean 

during most times of the year (Chavez et al., 2002). UCYN-A2 is associated with a 

prymnesiophyte host that is closely related to, but not identical to, the UCYN-A1 host 

(Thompson et al., 2014). Interestingly, the known 18S rRNA gene sequences of the 
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UCYN-A2 host generally fall into a ‘coastal’ cluster whereas the UCYN-A1 host 

sequences almost exclusively cluster with sequences recovered from open ocean 

environ- ments (Thompson et al., 2014). Further, both UCYN-A1 and its host appear 

to be significantly smaller than UCYN-A2 and its host (Thompson et al., 2014). On 

the basis of these findings, Thompson et al. (2014) suggested that UCYN-A1 could 

be an oligotrophic open ocean ecotype, whereas UCYN-A2 could possibly be more 

adapted to coastal waters. 

The present study is the first opportunity to characterize the metabolic potential of a 

new clade of UCYN-A, by analyzing the metagenome of a UCYN-A2 population 

sampled from waters off the SIO pier. This enabled us to test whether habitat 

differences, or a distinct symbiont–host relation- ship, are reflected in genome 

features that distin- guish UCYN-A2 from UCYN-A1, and whether UCYN-A2 has 

the same lack of genes as UCYN-A1. With the availability of the new UCYN-A2 

metagenome, it was also possible to perform phylogenomic analyses (including 135 

proteins), to determine whether UCYN-A2 and UCYN-A1 form a monophyletic 

group, and to establish how these two organisms are related to other cyanobacteria. 

 

Materials and Methods 

Sampling 

After the initial detection of a new nifH phylotype similar to UCYN-A1 in coastal 
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waters off Scripps Pier and its classification as a new strain (UCYN-A2, Thompson et 

al., 2014), we used the previously described cell-sorting approach (Zehr et al., 2008; 

Thompson et al., 2012) to obtain cell sorts enriched in UCYN-A2 for genome 

sequencing. Surface water samples (10l) were taken at Scripps Pier with a bucket, 

gently poured into a polypropylene bottle and immediately transferred to the 

laboratory at Scripps. The sample was then concentrated by gentle vacuum filtration 

through a 0.22-micron-pore-size polycarbonate filter and cells resuspended by 

vortexing the filter in 50ml of sterile-filtered seawater. The concentrate was flash-

frozen in liquid nitrogen and shipped to the University of California, Santa Cruz, 

USA. 

Fluorescence-activated cell sorting and nifH quantitative PCR (qPCR) and 

genome amplification  

The concentrated seawater samples were thawed at room temperature and briefly 

vortexed again immediately prior to cell sorting. Seawater samples were pre-filtered 

using 50-micron-mesh-size CellTrics filters (Partec, Swedesboro, NJ, USA) to 

prevent clogging of the nozzle (70 micron diameter) with large particles. Samples 

were analyzed in logarithmic mode with an Influx Cell Sorter (BD Biosciences, San 

Jose, CA, USA). Flow cytometry sorting gates were defined using forward scatter (a 

proxy for cell size) and chlorophyll fluorescence at 692 nm (Figure 1). Chlorophyll 

autofluorescence was excited using a 200-mW, 488-nm sapphire laser (Coherent, 

Santa Clara, CA, USA). 
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A UCYN-A2-specific qPCR assay (Thompson et al., 2014) was used to screen sorted 

events within each gate (between 100 and 200 events). Cells were sorted directly into 

aliquots of 10-ml 5-kDa filtered nuclease-free water, and then amended with qPCR 1 

x Universal PCR master mix (Applied Biosystems, Foster City, CA, USA) to a total 

reaction volume of 25 ml, including UCYN-A2-specific forward and reverse primers 

(0.4 micromolar final concentration), as well as TaqMan (Life Technologies Corp., 

Grand Island, NY, USA) probes (0.2 micromolar final concentration). qPCR reactions 

were conducted in a 7500 real-time PCR instrument (Applied Biosystems). Reaction 

and thermal-cycling conditions were as described previously (Moisander et al., 2010; 

Thompson et al., 2014). Abundances of nifH gene copies were quantified relative to 

standard curves comprising amplification of linearized plasmids containing inserts of 

the target nifH gene, and abundances of gene copies per sample calculated as 

described by Short and Zehr (2005). Standards were made from serial dilutions of 

plasmids in nuclease-free water (range: 1–103 nifH gene copies per reaction), with 2 

ml of each dilution added up to 25 ml of qPCR (total volume) mixtures. Duplicates of 

each standard were included with each set of samples run on the qPCR instrument, as 

well as at least two no-template controls. 

Using this approach, we detected a sort region relatively enriched in UCYN-A2 but 

still containing other organisms besides the target (Figure 1). This region appears to 

include single UCYN-A2 cells rather than populations in the picoeukaryote-size 

fraction as described in Thompson et al. (2014) (Figure 1). The disruption of the 
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UCYN-A symbiotic association appears to be a typical result of the concentration and 

freezing protocol (Thompson et al., 2012), and proved advantageous for our genome 

amplification and assembly. A sample taken on 31 May 2011 was used to obtain a 

cell sort enriched in UCYN-A2 for genome amplification (Figure 1). Approximately 

3.5 x 104 events were sorted into a 1.5-ml microcentrifuge tube containing 90 ml of 

TE buffer. Cells were pelleted at 14 000 r.p.m. (21 000 x g) for B45 min and the 

supernatant was discarded. We used a Qiagen REPLI-g Midi kit (Valencia, CA, 

USA) for cell lysis and amplification of genomic DNA, following the manufacturer’s 

recommendations with few modifications. Briefly, the pelleted cells were 

resuspended in 3.5ml phosphate-buffered saline buffer and 3.5 ml buffer D2 (0.09 M 

dithiothreitol), incubated at 65 1C for 5min, and immediately stored on ice after 

adding the kit-provided ‘stop buffer’. The amplification reaction was carried out in a 

thermal cycler at 30 1C for 6 h after addition of 40 ml Repli G mastermix to the tube. 

The quality, size and quantity of the amplified DNA were checked using an Agilent 

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and again 

quantified using Pico Green (Invitrogen Corp., Carlsbad, CA, USA). The suitability 

of this sample for a genome-sequencing run was indicated by the presence of 106 

nifH gene copies of UCYN-A2 per ml, measured by qPCR. 

Illumina sequencing 

Library preparation and paired-end sequencing were performed at the BioMicro 

Center of the Massachusetts Institute of Technology (MIT, http:// 



	
   	
  61	
  

openwetware.org/wiki/BioMicroCenter:Sequencing). The DNA sample was split into 

two equal aliquots and prepared for sequencing using the SPRI works system 

(Beckman Coulter Genomics, Danvers, MA, USA) with 150–350 and 250–550 bp 

inserts. Ligated libraries were amplified and molecular barcodes added. Samples were 

pooled and sequenced on an Illumina (San Diego, CA, USA) MiSeq v1 flowcell with 

151bp of sequence read in each direction. Fastq files (Illumina v1.5) were prepared 

and separated into the individual libraries, allowing one mismatch with the barcode 

sequences. Post-run quality control includes confirmation of low sequencing error 

rates by analyzing phiX spike sequences, checking for significant contamination from 

human, mouse, yeast and Escherichia coli, and confirming the presence of only the 

expected barcodes. 

Please see the Supplementary Material section for a detailed description of sequence 

assembly, annotation and phylogenomic analyses. This sequencing project has been 

deposited at DDBJ/EMBL/GenBank under the organism name ‘Candidatus 

Atelocyanobacterium thalassa isolate SIO64986’, accession number JPSP01000000. 

Results 

The aligned UCYN-A2 scaffolds to the UCYN-A1 reference chromosome covered 

nearly the entire UCYN-A1 sequence (Figure 2). For the majority of the adjacent 

pairs of scaffolds, the last gene of the upstream scaffold and the first gene of the 

downstream scaffold matched consecutive genes in the gene order of UCYN-A1 (30 

cases), thereby conserving and extending the high synteny seen across the alignments. 
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In the remaining cases, adjacent scaffold ends carried partial genes that matched 

different parts of the same gene in UCYN-A1 (43 partial genes in UCYN-A2 

matching 21 genes in UCYN-A1). 

Overall, the UCYN-A2 draft genome is highly similar to UCYN-A1 in gene content, 

synteny and basic genome features, including GC content (31%), percent of coding 

DNA (79.3%), codon usage (Supplementary Figure S4) and overall gene count, 

including two rRNA operons (Figure 2 and Table 1). There is 99% 16S rRNA gene 

sequence identity between both genomes. Seven RNA genes in UCYN-A2 had very 

similar but unannotated sequences in UCYN-A1 (91–100% nucleotide identity over 

97– 100% of the query sequence), and some annotated matching sequences exist in 

other cyanobacteria such as Calothrix sp. PCC7507 and Cyanothece sp. 8801, 8802 

and 51142. These consist of one additional tRNA gene for methionine and six RNA 

genes annotated as noncoding RNA with unknown functions (‘other RNA genes’ in 

Table 1). 

A total of 1159 of the 1200 UCYN-A1 proteins (Tripp et al., 2010) have closely 

matching sequences in UCYN-A2, that is, 96.6% of UCYN-A1’s genes are shared 

with UCYN-A2. For these 1159 genes, the average amino-acid sequence identity is 

86.3% (range 51–100%, Figure 2). The most conserved genes (X95% identity) 

include housekeeping genes (ribosomal proteins, NADH dehydrogenase, ATP 

synthase), Photosystem I subunits and proteins involved in N2 fixation (nif cluster). 

The previously described UCYN-A1 genome was unusual and had extensive genome 
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reduction, lacking the genes encoding Photosystem II, RuBisCO, biosynthesis 

pathways for several amino acids and purines, as well as the TCA cycle and other key 

metabolic pathways (Zehr et al., 2008; Tripp et al., 2010). The genes missing in the 

UCYN-A1 genome were also absent in the UCYN-A2 draft genome. In addition to 

the analysis of all rejected contigs, we used TBLASTN to search the full set of 

unassembled sequencing reads for all 114 Cyanothece sp. 51142 genes reported 

missing in UCYN-A1 (Tripp et al., 2010), to test whether some of these genes might 

have escaped assembly. Subject reads were compared with GenBank using BLASTN 

against the nt database, and taxonomy was retrieved for the top 20 hits for each read. 

Matching reads were found for only 13 different genes out of these 114 query genes 

(18 total hits, incl. 5 PSII genes). Seven hits had 98–100% identity to known organ- 

isms (Synechococcus, Pelagomonas, Thalassiosira pseudonana), and four hits to an 

uncultured marine prokaryote. The remaining seven hits had maximal identity 

ranging between 79% and 89% to sequences from other organisms (Galdieria, 

Aureococcus, Acaryochloris, Flavobacterium, Nitrosomonas and Monosiga). 

Apart from the 1159 genes shared by UCYN-A2, there are 41 UCYN-A1 genes 

(including 25 hypothetical proteins) that appear to be pseudogenes in UCYN-A2. 

These pseudogenes were either neighboring partial genes that aligned consecutively 

to a full open reading frame of a UCYN-A1 gene, with interrupting stop codons 

and/or insertions between them (a total of 21 partial genes in UCYN-A2 matching 

eight genes in UCYN-A1, not counting genes at scaffold ends; Table 2), or short, 

unannotated sequences that match only parts of UCYN-A1 genes (the remaining 33 
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UCYN-A1 genes). Although the evidence for pseudogenes was strong, as the UCYN-

A2 sequences were from good assemblies that yielded high-coverage scaffolds, we 

additionally used PCR to amplify across nine random examples of these pseudogenes, 

confirming that the interrupting stop codons were present and were not artifacts of 

assembly (see Supplementary Material for details). The genome comparison revealed 

that such pseudogenes also exist in UCYN-A1 (Table 2). 

An interesting difference between both genomes is that for all UCYN-A1 genes at 

least short, unannotated remnants or pseudogenes can be found in UCYN-A2, while 

in turn UCYN-A2 possesses 31 genes, of which 15 are hypothetical proteins, for 

which no traces (pseudogenes or gene remnants) were found in UCYN-A1, indicating 

that they have been completely lost from the genome (Table 2). The loss of these 

genes has in most cases resulted in further genome compaction in UCYN-A1, that is, 

they appear fully excised instead of being replaced by noncoding DNA (examples 

shown in Figure 3). The majority of these unique UCYN-A2 genes had top BLASTP 

similarity to genes in different Cyanothece sp. (16 genes) or in other Cyanobacteria 

(five genes), whereas 10 short hypothetical proteins (27–63 amino acids) had no clear 

phylogenetic affiliation. 

In addition to interrupted genes, we note 132 genes that show differences in amino-

acid length compared with orthologs in the other genome, that is, they appear 

truncated at either the C- or N-terminal end of the protein. For UCYN-A2, this was 

also confirmed for a few examples by PCR amplification (Supplementary Material). 
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Some of these truncated genes might be pseudogenes as well. Thirteen genes in 

UCYN-A1 and 14 genes in UCYN- A2 had o75% of the amino acids in the 

comparable protein sequence in the other strain. A comparison of the ortholog pairs 

of UCYN-A1 and UCYN-A2 with orthologs in Cyanothece sp. 51142 showed that 

the truncated versions of the genes almost exclusively occur in one of the UCYN-A 

strains, but not in Cyanothece sp. 51142, whereas the gene length of the longer 

ortholog in UCYN-A1/A2 correlated well with the gene length in Cyanothece sp. 

51142 (Figure 4a). Interestingly, UCYN-A1 generally possessed the shortest versions 

of the gene among these three genomes (Figure 4b). 

Overall, both genomes show extremely similar genome reduction, but there are some 

differences regarding which genes have become pseudogenes, and UCYN-A1 appears 

to have a higher level of reduction, with fully excised genes at several loci and overall 

greater truncation of genes. Functions affected by gene deletions or pseudogenization 

differ for UCYN-A1 and UCYN-A2 (Table 2), with the latter genome, for example, 

retaining genes involved in cell wall synthesis, vitamin import and detoxification of 

active oxygen species such as H2O2. 

Maximum likelihood analyses confirmed that both UCYN-A strains belong to a well-

supported monophyletic group of marine planktonic cyanobacteria containing 

Crocosphaera sp., Cyanothece sp. and other unicellular N2 fixing cyanobacteria 

(Sanchez- Baracaldo et al., 2014). The results of the analyses strongly support that 

UCYN-A2 and UCYN-A1 form a monophyletic group, that is, a sister group to 
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Crocosphaera sp. and Cyanothece sp. (Bootstrap support 100; Figure 5). This clade 

of marine unicellular N2 fixers belongs to the previously described SPM group 

(Sanchez-Baracaldo et al., 2005) containing Synechocystis, Pleurocapsas and 

Microcystis (Figure 5). 

Discussion 

UCYN-A is likely one of the major oceanic N2 fixers given that it has a wider 

geographic distribution than Trichodesmium sp., diatom symbionts or Crocosphaera 

sp., and can be highly abundant at certain times and places (Church et al., 2009; 

Moisander et al., 2010). The symbiotic relationship of UCYN-A with a eukaryotic, 

possibly calcifying, prymnesiophyte raises many important questions about the 

variability and regulation of N2 fixation in UCYN-A, the fate of the fixed nitrogen 

(and carbon) in the planktonic food web, the role of UCYN-A in element export to 

the deep ocean, and its susceptibility to ocean acidification (Thompson et al., 2012). 

Further, the recently recognized nifH sequence diversity in the UCYN-A clade 

suggests that there could be different ecotypes of UCYN-A in the ocean, which could 

potentially be very different in terms of genome composition and physiology 

(Thompson et al., 2014). The genome comparison in this study addresses this 

question, with the surprising discovery that both types have very similar gene content, 

genome reduction, but also substantially divergent DNA sequences. 

UCYN-A2 has very similar gene content to UCYN-A1 and also lacks photosystem II 

genes, RuBisCO, TCA cycle components and other pathways. It therefore is a second, 
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independently verified example of this kind of genome reduction in UCYN-A 

symbionts. Together with the highly conserved gene order, which implies gene 

function conservation, this suggests that UCYN-A1 and UCYN-A2 have similar 

functions and metabolic interactions in the symbiosis with their haptophyte hosts. 

Although it can be difficult to confirm that genes are missing in unclosed genomes, 

we base the claim on several independent lines of evidence. (1) Many scaffolds ended 

with partial genes that mapped to a single UCYN-A1 gene, or ended with full genes 

that matched and preserved the gene order in UCYN-A1, suggesting that breaks 

between scaffolds were not due to missing sequence. (2) Even though there is 

variability in genome sequence coverage (26.7 on average, Supplementary Figure 

S2), it is highly unlikely that there would be no coverage at all for the long stretches 

of target genome needed to contain the many missing genes in UCYN-A1. (3) The 

rejected contigs had a GC content of 44.7% (very different from the 31% found in 

UCYN-A1 and UCYN-A2), sparse BLAST hits to UCYN-A1 or Cyanothece sp. 

(even at a very relaxed e-value threshold), and any detected hits to UCYN-A1- or 

Cyanothece sp.-like sequences were redundant, with genes already present in the 

UCYN-A2 draft genome; this ascertains that no UCYN-A2 genes were missed. (4) 

Searching the sequence reads by TBLASTN for all 114 Cyanothece sp. 51142 genes 

that appeared to be missing in UCYN-A1 returned only 13 of the query genes, of 

which most had highest similarity values to different organisms. (5) Recently 

obtained field data show peaks in nifH expression of UCYN-A2 during daytime, 

closely matching the temporal patterns of nifH expression determined for UCYN-A1 
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in the open-oligotrophic ocean around Hawaii (Church et al., 2005; Thompson et al., 

2014). This may be viewed as further confirmation for the absence of oxygen-

evolving PSII in UCYN-A2, given the oxygen sensitivity of the nitrogenase enzyme. 

Each UCYN-A strain has only a handful of genes that are either absent or disrupted in 

the other genome (Table 2). The loss of genes in symbiont genomes is a gradual 

process, and highly reduced genomes characteristically exhibit slow gene loss in the 

form of erosion of individual genes or operons, rather than larger deletions via 

chromosomal rearrangements (Moran and Mira, 2001; Wernegreen et al., 2002; 

Moran, 2003). The pattern of lost, disrupted or truncated genes seen in the UCYN-A 

strains examined here appears consistent with such slow gene decay. 

Gene inactivation and loss in symbionts mainly occurs because genes become 

functionally redundant and therefore non-essential, for example, due to metabolite 

exchange with the host. Many of the functions encoded by pseudogenes in UCYN-

A1/A2 indeed appear dispensable when considered in the context of the symbiont–

host relationship, such as restriction endonucleases, pyrimidine synthesis or cell 

motility (Table 2). However, the intact versions of those genes in the other genome, 

and the unique genes in UCYN-A2, raise the question whether they have been 

retained because their function is still important, or whether they are also non-

essential/ redundant but have so far escaped inactivation and elimination. Noteworthy 

examples are the genes involved in cell wall biogenesis and cell shape determination 

in UCYN-A2. The latter genes occur in rod-shaped cells and also in Cyanothece sp. 
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51142. These genes could indicate that UCYN-A2 has a different morphology than 

UCYN-A1, and could point to differences in how it is structurally associated with its 

host, which might also influence the fragility of the association. Interestingly, genes 

involved in cell wall biogenesis, which have become pseudogenes in UCYN-A1, are 

also among disrupted genes in the obligate cyanobacterial endosymbiont of the 

diatom Rhopalodia gibba (Kneip et al., 2008). Another interesting case is the UCYN-

A2 peroxidase gene 2528848519. Peroxidases act in detoxifying active oxygen 

species such as H2O2, for example, the thioredoxin peroxidase in Synechocystis 

PCC6803 (68% nucleotide identity to UCYN-A2 gene) (Yamamoto et al., 1999). 

Active oxygen species are formed during respiration and photosynthesis, but also 

during many other processes (Miyake and Yokota, 2000). The presence of a 

peroxidase could indicate that UCYN-A2 experiences higher intracellular oxygen 

concentrations than UCYN-A1. UCYN-A2 would then have to respire more oxygen 

in order to fix N2, and in the process would generate more reactive oxygen species, 

thus potentially relying on this peroxidase gene. 

On the basis of searches in metagenomic and metatranscriptomic data sets, the 

UCYN-A1 genome was initially assumed to be a global population with very similar 

genome sequences (X97% nucleotide-sequence identity, Tripp et al., 2010), 

analogous to the low sequence diversity seen in C. watsonii (Zehr et al., 2007; Bench 

et al., 2011). While the phylogenomic analysis strongly supports the two UCYN-A 

strains to be sister species (Figure 5), one of the striking results from our genome 

comparison is the relatively large range of sequence similarity seen among shared 
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genes in UCYN-A1 and UCYN-A2 (Figure 2). The combination of this sequence 

divergence with the extremely high similarity in basic genome features, gene content 

and synteny suggests that the genome reduction occurred prior to the speciation event 

and genetic divergence. It is therefore likely that the common ancestor of UCYN-A1 

and UCYN-A2 was already a symbiont. Vicariance might have triggered the genetic 

divergence in the course of speciation of the prymnesiophyte host into strains that 

possibly are slightly better adapted to different oceanic realms. This would have 

allowed the cyanobacterial genomes to accumulate gene sequence mutations after 

driving forces causing large genome rearrangements were no longer significant, 

which appears typical for symbiont genomes that have already been highly reduced 

(Tamas et al., 2002; Moran, 2003; Silva et al., 2003). Interestingly, genes involved in 

N2 fixation were among the most conserved orthologs, likely reflecting the 

importance of this process in maintaining the symbiosis, as it arguably represents the 

function most beneficial to the host and which must have been vital in the initial 

formation of the symbiotic relationship. 

Small, conserved and highly syntenic genomes exhibiting high amino-acid divergence 

can also be found in the free-living heterotrophic SAR11 clade (Wilhelm et al., 2007; 

Grote et al., 2012). SAR 11 is an example for genome reduction due to ‘streamlining’, 

whereas the genome reduction seen in UCYN-A appears typical for symbiont 

genomes (Giovannoni et al., 2014). The amino-acid divergence between the UCYN-

A strains lies within the range seen in the SAR11 Ia cluster (which have 2% 16S 

rRNA divergence, Grote et al., 2012). However, UCYN-A1 and UCYN-A2 have 
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even more conserved genome content than SAR11 Ia and are considerably more 

conserved than members of the cyanobacterial Prochlorococcus group (Kettler et al., 

2007), which appears typical for obligate intracellular organisms (Grote et al., 2012). 

This evolutionary pattern is unusual and suggests that the genomes of these UCYN-A 

strains are under strong selection, as they are highly specialized symbionts of 

eukaryote algae.  

Although nifH sequences of UCYN-A1 and UCYN-A2 can co-occur in some samples 

from around the world, the question has been raised whether these two different 

strains could be adapted to different nutrient regimes, and could therefore have 

overlapping, but different distributions in the ocean (Thompson et al., 2014). 

However, we find no evidence in the genomes of UCYN-A1 and UCYN- A2 that 

would resemble genetic differentiation analogous to that in, for example, the high-

light or low-light ecotypes of Prochlorococcus sp. (Moore et al., 1998; Kettler et al., 

2007), or the ‘coastal’ ecotypes of Synechococcus sp. (Ahlgren and Rocap, 2006; 

Palenik et al., 2006). This lack of genetic differentiation, and the overall level of 

genome reduction, is characteristic for genomes of obligate symbionts with high 

dependency on their host (Moran, 2003; Hilton et al., 2013), and suggests that 

UCYN-A may not be directly exposed to, or affected by the external environment. 

Analyzing the genomes of the host algae and other UCYN-A strains will be necessary 

to identify genes that might represent adaptation to different environmental 

conditions. 
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While the two strains show no immediately apparent gene adaptations to cope with 

horizontal nutrient gradients or light quality, it is interesting that UCYN-A1 appears 

to be smaller than UCYN-A2 (Thompson et al., 2014), has fully excised genes 

compared with UCYN-A2 (Figure 3) and greater truncation of genes (Figure 4). The 

genomic signatures in UCYN-A point to typical genome reduction in a symbiont via 

genetic drift, a mechanism that is particularly enhanced under small effective 

population sizes (van Ham et al., 2003; Giovannoni et al., 2014). However, the 

further reduced genome of UCYN-A1 could also reflect an adaptation to the open 

ocean environment with very low levels of nutrients. Comparative genomics and 

ecological studies (Scanlan et al., 2009), as well as trait evolution analyses (Larsson 

et al., 2011), have shown a trend in genome reduction among cyanobacteria adapted 

to oligotrophic environments. For the host of UCYN-A, the ecological advantage of 

hosting a ‘diazoplast’ would come at the cost of having to sustain it with carbon 

energy, nutrients and a range of metabolites. Thus, it appears possible that more 

severe nutrient deprivation (especially for phosphorus, Scanlan et al., 2009) 

experienced by an open ocean ecotype of the host would also induce more extensive 

genome compaction (that is, stream- lining) in the symbiont. Further studies are 

necessary to fully understand these observations. 

Conclusions 

The genomes of the two UCYN-A strains show considerable divergence at the amino-

acid and nucleotide levels along with high conservation of genome structure, gene 
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content and basic genome features, suggesting that they had a common symbiotic 

ancestor and then were separated spatially in the course of speciation. While there is 

some evidence for unequal distribution and possibly habitat-specific genomic 

streamlining in these two strains, it remains unclear whether they occupy different or 

overlapping niches. The genome size and the number of pseudogenes not yet fully 

excised from the genome of both strains might suggest that UCYN-A is still in a 

relatively early stage of symbiotic association with the eukaryotic host, analogous to, 

for example, the diazotrophic spheroid bodies found in rhopalodiacean diatoms 

(Kneip et al., 2008; Nakayama et al., 2014). Genome sequencing of additional 

UCYN-A strains and of host genomes will show whether the small differences in 

genetic potential reflect environmental adaptation in these organisms, and whether 

genetic material from UCYN-A has migrated into the host genome, as found in 

organelle-like stages of symbiosis (Nakayama and Ishida, 2009). The existence of 

different UCYN-A strains associated with different prymnesiophytes has implications 

for the trophic transfer and vertical export of nitrogen and carbon, and for the 

distribution and regulation of N2 fixation in the ocean. Further studies are needed for 

a better understanding of symbiotic N2 fixation and the genomic basis for UCYN-A’s 

role as a globally important N2 fixer. 
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Supplemental Methods 
Sequence assembly and annotation 

The	
  sequencing	
  run	
  yielded	
  a	
  total	
  of	
  4,387,138	
  paired-­‐end	
  151-­‐bp	
  reads.	
  

These	
  reads	
  were	
  initially	
  assembled	
  using	
  Newbler	
  (Chaisson	
  and	
  Pevzner,	
  

2008)	
  release	
  2.6,	
  with	
  default	
  settings.	
  This	
  resulted	
  in	
  18,336	
  contigs,	
  ranging	
  

in	
  length	
  between	
  152,740	
  nt	
  and	
  around	
  500	
  nt.	
  The	
  36	
  longest	
  contigs	
  of	
  this	
  

assembly	
  (1.3	
  Mb)	
  all	
  had	
  high	
  BLASTN	
  similarity	
  to	
  the	
  UCYN-­‐A1	
  reference	
  

genome.	
  In	
  total,	
  we	
  obtained	
  167	
  contigs	
  (1.47	
  Mb)	
  with	
  high	
  similarity	
  to	
  

UCYN-­‐A1	
  from	
  this	
  initial	
  de	
  novo	
  assembly.	
  These	
  167	
  contigs	
  were	
  then	
  taken	
  

as	
  “seeds”	
  in	
  the	
  second	
  assembly	
  step,	
  using	
  revision	
  0.18.2	
  of	
  the	
  PRICE	
  

(Paired-­‐Read	
  Iterative	
  Contig	
  Extension)	
  assembler	
  (Ruby	
  et	
  al.,	
  2013).	
  This	
  

resulted	
  in	
  a	
  final	
  set	
  of	
  52	
  scaffolds	
  (1,485,499	
  nucleotides),	
  ranging	
  in	
  length	
  

between	
  249,164	
  and	
  675	
  nucleotides.	
  The	
  mean	
  scaffold	
  length	
  was	
  28,567,	
  

with	
  lengths	
  distributed	
  as	
  shown	
  in	
  supplemental	
  Fig.	
  S1.	
  The	
  mean	
  estimated	
  

coverage	
  depth	
  over	
  all	
  52	
  scaffolds	
  in	
  this	
  UCYN-­‐A2	
  draft	
  genome	
  is	
  26.7,	
  with	
  a	
  

standard	
  deviation	
  of	
  26.4.	
  (supplemental	
  Fig.	
  S2).	
  Supplemental	
  Fig.	
  S3	
  shows	
  a	
  

histogram	
  of	
  the	
  number	
  of	
  positions	
  by	
  coverage	
  depth.	
  

Both	
  UCYN-­‐A1	
  and	
  UCYN-­‐A2	
  have	
  two	
  identical	
  rRNA	
  operons.	
  This	
  

presents	
  a	
  challenge	
  during	
  assembly,	
  because	
  the	
  assembly	
  program	
  is	
  not	
  able	
  

to	
  correctly	
  assign	
  the	
  151	
  bp	
  reads	
  to	
  two	
  identical	
  regions	
  that	
  are	
  thousands	
  

of	
  nucleotides	
  long	
  (and	
  thus	
  not	
  spanned	
  by	
  paired-­‐end	
  information).	
  This	
  was	
  

resolved	
  by	
  generating	
  the	
  contigs	
  containing	
  the	
  rRNA	
  operons	
  in	
  two	
  separate	
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assemblies,	
  in	
  which	
  PRICE	
  was	
  seeded	
  with	
  Newbler-­‐assembled	
  reads	
  that	
  

recruited	
  to	
  the	
  flanking	
  regions	
  of	
  the	
  rRNA	
  operons	
  in	
  the	
  UCYN-­‐A1	
  genome.	
  

This	
  was	
  sufficient	
  to	
  build	
  two	
  separate	
  UCYN-­‐A2	
  rRNA	
  contigs.	
  	
  

Genes	
  were	
  identified	
  using	
  GeneMark	
  (Lomsadze	
  et	
  al.,	
  2005)	
  with	
  the	
  

annotation	
  pipeline	
  in	
  the	
  Integrated	
  Microbial	
  Genomes	
  Expert	
  Review	
  (IMG-­‐

ER)	
  system	
  (Markowitz,	
  2009).	
  Candidate	
  gene	
  homologs	
  were	
  identified	
  using	
  

BLASTP	
  with	
  a	
  1e-­‐2	
  value	
  cutoff.	
  Genes	
  were	
  assigned	
  various	
  annotations	
  based	
  

on	
  functional	
  resources	
  such	
  as	
  COG,	
  Pfam,	
  TIGRfam,	
  Gene	
  Ontology,	
  and	
  

SwissProt.	
  Further	
  characterizations	
  of	
  the	
  functional	
  annotations	
  were	
  obtained	
  

from	
  associating	
  the	
  genes	
  with	
  functional	
  classifications	
  including	
  COG	
  

functional	
  categories	
  and	
  the	
  KEGG	
  and	
  MetaCyc	
  pathway	
  collections.	
  

Identification	
  of	
  tRNAs	
  were	
  performed	
  using	
  tRNAScan-­‐SE-­‐1.23	
  (Lowe	
  and	
  

Eddy,	
  1997),	
  and	
  ribosomal	
  RNAs	
  were	
  identified	
  using	
  BLAST	
  searches	
  against	
  

the	
  database	
  of	
  non-­‐redundant	
  rRNAs	
  from	
  complete,	
  finished	
  IMG	
  genomes.	
  

Other	
  RNA	
  genes	
  were	
  found	
  by	
  searching	
  the	
  genome	
  for	
  Rfam	
  profiles	
  using	
  

the	
  program	
  INFERNAL	
  v.0.81	
  (Griffiths-­‐Jones	
  et	
  al.,	
  2005).	
  Ortholog	
  genes	
  were	
  

identified	
  by	
  searching	
  for	
  bidirectional	
  best	
  BLASTP	
  matches	
  between	
  

predicted	
  protein	
  coding	
  sequences	
  of	
  both	
  genomes	
  (highest	
  found	
  e-­‐value	
  9	
  E-­‐

12).	
  Partial	
  genes	
  at	
  scaffold	
  ends	
  or	
  parts	
  of	
  pseudogenes,	
  i.e.	
  UCYN-­‐A2	
  genes	
  

that	
  aligned	
  to	
  only	
  a	
  part	
  of	
  the	
  UCYN-­‐A1	
  sequence,	
  were	
  checked	
  to	
  match	
  a	
  

particular	
  ortholog	
  based	
  upon	
  visual	
  examination	
  of	
  the	
  alignments.	
  The	
  larger	
  

total	
  number	
  of	
  1246	
  protein	
  coding	
  genes	
  in	
  the	
  UCYN-­‐A2	
  draft	
  genome,	
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compared	
  to	
  1200	
  in	
  UCYN-­‐A1,	
  is	
  due	
  to	
  unique	
  UCYN-­‐A2	
  genes,	
  partial	
  genes	
  at	
  

scaffold	
  ends	
  and	
  parts	
  of	
  pseudogenes,	
  but	
  also	
  due	
  to	
  5	
  UCYN-­‐A2	
  genes	
  (incl.	
  2	
  

hypothetical	
  proteins)	
  that	
  have	
  near	
  full-­‐length	
  matches	
  in	
  UCYN-­‐A1	
  but	
  were	
  

not	
  annotated	
  in	
  the	
  latter	
  genome	
  (Table	
  2	
  in	
  main	
  document).	
  

The	
  initial	
  assembly	
  process	
  also	
  generated	
  15,156	
  contigs	
  which	
  were	
  

not	
  included	
  in	
  the	
  draft,	
  on	
  the	
  basis	
  of	
  redundancy	
  or	
  lack	
  of	
  similarity	
  to	
  

UCYN-­‐A1	
  or	
  other	
  closely	
  related	
  cyanobacteria.	
  These	
  contigs	
  represent	
  other	
  

organisms	
  present	
  in	
  the	
  population	
  of	
  sorted	
  cells,	
  and	
  ranged	
  in	
  length	
  from	
  

between	
  23	
  to	
  56,164	
  nucleotides,	
  with	
  a	
  mean	
  GC	
  content	
  of	
  44.7	
  ±	
  0.08	
  %.	
  In	
  

order	
  to	
  confirm	
  their	
  rejection,	
  we	
  ran	
  these	
  contigs	
  by	
  BLAST	
  against	
  the	
  nt	
  

database	
  with	
  a	
  loose	
  cutoff	
  of	
  1e	
  +1.	
  13,158	
  rejected	
  contigs	
  had	
  no	
  matches,	
  

1153	
  contigs	
  had	
  1	
  match,	
  and	
  843	
  contigs	
  had	
  2	
  or	
  more	
  matches	
  (usually	
  to	
  

different	
  organisms,	
  suggesting	
  that	
  the	
  contigs	
  contained	
  chimeric	
  or	
  otherwise	
  

erroneous	
  reads).	
  Of	
  3998	
  total	
  matches,	
  4	
  subjects	
  were	
  viruses,	
  3	
  subjects	
  

were	
  Archaea;	
  68	
  could	
  not	
  be	
  taxonomically	
  assigned;	
  the	
  remaining	
  3923	
  were	
  

Bacteria.	
  The	
  predominant	
  bacterial	
  taxa	
  were	
  Flavobacteria	
  (872	
  hits),	
  

Alphaproteobacteria	
  (468	
  hits),	
  Planctomycetes	
  (213	
  hits),	
  and	
  

Gammaproteobacteria	
  (187	
  hits).	
  172	
  matches	
  to	
  UCYN-­‐A1	
  and	
  Cyanothece	
  sp.	
  

51142	
  were	
  also	
  detected,	
  160	
  of	
  which	
  were	
  100%	
  identical	
  to	
  sequences	
  

already	
  in	
  draft	
  contigs;	
  the	
  gene	
  associated	
  with	
  each	
  the	
  remaining	
  12	
  hits	
  

(length	
  13	
  to	
  30	
  nucleotides)	
  was	
  determined	
  by	
  BLASTX	
  against	
  the	
  nr	
  protein	
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database,	
  and	
  in	
  all	
  cases	
  it	
  was	
  ascertained	
  that	
  the	
  gene	
  was	
  already	
  present	
  in	
  

the	
  draft	
  assembly.	
  

	
  

Phylogenomic analyses 

A	
  multiple	
  gene	
  approach	
  was	
  used	
  to	
  identify	
  the	
  phylogenetic	
  

relationships	
  of	
  UCYN-­‐A2	
  and	
  UCYN-­‐A1within	
  the	
  cyanobacterial	
  tree.	
  	
  Sequence	
  

data	
  for	
  57	
  cyanobacterial	
  genomes	
  were	
  obtained	
  from	
  GenBank	
  (http://	
  

www.ncbi.nlm.nih.gov).	
  Taxa	
  were	
  included	
  to	
  represent	
  well-­‐supported	
  

monophyletic	
  groups	
  previously	
  described	
  by	
  recent	
  phylogenomic	
  studies	
  

(Sánchez-­‐Baracaldo	
  et	
  al.	
  in	
  press;	
  Shih	
  et	
  al.,	
  2012).	
  The	
  135	
  protein	
  sequences	
  

analyzed	
  are	
  highly	
  conserved	
  and	
  have	
  undergone	
  a	
  minimum	
  number	
  of	
  gene	
  

duplications	
  (Blank	
  and	
  Sanchez-­‐Baracaldo,	
  2010).	
  These	
  genes	
  also	
  represent	
  a	
  

wide	
  diversity	
  of	
  cellular	
  functions.	
  A	
  detailed	
  list	
  and	
  description	
  of	
  the	
  genes	
  

can	
  be	
  found	
  in	
  Blank	
  and	
  Sánchez-­‐Baracaldo	
  (2010).	
  Individual	
  genes	
  were	
  

aligned	
  using	
  SATé	
  2.2.3	
  (Liu	
  et	
  al.,	
  2009).	
  Single	
  alignments	
  were	
  later	
  

concatenated	
  into	
  a	
  phylip	
  format	
  matrix	
  with	
  a	
  total	
  of	
  56,251	
  amino	
  acids.	
  

ProTest	
  v.2.4	
  (Abascal	
  et	
  al.,	
  2005)	
  was	
  used	
  to	
  estimate	
  the	
  best	
  model	
  of	
  

evolution	
  for	
  this	
  protein	
  set.	
  Protein	
  sequences	
  we	
  analyzed	
  implementing	
  the	
  

LG	
  model	
  +	
  I	
  (estimation	
  of	
  a	
  proportion	
  of	
  invariable	
  sites)	
  and	
  +	
  G	
  (gamma-­‐

distribution	
  with	
  4	
  rate	
  categories).	
  Maximum	
  likelihood	
  analyses	
  and	
  bootstrap	
  

values	
  were	
  performed	
  using	
  RAxML	
  7.4.2	
  (Stamatakis,	
  2006).	
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Confirmation of pseudogenes and gene remnants by PCR 

amplification 

A	
  subset	
  of	
  the	
  pseudogenes	
  and	
  gene	
  remnants	
  identified	
  in	
  the	
  UCYN-­‐

A2	
  metagenome	
  were	
  PCR	
  amplified	
  to	
  confirm	
  that	
  their	
  presences	
  are	
  not	
  

artifacts	
  e.g.	
  of	
  low	
  coverage	
  in	
  certain	
  regions	
  of	
  the	
  assembly.	
  	
  PCR	
  primers	
  

were	
  designed	
  using	
  Primer3	
  (Supplemental	
  Table	
  1;	
  

http://primer3plus.com/cgi-­‐bin/dev/primer3plus.cgi;	
  Untergasser	
  et	
  al.,	
  2012),	
  

and	
  specificity	
  was	
  confirmed	
  using	
  both	
  Primer-­‐BLAST	
  and	
  via	
  BlastN	
  of	
  all	
  

UCYN-­‐A2	
  contigs.	
  All	
  PCR	
  reactions	
  were	
  carried	
  out	
  in	
  replicate	
  using	
  2	
  µL	
  of	
  

1:100	
  dilutions	
  of	
  the	
  UCYN-­‐A2	
  whole	
  genome	
  amplification	
  product	
  in	
  25	
  µL	
  

total	
  volumes,	
  with	
  1.5	
  U	
  Platinum®	
  Taq	
  DNA	
  Polymerase	
  (Invitrogen,	
  Carlsbad,	
  

CA,	
  USA),	
  1X	
  PCR	
  buffer,	
  4	
  mM	
  MgCl2,	
  400	
  µM	
  dNTPs	
  mix,	
  and	
  0.5	
  µM	
  of	
  each	
  

primer.	
  	
  Thermocycling	
  parameters	
  used	
  a	
  two	
  step	
  protocol	
  of	
  30	
  cycles	
  of	
  

denaturation	
  at	
  95oC	
  for	
  30	
  sec	
  and	
  annealing	
  at	
  59.1oC	
  for	
  30	
  sec.	
  PCR	
  

amplicons	
  were	
  cleaned	
  prior	
  to	
  sequencing	
  or	
  cloning	
  using	
  the	
  QIAquick	
  Gel	
  

Extraction	
  kit	
  (Qiagen,	
  Valencia,	
  CA,	
  USA)	
  according	
  to	
  manufacturer’s	
  

guidelines.	
  	
  Cleaned	
  amplicons	
  were	
  either	
  sent	
  directly	
  for	
  bidirectional	
  

sequencing	
  (using	
  the	
  PCR	
  primers	
  as	
  sequencing	
  primers),	
  or	
  ligated	
  overnight	
  

and	
  cloned	
  using	
  the	
  pGEM®-­‐T	
  Vector	
  Systems	
  (Promega,	
  Madison,	
  WI,	
  USA),	
  

according	
  to	
  manufacturer’s	
  guidelines.	
  All	
  PCR	
  amplicons	
  were	
  bidirectionally	
  

sequenced	
  using	
  Sanger	
  technology	
  at	
  the	
  UC	
  Berkeley	
  DNA	
  Sequencing	
  Facility.	
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All	
  raw	
  sequences	
  were	
  trimmed	
  of	
  vector	
  contamination	
  and	
  poor	
  quality	
  base	
  

calls	
  using	
  Sequencher®	
  5.1	
  (Gene	
  Codes	
  Corporation,	
  Ann	
  Arbor,	
  MI,	
  USA),	
  and	
  

aligned	
  to	
  the	
  target	
  sequences	
  from	
  the	
  UCYN-­‐A2	
  metagenome	
  for	
  confirmation	
  

in	
  MEGA	
  v5.2	
  (Tamura	
  et	
  al.,	
  2011).	
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Figures and Tables 
	
  

	
  
	
  

Figure 1. Work flow diagram describing the cell-sorting, genome-sequencing and 

assembly approach used in this study. The chosen FCM sort gate was determined in 

earlier experiments by screening different sorted populations for the presence of 

UCYN-A2 nifH by qPCR, as described previously. The PRICE assembly was carried 

out as described in Ruby et al. (2013). 
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Figure 2.	
  Circular map showing all 52 scaffolds of the UCYN-A2 draft genome 

aligned to the UCYN-A1 chromosome. Each concentric ring represents a scaffold, 

with the color code representing percent nucleotide identity. The scaffolds are sorted 

by length, with the longest scaffold (249 164 nt) on the outermost ring, and 

decreasing in length towards the center ring (shortest scaffold of 675 nt). The inlet 

graph is a histogram of percent amino-acid identity for all 1159 ortholog genes. 
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Figure	
  3. Examples of missing genes in UCYN-A1, demonstrating the resulting 

genome compaction. A total of 31 genes was found to be unique in UCYN-A2. The 

alignment was done using the Artemis Comparison Tool (http://www.sanger.ac.uk/) 

and shows closely matching gene neighborhoods apart from the missing genes 

(percent nucleotide identity given for aligned genes). 
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Figure 4. (a) Comparison of amino-acid lengths of ortholog genes in UCYN-A1, 

UCYN-A2 and Cyanothece sp. 51142. (b) The range of percent gene length of the 

UCYN-A1 and UCYN-A2 orthologs compared with the Cyanothece sp. 51142 

orthologs. 
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Figure 5. Phylogeny of 57 cyanobacteria based on a concatenated alignment of 135 

highly conserved protein sequences. A detailed list and description of the genes can 

be found in Blank and Sanchez-Baracaldo (2010). Maximum likelihood analyses 

were performed using RAxML 7.4.2 (Stamatakis, 2006). Bootstrap values are 

indicated above branches. The vertical bar marks sequences belonging to a strongly 

supported clade of marine unicellular N2 fixers previously described as the SPM 

group. 
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Figure	
  S1:	
  Frequency	
  of	
  UCYN-­‐A2	
  draft	
  scaffolds	
  by	
  length.	
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Figure	
  S2.	
  Estimated	
  coverage	
  depth	
  for	
  each	
  nucleotide	
  position	
  on	
  the	
  52	
  

scaffolds	
  of	
  the	
  UCYN-­‐A2	
  draft	
  genome	
  

	
  

	
  

	
  

Figure	
  S3.	
  Histogram	
  of	
  the	
  number	
  of	
  nucleotide	
  positions	
  having	
  a	
  particular	
  

depth	
  of	
  coverage	
  on	
  the	
  52	
  scaffolds	
  of	
  the	
  UCYN-­‐A2	
  draft	
  genome.	
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Figure	
  S4.	
  Codon	
  usage	
  of	
  protein-­‐coding	
  genes	
  in	
  UCYN-­‐A1	
  (blue)	
  and	
  UCYN-­‐

A2	
  (red).	
  For	
  each	
  amino	
  acid,	
  bar	
  width	
  is	
  proportional	
  to	
  prevalence	
  of	
  that	
  

amino	
  acid.	
  Height	
  of	
  each	
  vertical	
  segment	
  within	
  each	
  bar	
  is	
  proportional	
  to	
  

prevalence	
  of	
  the	
  corresponding	
  codon.	
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   UCYN-­‐A1	
  	
   UCYN-­‐A2	
  
Location	
   HOT	
  station,	
  22.	
  January	
  

2008	
  
Scripps	
  Pier,	
  31.	
  May	
  2011	
  

Genome	
  size	
   	
  1443806	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1485499	
  
Number	
  of	
  scaffolds	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
   52	
  
GC	
  %	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  31	
   31	
  
Coding	
  base	
  count	
  %	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  81.42	
   	
  	
  	
  	
  	
  	
  79.32	
  
Protein	
  coding	
  genes	
   	
  	
  	
  	
  	
  	
  	
  	
  1200	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1246	
  
RNA	
  genes	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  42	
   49	
  
rRNA	
  genes	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  6	
   	
  	
  6	
  
5S	
  RNA	
  genes	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
   	
  	
  2	
  
16S	
  RNA	
  genes	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
   	
  	
  2	
  
23S	
  RNA	
  genes	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
   	
  	
  2	
  
tRNA	
  genes	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  36	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  37	
  
Other	
  RNA	
  genes	
   	
   	
  6	
  
	
  
Table	
  1.	
  Genome	
  statistics	
  of	
  UCYN-­‐A1	
  and	
  UCYN-­‐UCYN-­‐A2	
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Category GenBank 
accession 

Gene 
length  
(AA) 

Annotation Function 
Description 

UCYN-A1  YP_003421868 159 Peroxiredoxin protein	
  related	
  to	
  alkyl	
  
hydroperoxide	
  reductase 

genes that  YP_003421145 167 Restriction	
  endonuclease Defense 
are possible YP_003421558 207 HAS	
  barrel	
  domain	
  protein Domain in ATP synthases 
pseudogenes 
in UCYN-A2  

YP_003421659 398 NurA	
  domain-­‐containing	
  
protein 

NurA	
  domain,	
  endo-­‐	
  and	
  
exonucleases 

 YP_003421689 103 NifZ	
  domain-­‐containing	
  
protein N2	
  fixation,	
  nif	
  operon 

 YP_003422000 318 Transcriptional	
  regulator,	
  
GntR	
  family 

transcription	
  factors,	
  possibly	
  
regulation	
  of	
  primary	
  
metabolism 

      
UCYN-A2  KFF41946 371 Predicted membrane protein Function unknown 

genes  KFF42131 430 Glucosylglycerol phosphatase 
(EC 3.1.3.69) 

Osmoprotectant synthesis 

absent in KFF41831 236 Tellurite resistance protein Contains C-terminal domain of 
Mo-dependent nitrogenase 

UCYN-A1  KFF41325 208 Thymidylate kinase Pyrimidine metabolism, DNA 
synthesis 

 KFF41279 347 Cell shape-determining 
protein, MreB/Mrl family 

Cytoskeleton synthesis, cell 
shape determination 

 KFF41280 248 Rod shape-determining 
protein MreC 

Cytoskeleton synthesis, cell 
shape determination 

 KFF41281 186 Rod shape-determining 
protein MreD 

Cytoskeleton synthesis, cell 
shape determination 

 KFF41062 427 Folate/biopterin transporter Membrane transport 
 KFF40998 165 2TM domain Function unclear, 

transmembrane alpha helixes 
 KFF41013   56 Sigma-70, region 4 DNA directed RNA polymerase 
 KFF41656 344 Folate-binding protein YgfZ Predicted 

aminomethyltransferase, 
possibly glycine synthesis 

 KFF41014   63 Sigma-70 region 3 DNA directed RNA polymerase 
 KFF40922 215 Peroxiredoxin Detoxification of active oxygen 

species such as H2O2 
 KFF41590 231 Zn-dependent hydrolases, 

including glyoxylases 
Pyruvate metabolism 

 KFF40927 277 Tetratricopeptide repeat/TPR 
repeat 

Unclear function- involved in 
chaperone, cell-cycle, 
transciption, and protein 
transport complexes 

 KF41183   94 RNA-binding proteins (RRM 
domain) 

Function unclear 

     
UCYN-A2 
genes that  

KFF41758   38 Cytochrome B6-F complex 
subunit 5 

Photosynthesis, connects PSI 
and PSII in e- transport chain 

match 
unannotated 

KFF41141   64 LSU ribosomal protein L33P Structural constituent of 
ribosome 

ORFs in 
UCYN-A1  

KFF41382 470 Hemolysins and related 
proteins containing CBS 
domains 

Membrane protein, regulate 
activity of associated enzymatic 
transporters 
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UCYN-A2 
genes that are 
possible 
pesudogenes 

KFF41284 211 Uncharacterized protein, 
similar to the N-terminal 
domain of Lon protease 

Proteolysis 

in UCYN-A1  KFF41208 165 Predicted RNA-binding 
protein 

General function prediction only 

 KFF41109 86 Glutaredoxin-like domain 
(DUF836) 

Domain of unknown function  

 KFF41037 267 Helix-turn-helix domain DNA binding, gene expression 
regulation 

 KFF40997 (2) 461 Domain of unknown function 
(DUF697) 

Function unknown 

 KFF41565 (2) 301 CAAX protease self-
immunity 

Probably protease, 
transmembrane protein 

 KFF41236 (2) 396 Glycosyltransferases involved 
in cell wall biogenesis 

Cell wall/membrane/envelope 
biogenesis 

 KFF42055 (2) 350 UDP-N-acetylglucosamine-N-
acetylmuramylpentapeptide 
N-acetylglucosamine 
transferase  

Cell wall/membrane/envelope 
biogenesis 

 KFF41265 (2) 294 Competence/damage-
inducible protein CinA C-
terminal domain 

Transformation 

 KFF41488 (2) 196 Putative translation factor 
(SUA5) 

Translation, ribosomal structure 
and biogenesis 

 KFF41875(2) 140 Predicted endonuclease 
involved in recombination 
(possible Holliday junction 
resolvase in Mycoplasma and 
Bacillus subtilis) 

Replication, recombination, and 
repair 

 KFF41338 (2) 600 Subtilisin-like serine 
proteases 

Proteolysis or cell motility 

 KFF42033 (2) 385 Phosphate ABC transporter 
substrate-binding protein, 
PhoT family (TC 3.A.1.7.1) 

Inorganic ion transport and 
metabolism 

 
Table 2. Annotated	
  genes	
  absent	
  or	
  possibly	
  pseudogenes	
  in	
  other	
  genome.	
  The	
  

table	
  also	
  shows	
  three	
  annotated	
  genes	
  in	
  UCYN-­‐A2	
  that	
  match	
  unannotated	
  

regions	
  in	
  UCYN-­‐A1.	
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Pseudogene/gene 

remnant target Confirmed feature Forward primer (5' - 3') Reverse primer (5' - 3') 

UCYN-
A2_contig_1.1 

191000..192205 

Two partial genes that align 
with UCYN-A1 gene 
646530270 with the 

interruption of a stop codon 

GTCCCATCGTTCGCCC
TTAT 

GCAGGAGCATTAAATT
TCCGTCA 

UCYN-
A2_contig_6.6 
52398..54883 

(reverse 
complement) 

Three partial genes that 
align with CYN-A1 gene 

646530499 with the 
interruption of stop codons 

CTATAAAAAGCAAATGA
TAAGGCAAC 

GCTAGTAAATGTGGAC
AACCTCTT 

UCYN-
A2_contig_2.2 
39750..40980 

Single gene that aligns with 
UCYN-A1 gene 646530695 

along 86% of the length 

ATTAAGTTTGATGTATT
GAAGCTAGT 

GGATTCAACTATACGG
CCCA 

UCYN-
A2_contig_7.7 
12430..13690 

Single gene that aligns with 
UCYN-A1 gene 646530039 

along 88% of the length 

CTTCTGGAGCAAAGGG
ACGT 

TCTTCTGCTGCTTCTG
CACC 

UCYN-
A2_contig_13.13 

9472..10659 

Single gene that aligns with 
UCYN-A1 gene 646530553 

with an early stop codon 

TGTCAGGAGAGTAAGA
ATGAAATGG 

AGGATCTCGATCAAAA
ATTATACGA 

UCYN-
A2_contig_4.4 
26223..27277 

Single gene that aligns with 
UCYN-A1 gene 646530886 

with different start codon 

TCGCCAAGAGGATGAT
CTGT 

CCTTAAGCTCTTCAGG
GGTCA 

UCYN-
A2_contig_2.2 
19385..20631 

Single gene that aligns with 
UCYN-A1 gene 646530711 

with an early stop codon 

AGTCAATATAGAGCAG
TGCAGGA 

CCGCACCATTAGGAC
CAAGT 

UCYN-
A2_contig_16.16 

5100..6751 

Remnant of UCYN-A1 gene 
646530363  

GCAATAGCTAGCGATG
TGTT 

ACCTAAGGGAAGAAG
CAACT 

UCYN-
A2_contig_3.3 

131872..133802 

Remnant of UCYN-A1 gene 
646530983 

ACCTCACCAATGTCTAT
GCTGA 

GACTTTATCTTCCAAA
ACCTCCACA 

	
  
	
  
Table	
  S1.	
  	
  PCR	
  primers.	
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Addendum to Chapter 2: 16S Ribosomal RNA 
Assembly 
	
  
The	
  remainder	
  of	
  this	
  chapter	
  describes	
  research	
  I	
  performed	
  during	
  the	
  

assembly	
  phase	
  of	
  the	
  UCYN-­‐A2	
  project	
  described	
  in	
  the	
  preceding	
  article.	
  The	
  

original	
  assembly	
  was	
  unable	
  to	
  correctly	
  recover	
  the	
  UCYN-­‐A2	
  genome’s	
  two	
  

16S	
  ribosomal	
  RNA	
  sequences	
  due	
  to	
  inherent	
  limitations	
  in	
  paired-­‐end	
  

sequencing	
  technology.	
  I	
  developed	
  a	
  computational	
  approach	
  that	
  recovered	
  

both	
  16S	
  rRNA	
  sequences.	
  

	
  

Addendum Introduction 

	
  

Cyanobacteria	
  are	
  Bacteria	
  that	
  are	
  oxygenic	
  phototrophs	
  and	
  fix	
  carbon	
  dioxide.	
  

They	
  typically	
  contain	
  two	
  copies	
  of	
  the	
  16S	
  ribosomal	
  RNA	
  gene	
  in	
  their	
  

genome	
  in	
  opposite	
  orientations.	
  The	
  duplication	
  is	
  also	
  present	
  in	
  chloroplasts	
  

(Palmer,	
  1983).	
  The	
  divergence	
  of	
  chloroplasts	
  from	
  cyanobacteria	
  

approximately	
  800	
  –	
  900	
  million	
  years	
  ago	
  (Shih	
  &	
  Matzke,	
  2013;	
  McFadden	
  and	
  

van	
  Dooren,	
  2004)	
  was	
  first	
  proposed	
  by	
  Mereschowsky	
  in	
  1905	
  (Martin	
  &	
  

Kowallik,	
  1999),	
  and	
  has	
  been	
  verified	
  by	
  molecular	
  methods	
  (Giovannoni	
  et	
  al.,	
  

1988).	
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Given	
  the	
  ubiquity	
  and	
  age	
  of	
  the	
  rRNA	
  duplication	
  and	
  its	
  presence	
  in	
  UCYN-­‐A1	
  

(Tripp	
  et	
  al.,	
  2010)	
  and	
  the	
  closely	
  related	
  Cyanothece	
  sp.	
  ATCC	
  51142,	
  it	
  was	
  

reasonable	
  to	
  expect	
  that	
  UCYN-­‐A2	
  also	
  contains	
  the	
  duplication.	
  However,	
  

neither	
  the	
  initial	
  assembly	
  of	
  the	
  UCYN-­‐A2	
  metagenome	
  using	
  Newbler	
  

(Chaisson	
  &	
  Pevzner,	
  2008)	
  nor	
  the	
  subsequent	
  Newbler+PRICE	
  (Ruby	
  et	
  al.,	
  

2013)	
  assembly	
  produced	
  a	
  second	
  copy	
  of	
  16S	
  rRNA.	
  The	
  assembly	
  is	
  difficult	
  

because	
  of	
  the	
  nearly	
  identical	
  sequences	
  of	
  the	
  rRNA	
  genes	
  which	
  are	
  bracketed	
  

by	
  different	
  sequences,	
  causing	
  difficulty	
  in	
  determining	
  the	
  correct	
  assembly	
  of	
  

the	
  two	
  copies	
  with	
  the	
  bracketing	
  regions	
  of	
  the	
  genome.	
  For	
  the	
  assembly	
  in	
  

UCYN-­‐A1,	
  the	
  duplication	
  had	
  to	
  be	
  confirmed	
  by	
  PCR.	
  The	
  procedure	
  described	
  

below	
  was	
  developed	
  to	
  confirm	
  whether	
  UCYN-­‐A2	
  contains	
  the	
  duplication	
  and,	
  

if	
  so,	
  to	
  accurately	
  assemble	
  both	
  copies,	
  without	
  the	
  need	
  for	
  PCR.	
  

	
  

Addendum Methods 

	
  

After	
  confirming	
  the	
  likelihood	
  of	
  a16S	
  rRNA	
  duplication	
  in	
  UCYN-­‐A2	
  by	
  analysis	
  

of	
  the	
  stoichiometry	
  of	
  reads	
  and	
  genome	
  coverage,	
  the	
  overall	
  approach	
  (Figure	
  

A1)	
  was	
  to	
  assemble	
  a	
  consensus	
  UCYN-­‐A2	
  16S	
  rRNA	
  sequence.	
  The	
  reads	
  

affiliated	
  with	
  the	
  flanking	
  regions	
  of	
  the	
  forward-­‐strand	
  16S	
  rRNA	
  gene	
  in	
  

UCYN-­‐A1	
  were	
  collected	
  and	
  assembled	
  with	
  the	
  16S	
  rRNA	
  consensus	
  sequence.	
  

The	
  process	
  was	
  repeated	
  for	
  the	
  reverse-­‐strand	
  16S	
  rRNA	
  gene	
  (Figure	
  A2).	
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Stoichiometric	
  analysis	
  was	
  performed	
  by	
  comparing	
  Newbler	
  coverage	
  depth	
  of	
  

sequence	
  reads	
  in	
  the	
  16S	
  rRNA	
  gene	
  region	
  to	
  the	
  average	
  coverage	
  depth	
  of	
  

reads	
  across	
  all	
  contigs	
  excluding	
  the	
  16S	
  rRNA	
  gene.	
  	
  

	
  

The	
  UCYN-­‐A1	
  16S	
  rRNA	
  sequence	
  was	
  submitted	
  as	
  query	
  for	
  a	
  BLASTN	
  search	
  

(Altschul	
  1990)	
  of	
  a	
  database	
  of	
  all	
  metagenomic	
  sequence	
  reads	
  in	
  the	
  study.	
  

Subject	
  reads	
  that	
  were	
  identified	
  by	
  BLASTN	
  with	
  at	
  least	
  97%	
  sequence	
  

similarity	
  across	
  at	
  least	
  97%	
  of	
  their	
  length	
  were	
  collected	
  and	
  assembled	
  using	
  

Newbler	
  	
  to	
  produce	
  a	
  consensus	
  UCYN-­‐A2	
  16S	
  rRNA	
  sequence.	
  The	
  upstream	
  

and	
  downstream	
  flanking	
  sequences	
  of	
  the	
  UCYN-­‐A1	
  forward-­‐strand	
  16S	
  rRNA	
  

gene	
  were	
  then	
  submitted	
  as	
  queries	
  in	
  a	
  BLASTN	
  search	
  of	
  the	
  database	
  of	
  

reads.	
  Subject	
  reads	
  identified	
  by	
  BLAST	
  E-­‐values	
  <=	
  0.001	
  were	
  collected	
  and	
  

assembled	
  using	
  PRICE	
  (Ruby	
  2013),	
  using	
  the	
  UCYN-­‐A2	
  consensus	
  16S	
  rRNA	
  

sequence	
  as	
  a	
  seed.	
  Assembly	
  produced	
  a	
  contig	
  containing	
  the	
  consensus	
  UCYN-­‐

A2	
  16S	
  rRNA	
  gene	
  as	
  well	
  as	
  upstream	
  and	
  downstream	
  flanking	
  regions	
  for	
  the	
  

forward	
  strand.	
  The	
  process	
  was	
  repeated	
  using	
  the	
  flanking	
  sequences	
  of	
  the	
  

UCYN-­‐A1	
  reverse-­‐strand	
  16S	
  rRNA	
  gene,	
  to	
  produce	
  a	
  contig	
  containing	
  the	
  

consensus	
  UCYN-­‐A2	
  16S	
  rRNA	
  gene	
  as	
  well	
  as	
  upstream	
  and	
  downstream	
  

flanking	
  regions	
  for	
  the	
  reverse	
  strand.	
  Finally	
  the	
  two	
  contigs	
  were	
  validated	
  by	
  

BLASTN	
  comparison	
  against	
  the	
  GenBank	
  nt	
  database	
  (Benson	
  2004).	
  The	
  set	
  of	
  

seed	
  contigs	
  described	
  in	
  the	
  “Supplemental	
  Methods”	
  section	
  of	
  the	
  article	
  was	
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modified	
  by	
  replacing	
  the	
  original	
  16S	
  rRNA	
  contig	
  with	
  the	
  two	
  contigs	
  

generated	
  by	
  the	
  procedure	
  described	
  here.	
  A	
  final	
  assembly	
  was	
  performed	
  

using	
  PRICE	
  and	
  the	
  modified	
  set	
  of	
  seed	
  contigs.	
  

	
  

Addendum Results 

	
  

The	
  stoichiometric	
  analysis	
  showed	
  that	
  average	
  coverage	
  of	
  the	
  original	
  

(single)	
  16S	
  rRNA	
  sequence	
  was	
  109	
  reads,	
  compared	
  to	
  27	
  reads	
  for	
  the	
  overall	
  

genomic	
  sequences.	
  

	
  

For	
  assembly	
  of	
  the	
  consensus	
  UCYN-­‐A2	
  16S	
  rRNA	
  sequence,	
  the	
  BLAST	
  search	
  

of	
  the	
  UCYN-­‐A1	
  16S	
  rRNA	
  sequence	
  against	
  all	
  reads	
  produced	
  3220	
  reads	
  with	
  

>=97%	
  identity	
  across	
  >=97%	
  of	
  read	
  length	
  (Figure	
  A1).	
  These	
  were	
  assembled	
  

into	
  a	
  consensus	
  sequence	
  of	
  4460	
  nucleotides,	
  with	
  99%	
  identity	
  to	
  the	
  UCYN-­‐

UCYN-­‐A1	
  16S	
  rRNA	
  gene.	
  47	
  and	
  348	
  reads	
  (respectively)	
  recruited	
  to	
  the	
  

UCYN-­‐A1	
  upstream	
  and	
  downstream	
  flanking	
  regions	
  of	
  the	
  forward-­‐strand	
  

gene;	
  assembling	
  these	
  with	
  PRICE	
  using	
  the	
  UCYN-­‐A2	
  consensus	
  16S	
  rRNA	
  

sequence	
  as	
  a	
  seed	
  produced	
  a	
  contig	
  of	
  length	
  6603.	
  167	
  and	
  613	
  reads	
  

(respectively)	
  recruited	
  to	
  the	
  UCYN-­‐A1	
  reverse-­‐strand	
  upstream	
  and	
  

downstream	
  flanking	
  regions;	
  assembling	
  these	
  with	
  PRICE	
  using	
  the	
  UCYN-­‐A2	
  

consensus	
  16S	
  rRNA	
  sequence	
  as	
  a	
  seed	
  produced	
  a	
  contig	
  of	
  length	
  8766.	
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BLASTN	
  comparison	
  of	
  the	
  forward-­‐strand	
  contig	
  against	
  GenBank’s	
  nt	
  database	
  

returned	
  a	
  best	
  match	
  to	
  the	
  UCYN-­‐A1	
  genome,	
  with	
  95%	
  identity	
  over	
  93%	
  of	
  

query	
  length.	
  The	
  second-­‐best	
  match	
  was	
  to	
  Cyanothece	
  sp.	
  ATCC	
  51142,	
  with	
  

93%	
  identity	
  over	
  73%	
  of	
  its	
  length.	
  BLASTN	
  comparison	
  of	
  the	
  reverse-­‐strand	
  

contig	
  against	
  the	
  GenBank	
  nt	
  database	
  returned	
  a	
  best	
  match	
  to	
  the	
  UCYN-­‐A1	
  

genome,	
  with	
  95%	
  identity	
  over	
  98%	
  of	
  query	
  length.	
  The	
  second-­‐best	
  match	
  

was	
  to	
  Cyanothece	
  sp.	
  ATCC	
  51142,	
  with	
  93%	
  identity	
  over	
  55%	
  of	
  length.	
  

	
  

The	
  original	
  set	
  of	
  seed	
  contigs	
  contained	
  167	
  contigs	
  generated	
  by	
  Newbler	
  as	
  

described	
  in	
  the	
  article.	
  The	
  single	
  original	
  contig	
  containing	
  the	
  16S	
  rRNA	
  

sequence	
  was	
  removed	
  from	
  the	
  seed	
  set	
  and	
  the	
  two	
  new	
  contigs	
  were	
  added.	
  

PRICE	
  assembly	
  with	
  168	
  seeds	
  resulted	
  in	
  a	
  final	
  group	
  of	
  contigs	
  from	
  which	
  

the	
  52	
  contigs	
  submitted	
  as	
  the	
  draft	
  genome	
  were	
  selected.	
  

Addendum Discussion 

Using	
  the	
  method	
  presented	
  here,	
  two	
  duplicate	
  UCYN-­‐A2	
  16S	
  rRNA	
  contigs	
  

were	
  successfully	
  assembled	
  from	
  metagenomic	
  short	
  paired-­‐end	
  reads.	
  

Assembly	
  of	
  such	
  duplicated	
  regions	
  is	
  challenging	
  because	
  assembly	
  will	
  only	
  

produce	
  the	
  correct	
  copy	
  number	
  of	
  a	
  repeated	
  motif	
  if	
  the	
  motif	
  is	
  shorter	
  than	
  

the	
  amplicon	
  length.	
  Since	
  there	
  was	
  a	
  duplicated	
  16S	
  rRNA	
  region	
  in	
  the	
  UCYN-­‐

A	
  genome,	
  only	
  a	
  single	
  16S	
  rRNA	
  copy	
  was	
  computed,	
  and	
  it	
  was	
  necessary	
  to	
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use	
  the	
  reference-­‐based	
  approach	
  described	
  here	
  to	
  correctly	
  assemble	
  the	
  two	
  

copies. 

The	
  stoichiometric	
  analysis	
  showed	
  4x	
  deeper	
  coverage	
  of	
  the	
  16S	
  rRNA	
  gene	
  

than	
  the	
  average	
  coverage	
  of	
  the	
  rest	
  of	
  the	
  UCYN-­‐A2	
  genome.	
  While	
  this	
  is	
  

consistent	
  with	
  a16S	
  rRNA	
  duplication,	
  it	
  is	
  also	
  consistent	
  with	
  an	
  even	
  higher	
  

copy	
  number,	
  and	
  it	
  could	
  be	
  possible	
  that	
  additional	
  copies	
  are	
  present	
  in	
  the	
  

genome	
  but	
  absent	
  from	
  the	
  assembly.	
  The	
  possibility,	
  however,	
  is	
  remote,	
  since	
  

the	
  additional	
  copy	
  or	
  copies	
  would	
  have	
  to	
  be	
  located	
  in	
  the	
  regions	
  between	
  

contigs	
  of	
  the	
  UCYN-­‐A2	
  assembly;	
  these	
  regions	
  have	
  been	
  investigated	
  by	
  

bioinformatic	
  analysis	
  and	
  in	
  vitro	
  (see	
  Discussion	
  section	
  of	
  the	
  article)	
  and	
  no	
  

evidence	
  of	
  additional	
  16S	
  rRNA	
  gene	
  copies	
  has	
  been	
  detected	
  in	
  UCYN-­‐A. 

The	
  existence	
  of	
  a	
  single	
  16S	
  rRNA	
  gene	
  in	
  the	
  initial	
  assembly	
  is	
  the	
  result	
  of	
  an	
  

inherent	
  limitation	
  of	
  short-­‐read	
  assembly.	
  If	
  the	
  original	
  genome	
  contains	
  

repeats	
  of	
  a	
  motif	
  that	
  is	
  longer	
  than	
  the	
  reads,	
  the	
  short-­‐read	
  library	
  is	
  

uninformative	
  regarding	
  the	
  number	
  of	
  copies	
  of	
  the	
  repeated	
  motif	
  (Green	
  

2002;	
  Alkan	
  et	
  al.,	
  2010).	
  Paired-­‐end	
  technology	
  can	
  overcome	
  the	
  problem	
  

when	
  repeated	
  motif	
  lengths	
  are	
  shorter	
  than	
  the	
  amplicon	
  length;	
  however	
  the	
  

UCYN-­‐A2	
  16S	
  rRNA	
  gene	
  is	
  too	
  long	
  for	
  paired-­‐end	
  assembly	
  to	
  detect	
  and	
  

resolve	
  the	
  duplication.	
  The	
  approach	
  presented	
  here	
  takes	
  advantage	
  of	
  a	
  priori	
  

knowedge	
  of	
  the	
  UCYN-­‐A1	
  reference	
  genome	
  to	
  assign	
  reads	
  that	
  flank	
  the	
  

copies	
  of	
  16S	
  rRNA	
  to	
  the	
  correct	
  contig	
  prior	
  to	
  assembly.	
  The	
  identity	
  between	
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corresponding	
  flanking	
  regions	
  in	
  UCYN-­‐A1	
  compared	
  to	
  UCYN-­‐A2	
  is	
  high	
  (95%,	
  

similar	
  to	
  the	
  identity	
  between	
  corresponding	
  nifH	
  regions),	
  suggesting	
  that	
  the	
  

UCYN-­‐A2	
  contigs	
  are	
  valid.	
  

The	
  consensus	
  16S	
  rRNA	
  sequence	
  (green	
  sequence	
  “D”	
  in	
  Figure	
  A1	
  and	
  “F”	
  in	
  

Figure	
  A2)	
  was	
  used	
  in	
  the	
  assembly	
  of	
  both	
  contigs	
  (“I”	
  in	
  Figure	
  A1	
  and	
  “G”	
  in	
  

Figure	
  A2).	
  Thus,	
  the	
  draft	
  UCYN-­‐A2	
  genome	
  contains	
  two	
  100%	
  identical	
  16S	
  

rRNA	
  sequences.	
  This	
  identity,	
  which	
  may	
  reflect	
  reality	
  (the	
  two	
  copies	
  in	
  

UCYN-­‐A1	
  are	
  identical),	
  has	
  not	
  been	
  confirmed	
  by	
  a	
  biomolecular	
  approach	
  and	
  

for	
  now	
  should	
  be	
  considered	
  an	
  artifact	
  of	
  the	
  assembly	
  methodology.	
  UCYN-­‐A	
  

is	
  an	
  important	
  source	
  of	
  fixed	
  nitrogen	
  in	
  the	
  oceans	
  (Montoya	
  et	
  al.	
  2004)	
  and	
  

has	
  a	
  broader	
  latitudinal	
  range	
  than	
  Trichodesmium	
  (Moisander	
  et	
  al.,	
  2010).	
  It	
  is	
  

widely	
  distributed:	
  in	
  the	
  Pacific	
  Ocean	
  it	
  has	
  been	
  detected	
  in	
  the	
  oligotrophic	
  

North	
  Pacific	
  Ocean	
  (Zehr	
  et	
  al.,	
  2008),	
  the	
  North	
  Pacific	
  Transitional	
  Zone	
  

(Church	
  et	
  al.,	
  2008),	
  the	
  North	
  Equatorial	
  Counter	
  Current	
  (Church	
  et	
  al.,	
  2008),	
  

the	
  tropical	
  and	
  subtropical	
  oligotrophic	
  South	
  Pacific	
  Ocean	
  (Moisander	
  et	
  al.,	
  

2010),	
  the	
  Great	
  Barrier	
  Reef	
  (Hewson	
  et	
  al.	
  2007),	
  and	
  the	
  coastal	
  waters	
  of	
  

Japan	
  (Hagino	
  et	
  al.,	
  2013)	
  and	
  California	
  (Bombar	
  et	
  al.,	
  2014).	
  In	
  the	
  Atlantic	
  

Ocean,	
  UCYN-­‐A	
  has	
  been	
  detected	
  in	
  western	
  tropical	
  oligotrophic	
  waters	
  

(Langlois	
  et	
  al.,	
  2008),	
  eastern	
  tropical	
  coastal	
  and	
  oligotrophic	
  waters	
  (Turk	
  et	
  

al.,	
  2011),	
  and	
  eastern	
  subtropical	
  oligotrophic	
  waters	
  (Langlois	
  et	
  al.,	
  2008;	
  

Agawin	
  et	
  al.,	
  2014).	
  However,	
  little	
  is	
  known	
  about	
  the	
  genetic	
  diversity	
  of	
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UCYN-­‐A.	
  To	
  date,	
  three	
  distinct	
  clades	
  of	
  UCYN-­‐	
  A	
  have	
  been	
  identified,	
  and	
  

UCYN-­‐A	
  nifH	
  sequences	
  not	
  affiliated	
  with	
  any	
  of	
  these	
  clades	
  have	
  been	
  

observed	
  (Thompson	
  et	
  al.,	
  2014).	
  This	
  study	
  showed	
  that	
  these	
  clades	
  are	
  

distinctly	
  different	
  based	
  on	
  genome	
  sequences,	
  which	
  has	
  implications	
  for	
  their	
  

ecology	
  and	
  evolution	
  of	
  the	
  symbiosis.	
  The	
  comparison	
  was	
  dependent	
  on	
  

assembling	
  a	
  genome	
  with	
  duplications	
  of	
  the	
  16S	
  rRNA	
  gene	
  which	
  presented	
  a	
  

challenge	
  for	
  the	
  short	
  reads	
  from	
  current	
  high-­‐throughput	
  DNA	
  sequencing	
  

techniques.	
  The	
  method	
  described	
  here	
  enabled	
  the	
  comparison	
  of	
  these	
  two	
  

genomes	
  even	
  though	
  they	
  had	
  identical	
  duplicated	
  16S	
  rRNA	
  genes.	
  Further	
  

studies	
  are	
  likely	
  to	
  reveal	
  additional	
  strains	
  of	
  UCYN-­‐A,	
  for	
  which	
  the	
  

metagenomes	
  can	
  be	
  analyzed	
  by	
  the	
  methods	
  described	
  in	
  this	
  chapter.	
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Addendum Figures 
	
  
	
  

	
  
	
  

Figure	
  A1.	
  Assembly	
  of	
  forward-­‐strand	
  16S	
  rRNA	
  contig.	
  (A)	
  Sequences	
  for	
  

UCYN-­‐A1	
  forward-­‐strand	
  16S	
  rRNA	
  gene	
  (green)	
  and	
  flanking	
  regions	
  (blue,	
  red)	
  

were	
  extracted	
  from	
  the	
  UCYN-­‐A1	
  assembly.	
  (B)	
  The	
  UCYN-­‐A2	
  16S	
  rRNA	
  gene	
  

was	
  submitted	
  as	
  a	
  BLASTN	
  query	
  against	
  all	
  reads,	
  and	
  matching	
  reads	
  (C)	
  were	
  

assembled	
  to	
  produce	
  the	
  UCYN-­‐A2	
  16S	
  rRNA	
  consensus	
  sequence	
  (D).	
  UCYN-­‐A1	
  

flanking	
  sequences	
  (E,	
  F)	
  were	
  submitted	
  as	
  BLASTN	
  queries	
  against	
  all	
  reads;	
  

matching	
  reads	
  (G,	
  H)	
  were	
  assembled	
  using	
  PRICE	
  with	
  the	
  UCYN-­‐A2	
  16S	
  rRNA	
  

consensus	
  sequence	
  (D)	
  as	
  a	
  seed,	
  to	
  produce	
  the	
  final	
  UCYN-­‐A2	
  forward-­‐strand	
  

16S	
  rRNA	
  contig	
  (I).	
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Figure	
  A2.	
  Assembly	
  of	
  reverse-­‐strand	
  16S	
  rRNA	
  contig.	
  (A)	
  Sequences	
  for	
  

UCYN-­‐A1	
  reverse-­‐strand	
  16S	
  rRNA	
  gene	
  flanking	
  regions	
  (blue,	
  red)	
  were	
  

submitted	
  as	
  BLASTN	
  queries	
  against	
  all	
  reads	
  (B,	
  C);	
  matching	
  reads	
  (D,	
  E)	
  were	
  

assembled	
  using	
  PRICE	
  with	
  the	
  UCYN-­‐A2	
  16S	
  rRNA	
  consensus	
  sequence	
  (F)	
  as	
  a	
  

seed,	
  to	
  produce	
  the	
  final	
  UCYN-­‐A2	
  reverse-­‐strand	
  16S	
  rRNA	
  contig	
  (G).	
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Figure A3. Overall assembly procedure. (A) Newbler assembly produces contigs 

(light gray), including one contig containing a 16S rRNA sequence. (B) the 16S 

rRNA contig is replaced by the two contigs generated by the procedure described in 

this addendum. (C) PRICE assembly produces final contigs (dark gray). 
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Chapter 3 – Dexter: A tool for exploring diel 
expression data sets 
Abstract 

Gene	
  expression	
  in	
  cells	
  can	
  fluctuate	
  over	
  time	
  in	
  response	
  to	
  internal	
  or	
  

external	
  stimuli.	
  For	
  example,	
  phototrophic	
  cyanobacteria,	
  whose	
  metabolism	
  is	
  

tightly	
  coupled	
  to	
  the	
  daily	
  cycle	
  of	
  sunlight,	
  have	
  evolved	
  complex	
  daily	
  patterns	
  

of	
  gene	
  expression	
  that	
  may	
  derive	
  from	
  optimizing	
  growth	
  by	
  coordinating	
  

photosynthesis	
  and	
  protein	
  synthesis.	
  The	
  underlying	
  diel	
  gene	
  expression	
  

patterns,	
  which	
  can	
  be	
  a	
  result	
  of	
  circadian	
  rhythms	
  and/or	
  shifts	
  in	
  metabolism	
  

driven	
  by	
  light,	
  can	
  provide	
  much	
  information	
  on	
  how	
  microorganisms	
  grow	
  and	
  

respond	
  to	
  the	
  environment.	
  However,	
  it	
  is	
  difficult	
  to	
  analyze	
  and	
  compare	
  

complex	
  information	
  from	
  whole-­‐genome	
  expression	
  studies	
  involving	
  

thousands	
  of	
  genes	
  from	
  multiple	
  organisms	
  and	
  multiple	
  time	
  points.	
  Novel	
  

computational	
  approaches	
  are	
  required,	
  with	
  support	
  for	
  visual	
  exploration	
  and	
  

analysis	
  of	
  data	
  in	
  order	
  to	
  detect	
  related	
  expression	
  signatures.	
  	
  

	
  

A	
  Java	
  application	
  called	
  Dexter	
  was	
  developed	
  to	
  facilitate	
  analysis	
  of	
  single	
  or	
  

multiple	
  expression	
  time-­‐series	
  data	
  sets.	
  Dexter	
  makes	
  possible	
  a	
  wide	
  variety	
  

of	
  analyses;	
  the	
  value	
  of	
  the	
  program	
  was	
  demonstrated	
  by	
  using	
  it	
  to	
  explore	
  

gene	
  expression	
  similarity	
  within	
  predicted	
  operons	
  in	
  the	
  genomes	
  of	
  several	
  

cyanobacteria	
  for	
  which	
  diel	
  expression	
  studies	
  are	
  available:	
  Crocosphaera,	
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Prochlorococcus,	
  and	
  Trichodesmium.	
  Current	
  operon	
  predictions	
  appear	
  to	
  be	
  

correct	
  but	
  possibly	
  incomplete.	
  Analysis	
  using	
  Dexter	
  demonstrated	
  the	
  

existence	
  of	
  many	
  pairs	
  of	
  short	
  adjacent	
  predicted	
  operons,	
  with	
  highly	
  similar	
  

expression	
  profiles	
  among	
  all	
  genes	
  of	
  both	
  operons.	
  A	
  statistical	
  framework	
  was	
  

developed	
  for	
  estimating	
  the	
  probability	
  that	
  such	
  pairs	
  of	
  predicted	
  operons	
  

actually	
  constitute	
  single	
  operons.	
  Statistical	
  evidence	
  was	
  found	
  to	
  support	
  

merging	
  35	
  pairs	
  of	
  neighboring	
  predicted	
  operons.	
  

 

Background 

Daily	
  cycling	
  of	
  behavior,	
  metabolic	
  processes,	
  and	
  gene	
  expression	
  have	
  been	
  

observed	
  in	
  all	
  three	
  domains	
  of	
  life.	
  For	
  example,	
  in	
  (Bergersen,	
  1962)	
  

mammals,	
  daily	
  periods	
  of	
  high	
  levels	
  of	
  movement	
  locomotion	
  are	
  often	
  timed	
  

so	
  as	
  to	
  optimize	
  contact	
  with	
  food	
  or	
  avoid	
  contact	
  with	
  predators	
  (Panda	
  et	
  al.,	
  

2002).	
  In	
  plants	
  and	
  bacteria	
  production	
  of	
  photosystem	
  II	
  proteins,	
  whose	
  half-­‐

lives	
  range	
  from	
  30	
  minutes	
  to	
  12	
  hours	
  (Yao,	
  Brune,	
  Vavilin,	
  &	
  Vermaas,	
  2012);	
  

Renger,	
  coincides	
  with	
  available	
  light	
  (Dodd	
  et	
  al.,	
  2005).	
  Diazotrophic	
  

cyanobacteria,	
  which	
  both	
  photosynthesize	
  and	
  reduce	
  atmospheric	
  nitrogen	
  

(N2),	
  need	
  to	
  segregate	
  nitrogenase	
  enzymes	
  from	
  the	
  oxygen	
  evolved	
  by	
  

photosynthesis	
  (Parker	
  &	
  Scutt,	
  1960;	
  Bond,	
  1961;	
  Bergersen,	
  1962;	
  Fay,	
  1992);	
  

segregation	
  is	
  sometimes	
  temporal,	
  with	
  nitrogenase	
  component	
  proteins	
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produced	
  hours	
  out	
  of	
  phase	
  from	
  photosystem	
  II	
  proteins	
  (Tuit	
  et	
  al.,	
  2004).	
  

In	
  all	
  these	
  examples,	
  daily	
  cycling	
  is	
  orchestrated	
  not	
  only	
  by	
  external	
  cues	
  such	
  

as	
  light	
  or	
  temperature	
  but	
  by	
  internal	
  circadian	
  biological	
  clocks	
  that	
  can	
  

continue	
  to	
  function	
  for	
  some	
  time	
  in	
  the	
  absence	
  of	
  light	
  or	
  temperature	
  

triggers	
  (Panda	
  et	
  al.,	
  2002).	
  Circadian	
  clocks	
  confer	
  advantage	
  by	
  optimizing	
  the	
  

interactions	
  between	
  external	
  dark/light	
  conditions	
  and	
  internal	
  metabolic	
  

processes	
  (Dodd	
  et	
  al.,	
  2005).	
  Cells	
  whose	
  internal	
  clock	
  mechanisms	
  have	
  been	
  

disrupted	
  are	
  not	
  competitive	
  with	
  wild-­‐type	
  cells	
  (Johnson	
  1998;	
  Mori	
  and	
  

Johnson	
  2001;	
  Woelfle2004;	
  Woelfle	
  &	
  Johnson,	
  2006).	
  Intriguingly,	
  circadian	
  

control	
  systems	
  have	
  evolved	
  independently	
  at	
  least	
  4	
  different	
  times	
  (Young	
  

2001),	
  suggesting	
  a	
  definite	
  fitness	
  benefit.	
  

	
  

In	
  cyanobacteria,	
  circadian	
  cycle	
  timing	
  is	
  partially	
  provided	
  by	
  the	
  interactions	
  

of	
  the	
  KaiA,	
  KaiB,	
  and	
  KaiC	
  proteins,	
  which	
  phosphorylate	
  and	
  de-­‐phosphorylate	
  

one	
  another	
  in	
  a	
  sustainable	
  24-­‐hour	
  rhythm	
  (Dong	
  &	
  Golden,	
  2008).	
  KaiC	
  

appears	
  to	
  upregulate	
  SasA	
  and	
  RppA	
  in	
  a	
  pathway	
  that	
  influences	
  DNA	
  

topology,	
  possibly	
  making	
  parts	
  of	
  the	
  chromosome	
  more	
  accessible	
  to	
  

transcription	
  machinery	
  (Axmann	
  et	
  al.,	
  2009).	
  In	
  Prochlorococcus,	
  where	
  the	
  

genome	
  has	
  been	
  extensively	
  streamlined	
  (Dufresne	
  et	
  al.,	
  2003),	
  the	
  kaiA	
  gene	
  

is	
  absent	
  and	
  the	
  clock,	
  based	
  on	
  KaiB	
  and	
  KaiC	
  proteins	
  alone,	
  is	
  less	
  robust	
  

than	
  in	
  other	
  cyanobacteria,	
  and	
  requires	
  external	
  cues	
  such	
  as	
  light	
  stimulus	
  to	
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maintain	
  stable	
  diel	
  patterns	
  (Holtzendorff	
  et	
  al.,	
  2008).	
  The	
  control	
  pathway	
  

linking	
  the	
  Kai	
  clock	
  to	
  individual	
  gene	
  expression	
  patterns,	
  and	
  the	
  role	
  of	
  DNA	
  

topology,	
  are	
  not	
  yet	
  fully	
  understood.	
  

	
  

Diel	
  patterns	
  in	
  cyanobacteria	
  were	
  first	
  elucidated	
  in	
  experiments	
  that	
  focused	
  

on	
  individual	
  processes	
  such	
  as	
  photosynthesis	
  (Bruyant	
  et	
  al.,	
  2005),	
  nitrogen	
  

fixation	
  (Capone	
  et	
  al.,	
  1990;	
  BermanFrank	
  et	
  al.,	
  2001),	
  carbon	
  and	
  nitrogen	
  

metabolism	
  (Mohr	
  et	
  al.,	
  2010),	
  optical	
  properties	
  (Claustre	
  {Claustre	
  et	
  al.,	
  

2002),	
  and	
  DNA	
  topology	
  (Pennebaker	
  et	
  al.,	
  2010;	
  Vijayan	
  et	
  al.,	
  2011);	
  or	
  on	
  

the	
  expression	
  patterns	
  of	
  small	
  sets	
  of	
  genes,	
  primarily	
  cell-­‐cycle	
  genes	
  and	
  

nifH,	
  which	
  encodes	
  the	
  iron	
  protein	
  subunit	
  of	
  nitrogenase	
  (ColonLopez	
  et	
  al.,	
  

1997;	
  Holtzendorff	
  et	
  al.,	
  2001;	
  Steunou	
  et	
  al.,	
  2008;	
  Wyman	
  et	
  al.,	
  1996).	
  These	
  

studies,	
  which	
  consistently	
  reported	
  diel	
  oscillations	
  of	
  important	
  metabolic	
  

functions,	
  have	
  been	
  performed	
  on	
  Crocosphaera	
  watsonii	
  WH8501	
  (Mohr	
  et	
  al.,	
  

2010;	
  Pennebaker	
  et	
  al.,	
  2010),	
  Cyanothece	
  sp.	
  Strain	
  ATCC	
  51142	
  (Schneegurt	
  

et	
  al.,	
  1994;	
  Colón-­‐López	
  et	
  al.,	
  1997),	
  Prochlorococcus	
  sp.	
  PCC	
  9511	
  

(Holtzendorff	
  et	
  al.,	
  2001;	
  Claustre	
  et	
  al.,	
  2002;	
  Bruyant	
  et	
  al.,	
  2005),	
  

Synechococcus	
  sp.	
  PCC	
  7942	
  and	
  various	
  ecotypes	
  (Steunou	
  et	
  al.,	
  2008;	
  Vijayan	
  

et	
  al.,	
  2009),	
  Trichodesmium	
  thibautii	
  (Wyman	
  et	
  al.,	
  1996;	
  Capone	
  et	
  al.,	
  2005),	
  

and	
  Trichodesmium	
  erythraeum	
  IMS101	
  (Berman-­‐Frank	
  et	
  al.,	
  2001).	
  Recent	
  

advances	
  in	
  microarray	
  technology	
  have	
  enabled	
  time-­‐series	
  expression	
  studies	
  

of	
  whole	
  or	
  nearly	
  whole	
  genomes,	
  including	
  Crocosphaera	
  watsonii	
  WH8501	
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(Shi	
  et	
  al.,	
  2010),	
  Cyanothece	
  sp.	
  Strain	
  ATCC	
  51142	
  (Stöckel	
  et	
  al.,	
  2008;	
  Toepel	
  

et	
  al.,	
  2008),	
  Prochlorococcus	
  marinus	
  MED4	
  (Zinser	
  et	
  al.,	
  2009;	
  Waldbauer	
  et	
  

al.,	
  2012),	
  and	
  Trichodesmium	
  erythraeum	
  IMS101	
  (I.	
  Shilova	
  and	
  J.	
  Zehr,	
  unpub.	
  

data).	
  These	
  studies	
  have	
  detected	
  diel	
  cycling	
  (defined	
  as	
  >=	
  2x	
  change	
  in	
  

transcript	
  abundance	
  over	
  24	
  hours)	
  in	
  79%,	
  30%,	
  41%,	
  and	
  63%	
  of	
  analyzed	
  

genes	
  respectively. 

Many	
  data	
  sets	
  generated	
  by	
  whole-­‐genome	
  time-­‐series	
  expression	
  studies	
  have	
  

not	
  been	
  deeply	
  mined	
  or	
  compared,	
  primarily	
  due	
  to	
  a	
  lack	
  of	
  adequate	
  

software	
  tools.	
  Development	
  of	
  such	
  tools	
  is	
  hampered	
  by	
  several	
  challenges,	
  

including	
  1)	
  the	
  need	
  to	
  accommodate	
  variations	
  in	
  experimental	
  design,	
  2)	
  the	
  

structure	
  of	
  datasets,	
  and	
  3)	
  the	
  difficulty	
  of	
  creating	
  effective	
  user	
  interfaces	
  for	
  

visualization	
  and	
  analysis.	
  If	
  these	
  challenges	
  can	
  be	
  overcome,	
  mining	
  of	
  

individual	
  data	
  sets	
  can	
  help	
  elucidate	
  gene	
  function	
  and	
  predict	
  regulation	
  

pathways;	
  comparison	
  of	
  data	
  for	
  multiple	
  organisms	
  can	
  provide	
  insight	
  into	
  

relationships	
  between	
  gene	
  expression	
  and	
  adaptation	
  to	
  habitat. 

Single-­‐organism	
  whole-­‐genome	
  expression	
  studies	
  are	
  designed	
  with	
  varying	
  

duration	
  and	
  starting	
  time	
  of	
  the	
  artificial	
  dark-­‐light	
  cycles,	
  as	
  well	
  as	
  differences	
  

in	
  sampling	
  schedules.	
  Thus	
  datasets	
  from	
  different	
  sources	
  are	
  unlikely	
  to	
  be	
  

easy	
  to	
  compare.	
  For	
  example,	
  in	
  a	
  Prochlorococcus	
  whole-­‐genome	
  study	
  

expression	
  study	
  (Zinser	
  et	
  al.,	
  2009),	
  measurements	
  began	
  in	
  the	
  light	
  period	
  

and	
  were	
  taken	
  every	
  2	
  hours,	
  with	
  a	
  14-­‐hour	
  light	
  period	
  and	
  10-­‐hour	
  dark	
  



	
   	
  117	
  

period.	
  In	
  contrast,	
  a	
  Crocosphaera	
  study	
  (Shi	
  et	
  al.,	
  2010)	
  began	
  in	
  the	
  dark	
  

period,	
  the	
  dark	
  and	
  light	
  period	
  were	
  both	
  12	
  hours,	
  and	
  samples	
  were	
  

collected	
  at	
  the	
  start,	
  middle,	
  and	
  the	
  end	
  of	
  the	
  periods.	
  The	
  Trichodesmium	
  

study	
  (I.	
  Shilova	
  and	
  J.	
  Zehr,	
  unpub.	
  data)	
  began	
  at	
  the	
  end	
  of	
  the	
  dark	
  phase,	
  

dark	
  and	
  light	
  phases	
  were	
  both	
  12	
  hours,	
  and	
  sampling	
  was	
  every	
  3	
  hours.	
  

Apparently	
  no	
  current	
  tool	
  can	
  automatically	
  reconcile	
  these	
  incompatible	
  

dark/light	
  and	
  sampling	
  aspects	
  of	
  experiment	
  design. 

The	
  structure	
  of	
  datasets	
  is	
  also	
  a	
  challenge	
  for	
  a	
  gene	
  expression	
  comparative	
  

data	
  analysis	
  tool.	
  Diel	
  gene	
  expression	
  datasets	
  are	
  often	
  characterized	
  by	
  a	
  

small	
  number	
  of	
  time	
  points	
  (6-­‐12	
  per	
  day)	
  and	
  a	
  large	
  number	
  of	
  time	
  series	
  (1	
  

for	
  each	
  of	
  several	
  thousand	
  genes).	
  The	
  small	
  number	
  of	
  time	
  points	
  eliminates	
  

the	
  feasibility	
  of	
  using	
  established	
  statistical	
  or	
  mathematical	
  time-­‐series	
  

analysis	
  techniques	
  such	
  as	
  Fourier	
  analysis,	
  cosinors,	
  periodograms,	
  Haar	
  

wavelets,	
  or	
  Bayesian	
  time	
  series	
  analysis,	
  all	
  of	
  which	
  require	
  a	
  large	
  number	
  of	
  

time	
  points	
  per	
  gene	
  to	
  provide	
  enough	
  information	
  to	
  model	
  the	
  expression	
  

pattern.	
  Thus	
  analysis	
  software	
  tools	
  based	
  on	
  these	
  approaches	
  are	
  not	
  

applicable	
  to	
  typical	
  diel	
  expression	
  datasets,	
  and	
  novel	
  approaches	
  are	
  

required. 

A	
  third	
  challenge	
  for	
  software	
  development	
  stems	
  from	
  the	
  size	
  and	
  complexity	
  

of	
  whole-­‐genome	
  datasets,	
  which	
  make	
  it	
  difficult	
  to	
  detect	
  similarity	
  patterns	
  

without	
  software	
  tools	
  that	
  can	
  cluster	
  genes	
  based	
  on	
  expression	
  signature	
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similarity	
  and	
  facilitate	
  subsequent	
  data	
  exploration.	
  A	
  number	
  of	
  tools	
  for	
  time-­‐

expression	
  analysis,	
  including	
  SAM	
  (Tusher	
  et	
  al.,	
  2001),	
  LIMMA	
  (Smyth,	
  2004.),	
  

and	
  BATS	
  (Angelini	
  et	
  al.,	
  2008),	
  have	
  been	
  used	
  in	
  prokaryote	
  expression	
  

studies	
  (Spellman	
  et	
  al.,	
  1998;	
  Claridge-­‐Chang	
  et	
  al.,	
  2001;	
  Whitfield	
  et	
  al.,	
  2002;	
  

Glynn	
  et	
  al.,	
  2006);	
  however,	
  they	
  are	
  primarily	
  designed	
  for	
  medical	
  

applications	
  where	
  the	
  goal	
  is	
  to	
  detect	
  differential	
  expression	
  between	
  two	
  time	
  

series	
  for	
  the	
  same	
  gene,	
  for	
  example,	
  to	
  compare	
  healthy	
  versus	
  diseased	
  tissue,	
  

and	
  are	
  not	
  readily	
  adaptable	
  to	
  analysis	
  of	
  single	
  or	
  multiple	
  data	
  sets.	
  A	
  

number	
  of	
  recent	
  programs	
  provide	
  visualization	
  and	
  graphical	
  user	
  interfaces,	
  

but	
  of	
  16	
  tools	
  presented	
  in	
  a	
  recent	
  review	
  article	
  (“Studying	
  and	
  modelling	
  

dynamic	
  biological	
  processes	
  using	
  time-­‐series	
  gene	
  expression	
  data,”	
  Bar-­‐

Joseph	
  et	
  al.,	
  2012),	
  11	
  support	
  searching	
  or	
  clustering	
  by	
  expression	
  profile	
  

similarity,	
  only	
  2	
  can	
  present	
  more	
  than	
  2	
  data	
  sets	
  at	
  a	
  time,	
  and	
  none	
  provides	
  

extensive	
  visual	
  exploration.	
  An	
  opportunity	
  therefore	
  exists	
  to	
  provide	
  tools	
  

that	
  will	
  advance	
  diel	
  expression	
  investigation	
  by	
  supporting	
  clustering,	
  

visualization,	
  exploration,	
  and	
  simultaneous	
  comparisons	
  of	
  multiple	
  time	
  series	
  

data	
  sets. 

In	
  this	
  study,	
  a	
  Java	
  application	
  called	
  Dexter	
  (“Diel	
  Expression	
  Terminal”)	
  was	
  

developed	
  and	
  applied	
  to	
  compare	
  and	
  analyze	
  gene	
  expression	
  time	
  series	
  

datasets.	
  Dexter	
  supports	
  visualization,	
  exploration,	
  and	
  clustering	
  of	
  gene	
  

expression	
  signatures,	
  integrates	
  the	
  expression	
  data	
  with	
  gene	
  annotations,	
  and	
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reconciles	
  otherwise	
  incompatible	
  experimental	
  designs.	
  Dexter	
  avoids	
  the	
  use	
  

of	
  analysis	
  approaches	
  that	
  require	
  large	
  numbers	
  of	
  timepoints,	
  and	
  is	
  

therefore	
  applicable	
  to	
  typical	
  diel	
  expression	
  datasets. 

One	
  useful	
  application	
  of	
  Dexter	
  is	
  to	
  improve	
  operon	
  prediction.	
  Operons	
  are	
  

groups	
  of	
  consecutive	
  genes,	
  controlled	
  by	
  a	
  single	
  promoter,	
  that	
  are	
  expressed	
  

as	
  a	
  single	
  bicistronic	
  or	
  polycistronic	
  transcript.	
  Individual	
  operons	
  have	
  been	
  

identified	
  by	
  wetlab	
  techniques	
  in	
  many	
  cyanobacteria,	
  including	
  Anabaena	
  

(Kuritz	
  et	
  al.,	
  1997),	
  Crocosphaera	
  (Pade	
  et	
  al.,	
  2012),	
  Microcystis	
  (Mikalsen	
  et	
  al.,	
  

2003),	
  Prochlorococcus	
  (Vogel	
  et	
  al.,	
  2003;	
  Klein	
  et	
  al.,	
  2009;	
  Osburne	
  et	
  al.,	
  

2010),	
  Synechococcus	
  (Kutsuna	
  et	
  al.,	
  2005;	
  Shen	
  et	
  al.,	
  2007;	
  Omata,et	
  al.,	
  2001),	
  

Synechocystis	
  (Vinnemeier	
  et	
  al.,	
  1998;	
  Midorikawa	
  et	
  al.,	
  2012)	
  and	
  

Trichodesmium	
  (Wang,	
  2005).	
  Identification	
  of	
  operons	
  can	
  provide	
  important	
  

clues	
  regarding	
  inference	
  of	
  regulatory	
  pathways,	
  can	
  support	
  interpretation	
  of	
  

operon	
  transcriptome	
  experiments	
  (Moreno-­‐Hagelsieb	
  &	
  Collado-­‐Vides,	
  2002),	
  

and	
  informs	
  computational	
  predictions	
  of	
  cis-­‐regulatory	
  elements	
  (Price	
  et	
  al.,	
  

2005).	
  The	
  expense	
  of	
  wetlab	
  discovery	
  has	
  prompted	
  the	
  development	
  of	
  

algorithms	
  for	
  deducing	
  operons	
  in	
  silico	
  from	
  assembled	
  genomes	
  (Moreno-­‐

Hagelsieb	
  &	
  Collado-­‐Vides,	
  2002;	
  Sabatti	
  et	
  al.,	
  2002;	
  Zheng	
  et	
  al.,	
  2002;	
  

Novichkov	
  et	
  al.,	
  2010;	
  Price	
  et	
  al.,	
  2005).	
  Although	
  it	
  is	
  not	
  always	
  possible	
  to	
  

predict	
  whole	
  operons,	
  Price	
  (Price	
  et	
  al.,	
  2005)	
  has	
  published	
  an	
  algorithm	
  that	
  

predicts	
  whether	
  consecutive	
  genes	
  are	
  members	
  of	
  a	
  common	
  operon.	
  There	
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are	
  operon	
  predictions	
  from	
  this	
  algorithm	
  for	
  1336	
  microbial	
  organisms,	
  

including	
  several	
  for	
  which	
  diel	
  expression	
  data	
  sets	
  have	
  been	
  published	
  

(http://www.microbesonline.org/operons/OperonList.html).	
  However,	
  few	
  of	
  

these	
  predictions	
  have	
  been	
  experimentally	
  verified	
  and	
  we	
  suspected	
  that	
  

operon	
  sizes	
  were	
  underestimated.	
  Since	
  genes	
  in	
  an	
  operon	
  are	
  expressed	
  as	
  a	
  

unit,	
  they	
  should	
  have	
  very	
  similar	
  or	
  identical	
  diel	
  expression	
  signatures.	
  

Therefore	
  a	
  high	
  degree	
  of	
  expression	
  similarity	
  among	
  adjacent	
  genes	
  might	
  

predict	
  operon	
  membership	
  and	
  might	
  improve	
  upon	
  prior	
  predictions.	
  We	
  used	
  

Dexter	
  to	
  explore	
  expression	
  similarity	
  among	
  genes	
  of	
  pairs	
  of	
  neighboring	
  

predicted	
  operons,	
  and	
  identified	
  35	
  such	
  pairs	
  in	
  3	
  cyanobacterial	
  genomes	
  that	
  

we	
  believe	
  are	
  actually	
  single	
  operons.	
  

System and Methods 

Requirements 

In	
  order	
  to	
  design	
  Dexter,	
  the	
  following	
  six	
  requirements	
  were	
  identified	
  as	
  

essential	
  for	
  a	
  single	
  integrated	
  tool	
  targeted	
  at	
  analyzing	
  	
  diel	
  whole-­‐	
  genome	
  

gene	
  expression	
  datasets: 

• Flexibility	
  with	
  respect	
  to	
  differing	
  experimental	
  designs.	
  Published	
  data	
  

set	
  spreadsheets	
  should	
  be	
  imported	
  without	
  modification,	
  and	
  the	
  tool	
  

should	
  reconcile	
  experimental	
  design	
  differences	
  with	
  minimal	
  user	
  

interaction	
  to	
  facilitate	
  comparison	
  of	
  overall	
  patterns.	
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• Visualization.	
  Data	
  should	
  be	
  displayed	
  graphically	
  rather	
  than	
  

numerically.	
  Graphics	
  should	
  be	
  intuitive	
  and	
  interactive.	
   

• Exploration.	
  The	
  tool	
  should	
  support	
  searching	
  the	
  data	
  space	
  using	
  a	
  

number	
  of	
  different	
  gene	
  features,	
  including	
  expression	
  profile,	
  name,	
  

pathway,	
  chromosomal	
  proximity,	
  and	
  annotated	
  function.	
   

• Clustering.	
  The	
  tool	
  should	
  be	
  able	
  to	
  cluster	
  any	
  or	
  all	
  of	
  its	
  genes	
  based	
  

on	
  similarity	
  of	
  expression	
  profile,	
  using	
  commonly	
  accepted	
  distance	
  

metrics.	
   

• Export	
  of	
  results.	
  Interesting	
  data	
  subsets	
  and	
  results	
  of	
  analysis	
  should	
  

be	
   readily	
  exportable	
  in	
  standard	
  formats	
  for	
  further	
  analysis	
  or	
  

publication.	
   

• Functional	
  extensibility.	
  Since	
  not	
  all	
  desirable	
  features	
  can	
  be	
  

anticipated,	
  especially	
  as	
  regards	
  search	
  terms,	
  clustering	
  metrics,	
  and	
  

clustering	
  algorithm,	
  the	
  software	
  should	
  be	
  easily	
  extended	
  by	
  users.	
  To	
  

this	
  end,	
  software	
  should	
  be	
  open	
  source	
  and	
  should	
  provide	
  

polymorphic	
  implementations	
  of	
  features	
  that	
  users	
  might	
  want	
  to	
  

extend.	
  	
  

Workflow 

Dexter	
  begins	
  in	
  an	
  input	
  wizard	
  mode	
  (Figure	
  1)	
  that	
  guides	
  the	
  user	
  through	
  

the	
  process	
  of	
  describing	
  data	
  set	
  files	
  and	
  importing	
  supplemental	
  information.	
  

When	
  all	
  data	
  has	
  been	
  imported,	
  the	
  main	
  Dexter	
  exploration/analysis	
  screen	
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(Figure	
  2)	
  presents	
  small	
  thumbnail	
  graphs	
  of	
  expression	
  data	
  that	
  serve	
  as	
  

starting	
  points	
  for	
  exploration.	
  During	
  the	
  data	
  exploration	
  phase,	
  the	
  user	
  

generates	
  ad-­‐hoc	
  “experiment”	
  graphs	
  (Fig.	
  2.4,	
  4th	
  column)	
  that	
  display	
  genes	
  

of	
  interest	
  and	
  serve	
  as	
  starting	
  points	
  for	
  analysis.	
  	
  

Input Wizard 

The	
  Input	
  Wizard	
  imports	
  raw	
  data	
  spreadsheet	
  files	
  from	
  NCBI,	
  prompts	
  the	
  

user	
  to	
  specify	
  spreadsheet	
  structure	
  and	
  experimental	
  setup,	
  determines	
  how	
  

to	
  resolve	
  different	
  experimental	
  setups,	
  and	
  imports	
  optional	
  additional	
  

information	
  including	
  lists	
  of	
  orthologous	
  genes	
  and	
  operon	
  predictions.	
  (Figure	
  

2.1).	
   ���In	
  Step	
  A,	
  the	
  user	
  selects	
  one	
  or	
  more	
  dataset	
  spreadsheet	
  files.	
  The	
  first	
  

several	
  rows	
  of	
  each	
  spreadsheet	
  file	
  are	
  displayed	
  (A1),	
  and	
  the	
  user	
  selects	
  

columns	
  of	
  interest	
  (A1,	
  upper).	
  Each	
  of	
  those	
  columns	
  is	
  then	
  assigned	
  a	
  role	
  

(A1,	
  lower),	
  which	
  may	
  be	
  a	
  timepoint,	
  gene	
  i.d.,	
  gene	
  name,	
  gene	
  function,	
  or	
  

KEGG	
  pathway.	
   ���In	
  Step	
  B,	
  the	
  user	
  specifies	
  durations	
  of	
  dark	
  and	
  light	
  phases	
  

that	
  will	
  constitute	
  a	
  “reference	
  background”	
  on	
  which	
  all	
  expression	
  signatures	
  

will	
  be	
  displayed	
  (B1).	
  In	
  Step	
  C	
  the	
  timepoints	
  of	
  each	
  dataset	
  are	
  then	
  mapped	
  

to	
  the	
  reference	
  background.	
  In	
  screenshot	
  C1	
  the	
  reference	
  is	
  at	
  the	
  top	
  of	
  the	
  

screen.	
  Timepoints	
  from	
  a	
  spreadsheet	
  (“D11”,	
  “L2”,	
  etc.)	
  are	
  laid	
  out	
  in	
  the	
  blue	
  

strip	
  below	
  the	
  reference.	
  The	
  user	
  drags	
  the	
  mouse	
  to	
  draw	
  lines	
  connecting	
  

spreadsheet	
  timepoints	
  to	
  points	
  in	
  the	
  reference.	
   

In	
  Steps	
  D	
  and	
  E	
  (screenshots	
  not	
  shown),	
  the	
  user	
  has	
  the	
  option	
  to	
  import	
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orthologous	
  genes	
  and/or	
  operon	
  predictions.	
  Orthologous	
  genes	
  may	
  be	
  

specified	
  by	
  csv	
  text	
  files	
  or	
  by	
  tabular	
  BLAST	
  result	
  files.	
  Operon	
  predictions	
  are	
  

specified	
  by	
  csv	
  text	
  files.	
  After	
  Step	
  E,	
  all	
  data	
  has	
  been	
  imported	
  and	
  the	
  main	
  

screen	
  opens	
  to	
  facilitate	
  exploration	
  and	
  analysis. 

Main Screen: Exploration and Analysis 

The	
  main	
  screen	
  contains	
  scrolling	
  vertical	
  strips	
  of	
  thumbnail	
  graphs	
  (Figure	
  2).	
  

The	
  leftmost	
  strips	
  show	
  the	
  expression	
  profiles	
  of	
  the	
  imported	
  data	
  sets,	
  

grouped	
  vertically	
  by	
  pathway	
  or	
  operon.	
  In	
  the	
  figure,	
  three	
  studies	
  have	
  been	
  

imported:	
  “Shi_Croco”	
  (Shi	
  et	
  al.,	
  2010),	
  “Shilova_Tery”	
  (I.	
  Shilova	
  and	
  J.	
  Zehr,	
  

unpub.	
  data),	
  and	
  “Zinser_Pro”	
  (Zinser	
  et	
  al.,	
  2009);	
  the	
  genes	
  in	
  the	
  study	
  

columns	
  can	
  be	
  grouped	
  by	
  order	
  of	
  appearance	
  in	
  the	
  imported	
  spreadsheet,	
  by	
  

KEGG	
  pathway,	
  or	
  by	
  operon	
  prediction.	
  The	
  next	
  column	
  (“Experiments”)	
  

contains	
  graphs	
  of	
  ad-­‐hoc	
  collections	
  that	
  the	
  user	
  assembles	
  using	
  the	
  various	
  

Dexter	
  search	
  functions.	
  The	
  remaining	
  columns	
  contain	
  trees	
  and	
  subtrees	
  built	
  

with	
  the	
  clustering	
  tool	
  in	
  Dexter. 

Any	
  thumbnail	
  can	
  be	
  expanded	
  to	
  a	
  full-­‐screen	
  view.	
  Figure	
  3	
  shows	
  a	
  full-­‐

screen	
  expansion	
  of	
  the	
  glyoxylate	
  and	
  dicarboxylate	
  metabolism	
  pathway	
  from	
  

the	
  Crocosphaera	
  study.	
  Expanded	
  views	
  provide	
  a	
  mechanism	
  for	
  identifying	
  

genes	
  of	
  interest	
  and	
  collecting	
  them	
  into	
  experiments.	
  The	
  purple,	
  blue,	
  and	
  red	
  

profiles	
  in	
  the	
  figure	
  are	
  similar	
  enough	
  to	
  suggest	
  a	
  possible	
  relationship	
  among	
  

the	
  genes;	
  this	
  possibility	
  can	
  be	
  explored	
  by	
  checking	
  the	
  genes	
  in	
  the	
  legend	
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and	
  then	
  clicking	
  “Selected	
  to	
  experiment”. 

Figure	
  4	
  shows	
  an	
  experiment	
  derived	
  from	
  Figure	
  3:	
  the	
  three	
  selected	
  genes	
  

have	
  been	
  collected	
  and	
  colored	
  red.	
  In	
  an	
  experiment	
  screen,	
  genes	
  can	
  

designated	
  as	
  search	
  terms;	
  other	
  genes	
  can	
  be	
  added	
  to	
  the	
  experiment	
  on	
  the	
  

basis	
  of	
  expression	
  profile	
  similarity,	
  pathway	
  membership,	
  orthology,	
  or	
  

operon	
  membership.	
  In	
  the	
  figure,	
  a	
  search	
  has	
  been	
  performed	
  for	
  genes	
  in	
  

other	
  organisms	
  that	
  are	
  orthologous	
  to	
  the	
  three	
  original	
  (red)	
  genes;	
  the	
  two	
  

blue	
  genes	
  were	
  found	
  in	
  the	
  Trichodesmium	
  data.	
  The	
  dissimilarity	
  between	
  the	
  

red	
  and	
  blue	
  profiles	
  suggests	
  that	
  similarity	
  of	
  gene	
  function	
  does	
  not	
  

necessarily	
  imply	
  similarity	
  of	
  expression. 

Genes	
  in	
  the	
  experiment	
  screen	
  can	
  be	
  selected	
  for	
  display	
  by	
  proximity	
  (Figure	
  

5).	
  The	
  left	
  side	
  of	
  the	
  proximity	
  screen	
  shows	
  a	
  schematic	
  of	
  the	
  genes	
  and	
  their	
  

expression	
  profiles,	
  ordered	
  by	
  gene	
  locus.	
  The	
  colors	
  of	
  the	
  vertical	
  separating	
  

bars	
  indicate	
  the	
  number	
  of	
  intervening	
  genes.	
  Operon	
  predictions,	
  if	
  available,	
  

appear	
  as	
  green	
  bars	
  to	
  the	
  right	
  of	
  the	
  gene	
  names.	
  The	
  figure	
  shows	
  8	
  genes	
  

from	
  the	
  ATP	
  synthase	
  KEGG	
  pathway.	
  The	
  upper	
  5	
  and	
  lower	
  2	
  genes	
  are	
  

adjacent;	
  there	
  is	
  one	
  intervening	
  gene	
  between	
  atpD	
  and	
  atpC;	
  atpC	
  and	
  atpE	
  

are	
  separated	
  by	
  3633	
  genes.	
  One	
  predicted	
  operon	
  contains	
  atpI	
  through	
  atpC;	
  

a	
  second	
  contains	
  atpE	
  and	
  atpB.	
  A	
  high	
  degree	
  of	
  expression	
  similarity	
  is	
  seen	
  

not	
  only	
  within	
  the	
  operons	
  but	
  among	
  all	
  8	
  genes	
  of	
  the	
  ATP	
  synthase	
  pathway. 
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Gene	
  expression	
  patterns	
  in	
  individual	
  thumbnails	
  and/or	
  entire	
  datasets	
  can	
  be	
  

clustered	
  using	
  the	
  Neighbor-­‐Joining	
  (Saitou)	
  distance-­‐based	
  tree	
  building	
  

algorithm	
  with	
  Euclidean	
  or	
  Pearson	
  Correlation	
  Coefficient	
  distance	
  metrics.	
  

Simple	
  tree	
  exploration	
  is	
  supported	
  (Figure	
  6).	
  Subtrees	
  may	
  be	
  selected	
  and	
  

copied	
  into	
  a	
  column	
  in	
  Dexter’s	
  main	
  screen	
  (see	
  rightmost	
  column	
  in	
  Figure	
  2).	
  

Hovering	
  the	
  mouse	
  over	
  a	
  node	
  in	
  the	
  tree	
  pops	
  up	
  a	
  thumbnail	
  graph	
  of	
  the	
  

gene	
  expressions	
  represented	
  by	
  the	
  node.	
  In	
  the	
  figure,	
  the	
  thumbnail	
  on	
  the	
  

left	
  contains	
  5	
  apparently	
  similar	
  profiles	
  (black,	
  pink,	
  and	
  purple,	
  all	
  with	
  

prominent	
  maxima	
  near	
  the	
  light-­‐dark	
  transition)	
  as	
  well	
  as	
  a	
  large	
  number	
  of	
  

profiles	
  with	
  dissimilar	
  expression	
  and	
  lower	
  amplitude.	
  The	
  thumbnail	
  on	
  the	
  

right	
  contains	
  just	
  the	
  5	
  high-­‐amplitude	
  profiles,	
  which	
  can	
  be	
  copied	
  to	
  an	
  

experiment	
  screen	
  for	
  further	
  investigation.	
  For	
  more	
  sophisticated	
  exploration	
  

by	
  3rd-­‐party	
  tools,	
  trees	
  can	
  be	
  exported	
  in	
  Newick	
  format.	
  Newick	
  trees	
  built	
  by	
  

3rd-­‐party	
  tools	
  or	
  exported	
  from	
  previous	
  Dexter	
  sessions	
  can	
  be	
  imported	
  and	
  

explored. 

Application to Operon Prediction 

To	
  demonstrate	
  the	
  power	
  of	
  Dexter	
  as	
  a	
  tool	
  for	
  analyzing	
  expression	
  data,	
  gene	
  

expression	
  data	
  from	
  three	
  cyanobacteria	
  diel	
  experiments	
  were	
  supplemented	
  

with	
  data	
  on	
  predicted	
  operons	
  to	
  determine	
  whether	
  analysis	
  of	
  gene	
  

expression	
  profiles	
  with	
  Dexter	
  can	
  be	
  used	
  to	
  test	
  and	
  possibly	
  improve	
  

computationally	
  derived	
  operon	
  predictions	
  that	
  have	
  not	
  been	
  experimentally	
  



	
   	
  126	
  

verified	
  and	
  may	
  be	
  optimally	
  sensitive.	
  	
  

During	
  the	
  wizard	
  phase,	
  Dexter	
  imported	
  the	
  results	
  of	
  experiments	
  with	
  

cultures	
  of	
  Crocosphaera	
  watsonii	
  WH	
  8501	
  (Shi	
  et	
  al.,	
  2010),	
  Prochlorococcus	
  

marinus	
  MED4	
  (Zinser	
  et	
  al.,	
  2009),	
  and	
  Trichodesmium	
  erythraeum	
  IMS	
  101	
  (I.	
  

Shilova	
  and	
  J.	
  Zehr,	
  unpub.	
  data).	
  A	
  reference	
  background	
  was	
  designed,	
  starting	
  

with	
  a	
  2-­‐hour	
  dark	
  phase,	
  followed	
  by	
  12-­‐hour	
  light	
  and	
  dark	
  phases,	
  and	
  ending	
  

with	
  a	
  2-­‐hour	
  light	
  phase;	
  the	
  light/dark	
  timing	
  designs	
  for	
  the	
  three	
  

experiments	
  were	
  mapped	
  to	
  this	
  reference.	
  Operon	
  predictions	
  for	
  the	
  three	
  

organisms	
  were	
  obtained	
  from	
  http://www.microbesonline.org/operons/	
  and	
  

imported	
  into	
  Dexter.	
   

Initial	
  exploration	
  indicated	
  that	
  genes	
  within	
  predicted	
  operons	
  often	
  

demonstrate	
  diel	
  expression	
  cycling	
  and	
  have	
  highly	
  similar	
  expression	
  profiles;	
  

this	
  was	
  verified	
  by	
  comparing	
  the	
  mean	
  Euclidean	
  expression	
  distance	
  within	
  

each	
  predicted	
  operon	
  to	
  the	
  mean	
  expression	
  distance	
  within	
  each	
  organism.	
  

Further	
  study	
  showed	
  that	
  genes	
  in	
  neighboring	
  pairs	
  of	
  predicted	
  operons	
  

sometimes	
  exhibit	
  highly	
  similar	
  expression	
  patterns,	
  suggesting	
  that	
  the	
  

predicted	
  operons	
  are	
  not	
  distinct.	
  To	
  facilitate	
  observing	
  relationships	
  between	
  

prior	
  predicted	
  operons	
  and	
  expression	
  profiles,	
  genes	
  in	
  the	
  main	
  screen	
  were	
  

grouped	
  into	
  thumbnails	
  by	
  operon	
  prediction,	
  resulting	
  in	
  display	
  of	
  845	
  

operon	
  thumbnails	
  for	
  Crocosphaera,	
  257	
  for	
  Prochlorococcus,	
  and	
  835	
  for	
  

Trichodesmium.	
  10	
  thumbnails	
  with	
  prominent	
  differential	
  expression	
  were	
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selected	
  for	
  each	
  organism	
  and	
  expanded;	
  in	
  all	
  cases	
  high	
  similarity	
  was	
  

visually	
  prominent	
  among	
  all	
  expression	
  profiles	
  of	
  the	
  predicted	
  operon.	
  Each	
  

thumbnail	
  was	
  then	
  copied	
  to	
  a	
  new	
  experiment	
  screen,	
  and	
  one	
  gene	
  with	
  

typical	
  expression	
  profile	
  was	
  identified	
  and	
  used	
  as	
  a	
  search	
  term	
  for	
  finding	
  

the	
  5	
  genes	
  with	
  most	
  similar	
  expression.	
  Genes	
  of	
  each	
  experiment	
  were	
  

displayed	
  in	
  the	
  proximity	
  screen.	
  The	
  original	
  operon	
  was	
  frequently	
  within	
  2	
  

genes	
  of	
  	
  another	
  operon,	
  with	
  high	
  expression	
  similarity	
  among	
  all	
  genes	
  of	
  

both	
  operons	
  and	
  any	
  intervening	
  genes. 

These	
  observations	
  suggested	
  the	
  hypothesis	
  that	
  two	
  neighboring	
  predicted	
  

operons	
  should	
  be	
  merged	
  along	
  with	
  any	
  intervening	
  genes	
  when	
  all	
  of	
  the	
  

following	
  criteria	
  are	
  met: 

1. All	
  genes	
  are	
  on	
  the	
  same	
  strand.	
   

2. There	
  are	
  at	
  most	
  2	
  intervening	
  genes.	
   

3. All	
  genes	
  have	
  highly	
  similar	
  expression	
  profiles.	
  That	
  is,	
  Euclidean	
  

distances	
  between	
  expression	
  profiles	
  are	
  significantly	
  closer	
  than	
  

distances	
  between	
  profiles	
  of	
  pairs	
  of	
  genes	
  that	
  are	
  known	
  not	
  to	
  be	
  in	
  a	
  

common	
  operon.	
    

The	
  3	
  genomes	
  were	
  scanned	
  computationally	
  to	
  verify	
  that	
  all	
  prior	
  predicted	
  

operons	
  met	
  criteria	
  1	
  and	
  3,	
  and	
  to	
  identify	
  pairs	
  of	
  prior	
  predicted	
  operons	
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that	
  meet	
  all	
  the	
  criteria	
  and	
  are	
  therefore	
  candidates	
  for	
  merging.	
  To	
  estimate	
  

the	
  likelihood	
  that	
  recommended	
  merges	
  are	
  correct,	
  a	
  negative	
  training	
  set	
  was	
  

collected	
  for	
  each	
  organism,	
  consisting	
  of	
  pairs	
  of	
  adjacent	
  genes	
  known	
  not	
  to	
  

be	
  in	
  the	
  same	
  operon	
  by	
  virtue	
  of	
  being	
  on	
  opposite	
  strands.	
  For	
  each	
  negative	
  

training	
  set,	
  expression	
  differences	
  between	
  gene	
  pairs	
  were	
  computed	
  and	
  a	
  

Gaussian	
  distribution	
  was	
  fitted	
  to	
  the	
  differences.	
   A	
  statistic	
  for	
  estimating	
  the	
  

quality	
  of	
  merge	
  recommendations	
  was	
  developed	
  as	
  follows.	
  Let	
  dG1G2	
  be	
  the	
  

Euclidean	
  expression	
  distance	
  between	
  any	
  two	
  genes	
  G1	
  and	
  G2.	
  Let	
  op(G1G2)	
  

signify	
  that	
  genes	
  G1	
  and	
  G2	
  are	
  in	
  a	
  common	
  operon;	
  conversely	
  let	
  nop(G1G2)	
  

signify	
  that	
  genes	
  G1	
  and	
  G2	
  are	
  not	
  in	
  a	
  common	
  operon.	
  Let	
  A,	
  B,	
  C,	
  and	
  D	
  be	
  

consecutive	
  genes	
  on	
  the	
  same	
  strand,	
  where	
  the	
  Price	
  algorithm	
  predicts	
  that	
  A	
  

and	
  B	
  are	
  in	
  a	
  common	
  operon,	
  and	
  C	
  and	
  D	
  are	
  in	
  a	
  common	
  operon.	
  By	
  analogy	
  

to	
  E-­‐values	
  produced	
  by	
  BLAST	
  searches	
  (Altschul	
  et	
  al,	
  1990),	
  define	
  the	
  E-­‐

value	
  for	
  the	
  four	
  genes	
  as	
  the	
  probability	
  of	
  observing	
  a	
  degree	
  of	
  expression	
  

similarity	
  at	
  least	
  as	
  close	
  at	
  that	
  among	
  A,	
  B,	
  C,	
  and	
  D	
  if	
  there	
  is	
  no	
  common	
  

operon.	
  This	
  is	
  the	
  product,	
  for	
  every	
  pair	
  of	
  genes	
  G1	
  and	
  G2	
  not	
  predicted	
  to	
  be	
  

in	
  the	
  same	
  operon,	
  of	
  P(d	
  <=	
  dG1G2	
  |	
  nop(G1G2)).	
  This	
  term	
  is	
  the	
  cumulative	
  

termperature	
  termperature	
  probability,	
  across	
  the	
  Gaussian	
  distribution	
  for	
  the	
  

organism’s	
  negative	
  training	
  set,	
  of	
  observing	
  two	
  genes	
  whose	
  expression	
  is	
  

less	
  than	
  or	
  equal	
  to	
  dG1G2. 

E=	
  P(d<dAC|nop(AC))	
  *	
  P(d<dAD|nop(AD))	
  *	
  P(d<dBC|nop(BC))	
  *	
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P(d<dBD|nop(BD)) 

The	
  formula	
  can	
  be	
  extended	
  to	
  evaluate	
  recommended	
  merges	
  of	
  genes	
  A,	
  B,	
  C,	
  

D,	
  and	
  E,	
  all	
  with	
  observed	
  similarity	
  of	
  diel	
  expression	
  profile,	
  where	
  there	
  is	
  a	
  

single	
  intervening	
  gene	
  C	
  between	
  two	
  pairs	
  of	
  predicted	
  operons	
  A,	
  B	
  and	
  D,	
  E.	
  

Again,	
  the	
  E-­‐value	
  is	
  the	
  product	
  of	
  probabilities	
  for	
  all	
  pairs	
  of	
  genes	
  for	
  which	
  

there	
  is	
  no	
  prior	
  prediction	
  of	
  containment	
  in	
  a	
  common	
  operon: 

E	
  =	
  Π P(d<dXY	
  |	
  nop(XY))	
  for	
  XY	
  ε (AC,	
  AD,	
  AE,	
  BC,	
  BD,	
  BE,	
  CD,	
  CE) 

and	
  for	
  recommended	
  merges	
  of	
  genes	
  A,	
  B,	
  C,	
  D,	
  E,	
  and	
  F,	
  all	
  with	
  observed	
  

similarity	
  of	
  diel	
  expression	
  profile,	
  where	
  there	
  are	
  two	
  intervening	
  genes	
  C	
  and	
  

D	
  between	
  two	
  pairs	
  of	
  predicted	
  operon	
  partners	
  A,	
  B	
  and	
  E,	
  F: 

E=	
  Π P(d<dXY	
  |	
  nop(XY))	
  for	
  XY	
  ε (AC,	
  AD,	
  AE,	
  AF,	
  BC,	
  BD,	
  BE,	
  BF,	
  CD,	
  CE,	
  CF,	
  DE,	
  

DF) 

The	
  E-­‐value	
  formulation	
  was	
  tested	
  on	
  all	
  predicted	
  operons	
  containing	
  at	
  least	
  

4	
  genes.	
  All	
  such	
  operons	
  were	
  computationally	
  split	
  into	
  two	
  subsets	
  of	
  genes,	
  

and	
  an	
  E-­‐value	
  for	
  merging	
  the	
  splits	
  was	
  computed.	
  E-­‐values	
  were	
  then	
  

computed	
  for	
  all	
  previously	
  identified	
  candidate	
  pairs.	
  Pairs	
  with	
  E-­‐values	
  less	
  

than	
  5%	
  are	
  reported.	
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Results and Discussion 

Diel	
  gene	
  expression	
  studies	
  are	
  hampered	
  by	
  the	
  lack	
  of	
  software	
  tools	
  to	
  

support	
  exploration	
  and	
  analysis	
  of	
  time-­‐series	
  data.	
  Dexter,	
  the	
  novel	
  

application	
  presented	
  here,	
  was	
  used	
  to	
  explore	
  time-­‐series	
  data	
  for	
  the	
  

cyanobacteria	
  Crocosphaera	
  watsonii	
  WH	
  8501,	
  Prochlorococcus	
  marinus	
  MED4,	
  

and	
  Trichodesmium	
  erythraeum	
  IMS	
  101.	
  Visually	
  prominent	
  similarity	
  of	
  

expression	
  profiles	
  of	
  genes	
  within	
  predicted	
  operons	
  prompted	
  analysis	
  of	
  

neighboring	
  predicted	
  operons;	
  additional	
  statistical	
  analysis	
  resulted	
  in	
  

recommendations	
  for	
  merging	
  35	
  pairs	
  of	
  adjacent	
  predicted	
  operons.	
  

Operon Prediction 

	
  
48%	
  of	
  Crocosphaera	
  genes,	
  40%	
  of	
  Prochlorococcus	
  genes,	
  and	
  55%	
  of	
  

Trichodesmium	
  genes	
  were	
  in	
  operons	
  according	
  to	
  the	
  predictions	
  downloaded	
  

from	
  http://www.microbesonline.org/operons/.	
  Among	
  these	
  genes,	
  diel	
  

expression	
  (defined	
  as	
  >=	
  2x	
  change	
  in	
  transcript	
  abundance	
  over	
  24	
  hours)	
  was	
  

observed	
  in	
  48%	
  of	
  Crocosphaera	
  genes,	
  14%	
  of	
  Prochlorococcus	
  genes,	
  and	
  28%	
  

of	
  Trichodesmium	
  genes;	
  62%	
  of	
  Crocosphaera	
  genes,	
  27%	
  of	
  Prochlorococcus	
  

genes,	
  and	
  50%	
  of	
  Trichodesmium	
  genes	
  predicted	
  to	
  be	
  in	
  operons	
  exhibited	
  >=	
  

1.5x	
  change	
  in	
  transcript	
  abundance	
  over	
  24	
  hours.	
  These	
  high	
  fractions	
  attest	
  to	
  

the	
  importance	
  of	
  operon	
  study	
  and	
  suggest	
  a	
  relationship	
  between	
  operon	
  

membership	
  and	
  diel	
  gene	
  expression.	
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Visualization	
  of	
  expression	
  patterns	
  using	
  Dexter	
  revealed	
  similar	
  expression	
  

patterns	
  for	
  genes	
  within	
  operons.	
  Figure	
  7	
  shows	
  thumbnail	
  graphs	
  of	
  10	
  

predicted	
  operons	
  from	
  each	
  of	
  3	
  studies.	
  Mean	
  Euclidean	
  expression	
  distance	
  

within	
  these	
  operons	
  was	
  6.2	
  for	
  Crocosphaera,	
  3.3	
  for	
  Prochlorococcus,	
  and	
  3.3	
  

for	
  Trichodesmium.	
  Mean	
  Euclidean	
  expression	
  distance	
  across	
  all	
  pairs	
  of	
  genes	
  

was	
  19.7	
  for	
  Crocosphaera,	
  8.7	
  for	
  Prochlorococcus,	
  and	
  12.3	
  for	
  Trichodesmium.	
  

This	
  suggests	
  that	
  expression	
  similarity	
  within	
  operons	
  in	
  general	
  may	
  be	
  

significantly	
  higher	
  than	
  between	
  genes	
  outside	
  of	
  operons.	
  Statistical	
  analysis	
  

was	
  performed	
  on	
  all	
  operons	
  to	
  determine	
  the	
  validity	
  of	
  this	
  conjecture. 

To	
  support	
  statistical	
  analysis,	
  negative	
  training	
  sets	
  of	
  adjacent	
  genes	
  that	
  are	
  

not	
  in	
  a	
  common	
  operon	
  were	
  created	
  for	
  each	
  organism	
  under	
  study	
  by	
  

collecting	
  pairs	
  of	
  adjacent	
  genes	
  on	
  opposite	
  strands.	
  Euclidean	
  distance	
  

between	
  gene	
  expression	
  profiles	
  was	
  computed	
  for	
  each	
  pair	
  of	
  genes,	
  and	
  a	
  

Gaussian	
  distribution	
  was	
  fitted	
  to	
  the	
  negative	
  training	
  set	
  for	
  each	
  organism	
  as	
  

shown	
  in	
  Table	
  3.1.	
  The	
  distributions	
  estimate	
  the	
  distribution	
  of	
  expression	
  

distance	
  between	
  genes	
  that	
  are	
  adjacent	
  by	
  chance	
  rather	
  than	
  by	
  virtue	
  of	
  

being	
  in	
  a	
  common	
  operon.	
  

To	
  determine	
  whether	
  expression	
  similarity	
  is	
  higher	
  between	
  genes	
  in	
  a	
  

common	
  operon	
  than	
  among	
  unrelated	
  neighboring	
  genes,	
  mean	
  expression	
  

similarity	
  was	
  computed	
  for	
  each	
  prior	
  predicted	
  operon	
  and	
  compared	
  to	
  mean	
  

similarity	
  in	
  the	
  negative	
  training	
  sets.	
  Similarity	
  within	
  predicted	
  operons	
  was	
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greater	
  than	
  mean	
  training	
  set	
  similarity	
  in	
  98%	
  of	
  predicted	
  operons	
  for	
  

Crocosphaera,	
  98%	
  of	
  predicted	
  operons	
  for	
  Prochlorococcus,	
  and	
  79%	
  of	
  

predicted	
  operons	
  for	
  Trichodesmium.	
  These	
  results	
  support	
  the	
  conjecture	
  of	
  

higher	
  expression	
  similarity	
  within	
  operons.	
  The	
  results	
  also	
  support	
  the	
  

accuracy	
  (though	
  not	
  the	
  completeness)	
  of	
  the	
  previously	
  untested	
  informatic	
  

operon	
  predictions.	
  

To	
  further	
  evaluate	
  expression	
  similarity	
  within	
  predicted	
  operons,	
  and	
  to	
  test	
  

the	
  validity	
  of	
  the	
  E-­‐value	
  formulation	
  presented	
  in	
  “System	
  and	
  Methods”	
  

above,	
  all	
  predicted	
  operons	
  of	
  length	
  >=	
  4	
  were	
  computationally	
  split	
  into	
  two	
  

subsets,	
  and	
  the	
  E-­‐value	
  for	
  merging	
  the	
  subsets	
  was	
  calculated.	
  In	
  all	
  cases	
  the	
  

E-­‐value	
  was	
  <=	
  0.003,	
  i.e.	
  the	
  probability	
  of	
  observing	
  the	
  same	
  degree	
  of	
  

expression	
  similarity	
  in	
  genes	
  not	
  belonging	
  to	
  a	
  common	
  operon	
  was	
  0.3%.	
  

Statistical	
  analysis	
  thus	
  supported	
  the	
  specificity	
  of	
  the	
  original	
  predictions.	
  

To	
  investigate	
  the	
  completeness	
  of	
  the	
  original	
  predictions,	
  Dexter	
  was	
  used	
  to	
  

display	
  expression	
  profiles	
  of	
  genes	
  in	
  neighboring	
  predicted	
  operons.	
  This	
  

exploration	
  indicated	
  that	
  when	
  predicted	
  operons	
  were	
  adjacent	
  on	
  the	
  

chromosome	
  or	
  separated	
  by	
  at	
  most	
  2	
  intervening	
  genes,	
  expression	
  similarity	
  

was	
  high	
  among	
  all	
  genes	
  in	
  both	
  the	
  operons	
  and	
  any	
  intervening	
  genes	
  (see	
  for	
  

example	
  Figure	
  10).	
  The	
  visual	
  prominence	
  of	
  this	
  similarity	
  suggested	
  that	
  the	
  

operon	
  predictions	
  were	
  incomplete,	
  and	
  that	
  some	
  neighboring	
  pairs	
  of	
  

predicted	
  operons	
  should	
  be	
  merged	
  into	
  a	
  single	
  operon.	
  Further	
  evidence	
  for	
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the	
  incompleteness	
  of	
  operon	
  predictions	
  was	
  obtained	
  by	
  examining	
  operon	
  

length.	
  The	
  mean	
  predicted	
  operon	
  length	
  for	
  all	
  1336	
  organisms	
  available	
  at	
  

http://www.microbesonline.org/operons/	
  is	
  3.1	
  genes,	
  with	
  standard	
  deviation	
  

of	
  2.1,	
  whereas	
  the	
  mean	
  predicted	
  length	
  for	
  the	
  three	
  organisms	
  analyzed	
  here	
  

was	
  	
  μ=2.4,	
  σ=.88	
  for	
  Crocosphaera,	
  μ=2.7,	
  σ=1.4	
  for	
  Prochlorococcus,	
  and	
  μ=2.6,	
  

σ=1.5	
  for	
  Trichodesmium.	
  	
  These	
  lengths	
  are	
  significantly	
  shorter	
  than	
  the	
  

overall	
  mean	
  operon	
  length,	
  suggesting	
  that	
  some	
  operon	
  predictions	
  are	
  

incomplete	
  and	
  should	
  be	
  extended	
  to	
  include	
  adjacent	
  genes.	
  

The	
  possibility	
  that	
  actual	
  operons	
  extend	
  beyond	
  predicted	
  operons,	
  implies	
  

that	
  some	
  pairs	
  of	
  neighboring	
  predicted	
  operons	
  may	
  in	
  fact	
  belong	
  to	
  the	
  same	
  

operon	
  and	
  the	
  neighboring	
  predictions	
  should	
  be	
  merged.	
  To	
  identify	
  such	
  

pairs,	
  all	
  predicted	
  operons	
  were	
  evaluated	
  computationally.	
  Neighboring	
  pairs	
  

of	
  predicted	
  operons	
  on	
  the	
  same	
  strand,	
  separated	
  by	
  at	
  most	
  2	
  intervening	
  

genes,	
  were	
  identified	
  as	
  possible	
  candidates	
  for	
  merging.	
  (The	
  upper	
  bound	
  of	
  2	
  

intervening	
  genes	
  was	
  initially	
  selected	
  arbitrarily	
  to	
  simplify	
  computation;	
  later	
  

analysis	
  showed	
  that	
  there	
  are	
  no	
  neighboring	
  pairs	
  of	
  predictions	
  on	
  the	
  same	
  

strand	
  that	
  are	
  separated	
  by	
  3	
  or	
  more	
  intervening	
  genes.)	
  No	
  neighboring	
  

operon	
  pairs	
  on	
  the	
  same	
  strand	
  were	
  separated	
  by	
  more	
  than	
  2	
  intervening	
  

genes.	
  124	
  candidate	
  pairs	
  were	
  identified	
  for	
  Crocosphaera,	
  36	
  were	
  identified	
  

for	
  Prochlorococcus,	
  and	
  144	
  were	
  identified	
  for	
  Trichodesmium	
  (Table	
  2).	
  The	
  E-­‐

value	
  for	
  merging	
  each	
  pair	
  was	
  computed.	
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Table	
  3	
  lists	
  35	
  candidate	
  pairs	
  of	
  predicted	
  operons	
  (9	
  in	
  Crocosphaera,	
  10	
  in	
  

Prochlorococcus,	
  and	
  16	
  in	
  Trichodesmium)	
  that	
  meet	
  the	
  criteria	
  presented	
  in	
  

“System	
  and	
  Methods”	
  above:	
  both	
  operons	
  in	
  each	
  pair	
  are	
  on	
  the	
  same	
  strand,	
  

operons	
  are	
  separated	
  by	
  at	
  most	
  2	
  intervening	
  genes,	
  and	
  expression	
  similarity	
  

among	
  all	
  genes	
  is	
  high	
  as	
  determined	
  by	
  E-­‐value	
  <=	
  5%.	
  We	
  propose	
  that	
  for	
  

each	
  of	
  these	
  candidate	
  pairs,	
  the	
  genes	
  of	
  both	
  predicted	
  operons	
  together	
  with	
  

any	
  intervening	
  genes	
  are	
  actually	
  in	
  a	
  single	
  operon.	
  

	
  

	
  

	
  

Further	
  investigation	
  into	
  expression	
  similarity	
  within	
  operons	
  may	
  eventually	
  

provide	
  support	
  for	
  genome	
  annotation.	
  Since	
  coregulation	
  implies	
  a	
  strong	
  

functional	
  connection,	
  information	
  about	
  the	
  function	
  of	
  unknown	
  genes	
  in	
  an	
  

operon	
  might	
  be	
  deduced	
  from	
  the	
  function	
  of	
  known	
  genes	
  in	
  the	
  same	
  operon,	
  

provided	
  at	
  least	
  one	
  gene	
  in	
  the	
  operon	
  is	
  annotated.	
  A	
  large	
  fraction	
  of	
  any	
  

genome	
  lacks	
  functional	
  assignment;	
  indeed,	
  most	
  genes	
  in	
  the	
  recommended	
  

merged	
  operons	
  presented	
  here	
  are	
  not	
  annotated.	
  In	
  the	
  set	
  of	
  prior	
  predicted	
  

operons	
  that	
  we	
  recommend	
  for	
  merging,	
  3	
  Crocosphaera	
  genes	
  and	
  7	
  

Trichodesmium	
  genes	
  of	
  unknown	
  function	
  are	
  in	
  operons	
  containing	
  at	
  least	
  one	
  

annotated	
  gene;	
  when	
  these	
  operons	
  are	
  merged	
  as	
  recommended,	
  17	
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Crocosphaera	
  genes	
  and	
  20	
  Trichodesmium	
  genes	
  of	
  unknown	
  function	
  are	
  in	
  

operons	
  containing	
  at	
  least	
  one	
  annotated	
  gene.	
  Thus	
  merging	
  operons	
  increases	
  

the	
  number	
  of	
  unknown	
  genes	
  whose	
  function	
  might	
  be	
  deduced	
  from	
  the	
  

function	
  of	
  other	
  genes	
  in	
  the	
  same	
  operon.	
  

Our	
  operon	
  predictions	
  are	
  recommendations	
  to	
  merge	
  adjacent	
  prior	
  

predictions	
  and	
  intervening	
  genes;	
  at	
  present	
  no	
  prediction	
  is	
  made	
  regarding	
  

extension	
  before	
  the	
  start	
  of	
  the	
  first	
  operon	
  or	
  after	
  the	
  end	
  of	
  the	
  second	
  

operon.	
  The	
  technique	
  presented	
  here	
  could	
  be	
  refined	
  to	
  predict	
  entire	
  

operons.	
  For	
  example,	
  suppose	
  genes	
  X,	
  A,	
  B,	
  C,	
  D,	
  E,	
  and	
  Y	
  are	
  consecutive	
  genes	
  

on	
  the	
  same	
  strand,	
  and	
  our	
  technique	
  recommends	
  merging	
  predicted	
  operons	
  

AB	
  and	
  DE	
  along	
  with	
  intervening	
  gene	
  C.	
  If	
  the	
  expression	
  signatures	
  of	
  X	
  and	
  Y	
  

are	
  substantially	
  different	
  from	
  the	
  signatures	
  of	
  the	
  other	
  genes,	
  then	
  ABCDE	
  

could	
  be	
  a	
  complete	
  operon.	
  This	
  hypothesis	
  could	
  be	
  supported	
  by	
  estimating	
  

the	
  probability	
  of	
  observing	
  expression	
  distances	
  greater	
  than	
  or	
  equal	
  to	
  dXA	
  

and	
  dEY,	
  conditioned	
  on	
  X	
  and	
  Y	
  actually	
  being	
  operon	
  mates	
  with	
  ABCDE.	
  The	
  

probability	
  estimate	
  would	
  be	
  computed	
  from	
  the	
  distribution	
  of	
  expression	
  

distances	
  among	
  pairs	
  of	
  known	
  operon-­‐mate	
  genes.	
  

The	
  analysis	
  presented	
  here	
  focused	
  on	
  individual	
  organisms;	
  the	
  results	
  

support	
  computational	
  operon	
  predictions	
  that	
  have	
  not	
  been	
  experimentally	
  

verified,	
  and	
  can	
  potentially	
  provide	
  insight	
  into	
  regulatory	
  pathways	
  and	
  

improve	
  prediction	
  of	
  cis-­‐regulatory	
  elements.	
  Since	
  some	
  operons	
  are	
  known	
  to	
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be	
  conserved	
  among	
  organisms	
  (for	
  example	
  kaiABC	
  among	
  non-­‐minimal	
  

cyanobacteria,	
  or	
  nifHDK	
  among	
  nitrogen	
  fixers),	
  a	
  further	
  application	
  of	
  Dexter	
  

to	
  operon	
  study	
  could	
  be	
  the	
  exploration	
  and	
  comparison	
  of	
  expression	
  

signatures	
  of	
  conserved	
  operons.	
  Such	
  a	
  study	
  could	
  provide	
  insight	
  into	
  how	
  

differences	
  in	
  operon	
  expression	
  confer	
  adaptive	
  benefit	
  in	
  different	
  habitats.	
  	
  

The	
  observations	
  that	
  led	
  to	
  the	
  operon	
  prediction	
  analysis	
  were	
  made	
  possible	
  

by	
  a	
  number	
  of	
  features	
  of	
  Dexter,	
  including	
  integration	
  of	
  operon	
  predictions,	
  

the	
  ability	
  to	
  visualize	
  the	
  positions	
  of	
  selected	
  genes	
  on	
  their	
  chromosomes,	
  

clustering	
  by	
  expression	
  profile	
  similarity,	
  the	
  ability	
  to	
  explore	
  data	
  by	
  using	
  an	
  

expression	
  profile	
  as	
  a	
  search	
  term,	
  and	
  the	
  ability	
  to	
  simultaneously	
  display	
  

time	
  course	
  expression	
  graphs	
  for	
  the	
  genes	
  of	
  all	
  3	
  data	
  sets.	
  Individually	
  these	
  

features	
  may	
  not	
  be	
  unique	
  to	
  Dexter,	
  but	
  we	
  know	
  of	
  no	
  other	
  software	
  tool	
  that	
  

integrates	
  all	
  of	
  them.	
  Of	
  the	
  16	
  applications	
  described	
  in	
  a	
  recent	
  review	
  article	
  

(“Studying	
  and	
  modelling	
  dynamic	
  biological	
  processes	
  using	
  time-­‐series	
  gene	
  

expression	
  data,”	
  Bar-­‐Joseph	
  et	
  al.,	
  2012;	
  see	
  also	
  Table	
  4),	
  many	
  are	
  designed	
  

for	
  specific	
  analyses	
  rather	
  than	
  for	
  general	
  exploration.	
  None	
  accesses	
  operon	
  

predictions	
  or	
  presents	
  genes	
  in	
  the	
  context	
  of	
  chromosome	
  position,	
  Only	
  5	
  

(BETR,	
  LIMMA,	
  RESTS,	
  SAM,	
  and	
  PESTS)	
  can	
  display	
  more	
  than	
  one	
  data	
  set	
  at	
  a	
  

time,	
  and	
  of	
  these	
  only	
  two	
  (RESTS	
  and	
  SAM)	
  can	
  display	
  more	
  than	
  two	
  data	
  

sets.	
  BETR	
  has	
  no	
  graphics.	
  Biggests	
  cannot	
  manage	
  multiple	
  data	
  sets	
  and	
  

supports	
  only	
  limited	
  exploration.	
  CAGED	
  provides	
  graphical	
  display	
  of	
  heat	
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maps	
  but	
  not	
  time	
  course	
  data.	
  DynaMiteC	
  has	
  no	
  graphics.	
  EDGE	
  provides	
  

graphical	
  display	
  of	
  box	
  plots	
  and	
  eigengenes	
  but	
  not	
  time	
  course	
  data.	
  GATE’s	
  

graphics	
  are	
  limited	
  to	
  hexagonal	
  heat	
  maps,	
  and	
  exploration	
  is	
  not	
  supported.	
  

GQL	
  does	
  not	
  support	
  exploration.	
  LIMMA	
  does	
  not	
  provide	
  graphics.	
  MVQueries	
  

manages	
  single	
  data	
  sets	
  and	
  is	
  not	
  graphical;	
  it	
  is	
  specifically	
  intended	
  for	
  

classification	
  of	
  response	
  to	
  toxins.	
  PESTS	
  provides	
  limited	
  graphics	
  and	
  

exploration;	
  it	
  is	
  specifically	
  designed	
  for	
  detection	
  of	
  genes	
  that	
  show	
  

differential	
  expression	
  between	
  two	
  phenotypes	
  (e.g.	
  healthy	
  and	
  diseased)	
  of	
  

the	
  same	
  organism.	
  PRIISM	
  is	
  not	
  graphical	
  and	
  is	
  specifically	
  designed	
  for	
  

detection	
  of	
  stress	
  response.	
  REST	
  provides	
  graphics	
  but	
  not	
  per-­‐gene	
  time	
  

course	
  expression	
  graphs;	
  its	
  purpose	
  is	
  to	
  provide	
  statistical	
  analysis	
  of	
  genes	
  

that	
  are	
  differentially	
  expressed	
  under	
  different	
  stimuli.	
  SAM	
  provides	
  limited	
  

graphics	
  and	
  is	
  only	
  intended	
  for	
  the	
  identification	
  of	
  genes	
  that	
  are	
  significantly	
  

related	
  to	
  a	
  response	
  variable.	
  STEM	
  provides	
  time	
  course	
  graphics	
  but	
  

horizontal	
  scales	
  are	
  not	
  linear,	
  clustering	
  is	
  based	
  on	
  similarity	
  to	
  a	
  predefined	
  

set	
  of	
  model	
  profiles,	
  and	
  exploration	
  is	
  not	
  supported.	
  TimeClust’s	
  graphics	
  

include	
  time	
  course	
  graphs	
  and	
  self-­‐organizing	
  maps	
  but	
  exploration	
  is	
  not	
  

supported;	
  several	
  clustering	
  algorithms	
  are	
  provided.	
  TRAM	
  is	
  designed	
  for	
  the	
  

classification	
  of	
  diseased	
  tissues.	
  The	
  review	
  article	
  also	
  discusses	
  5	
  additional	
  

tools:	
  Inferelator	
  and	
  TSNI,	
  which	
  are	
  no	
  longer	
  available;	
  Network	
  Component	
  

Analysis	
  and	
  DREM,	
  which	
  infer	
  dynamic	
  regulatory	
  networks,	
  and	
  

GeneNetWeaver,	
  which	
  generates	
  data	
  sets	
  for	
  benchmarking	
  other	
  tools.	
  To	
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summarize,	
  PESTS,	
  which	
  supports	
  comparison	
  of	
  the	
  response	
  of	
  an	
  organism	
  

under	
  different	
  treatments,	
  may	
  come	
  closest	
  to	
  Dexter	
  in	
  terms	
  of	
  functionality;	
  

however	
  no	
  available	
  tool	
  other	
  than	
  Dexter	
  supports	
  both	
  graphical	
  exploration	
  

and	
  simultaneous	
  analysis	
  of	
  	
  

 

Further applications for Dexter 

Little	
  is	
  understood	
  about	
  the	
  mechanisms	
  that	
  link	
  circadian	
  clocks	
  to	
  the	
  cyclic	
  

expression	
  patterns	
  of	
  individual	
  genes,	
  or	
  about	
  the	
  endogenous	
  or	
  exogenous	
  

causes	
  of	
  variety	
  among	
  expression	
  patterns.	
  In	
  cyanobacteria,	
  the	
  adaptive	
  

benefit	
  of	
  observed	
  patterns	
  is	
  only	
  clear	
  in	
  the	
  case	
  of	
  a	
  few	
  genes,	
  notably	
  

those	
  involved	
  in	
  photosynthesis	
  and,	
  for	
  some	
  diazotrophs,	
  nitrogen	
  fixation.	
  

The	
  expression	
  patterns	
  of	
  the	
  great	
  majority	
  of	
  cyanobacterial	
  genes	
  may	
  

confer	
  benefit,	
  or	
  may	
  simply	
  be	
  neutral	
  consequences	
  of	
  the	
  circadian	
  control	
  

systems	
  that	
  optimize	
  photosynthesis	
  and	
  sequester	
  nitrogen	
  fixation.	
  Time	
  

series	
  studies	
  could	
  shed	
  light	
  on	
  these	
  issues,	
  but	
  mining	
  time	
  series	
  data	
  sets,	
  

and	
  comparison	
  of	
  expression	
  patterns	
  across	
  data	
  sets,	
  are	
  hampered	
  by	
  the	
  

lack	
  of	
  software	
  tools	
  that	
  can	
  reconcile	
  different	
  experiment	
  designs,	
  cluster	
  

expression	
  patterns,	
  and	
  support	
  visualization	
  and	
  exploration.	
  Traditional	
  time-­‐

series	
  analysis	
  techniques,	
  which	
  lack	
  statistical	
  strength	
  without	
  hundreds	
  or	
  

thousands	
  of	
  time	
  points,	
  cannot	
  be	
  applied.	
  Thus,	
  there	
  exists	
  an	
  opportunity	
  to	
  

facilitate	
  a	
  greater	
  understanding	
  of	
  regulation	
  of	
  gene	
  expression	
  through	
  the	
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development	
  of	
  novel	
  software	
  tools,.	
  There	
  is	
  a	
  particular	
  need	
  for	
  tools	
  that	
  

enable	
  visualization	
  and	
  graphical	
  exploration,	
  so	
  that	
  (as	
  with	
  the	
  operon	
  

prediction	
  analysis	
  presented	
  here)	
  visually	
  prominent	
  relationships	
  can	
  

support	
  new	
  hypotheses. 

Dexter,	
  the	
  application	
  presented	
  here,	
  has	
  the	
  potential	
  to	
  elucidate	
  a	
  number	
  

of	
  issues	
  concerning	
  cell	
  metabolism.	
  Detection	
  of	
  expression	
  similarity	
  patterns	
  

led	
  to	
  the	
  operon	
  prediction	
  work	
  described	
  here;	
  expression	
  similarity	
  might	
  

also	
  be	
  used	
  to	
  characterize	
  non-­‐operon	
  pathways.	
  With	
  incorporation	
  of	
  non-­‐

expression	
  data	
  such	
  as	
  DNA	
  topology,	
  it	
  might	
  be	
  possible	
  to	
  investigate	
  the	
  

control	
  mechanisms	
  that	
  link	
  a	
  single	
  circadian	
  clock	
  to	
  the	
  observed	
  variety	
  

among	
  individual	
  expression	
  patterns. 

Comparison	
  of	
  expression	
  patterns	
  of	
  genes	
  or	
  pathways	
  among	
  multiple	
  

organisms	
  might	
  elucidate	
  relationships	
  between	
  expression	
  and	
  habitat	
  

adaptation.	
  For	
  example,	
  the	
  Prochlorococcus	
  strain	
  studied	
  here,	
  MED4,	
  is	
  

adapted	
  to	
  high	
  light	
  conditions.	
  At	
  present	
  there	
  are	
  no	
  published	
  diel	
  

expression	
  studies	
  of	
  low-­‐light	
  Prochlorococcus	
  strains	
  such	
  as	
  MIT	
  9313;	
  if	
  a	
  

such	
  a	
  study	
  were	
  conducted,	
  its	
  data	
  could	
  easily	
  be	
  imported	
  into	
  Dexter	
  and	
  

compared	
  to	
  the	
  MED4	
  data,	
  notwithstanding	
  any	
  differences	
  in	
  experiment	
  

design.	
  The	
  most	
  prominent	
  expression	
  pattern	
  differences	
  between	
  

orthologous	
  genes	
  could	
  then	
  be	
  identified,	
  and	
  possibly	
  correlated	
  to	
  habitat	
  

adaptation. 
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The	
  most	
  promising	
  application	
  of	
  Dexter	
  could	
  be	
  the	
  analysis	
  of	
  environmental	
  

data	
  sets,	
  which	
  can	
  be	
  assessed	
  using	
  microarrays	
  or	
  by	
  RNA-­‐Seq	
  technology	
  

(Wang	
  et	
  al.,	
  2009).	
  Microarray	
  studies	
  have	
  greatly	
  benefitted	
  from	
  the	
  GeoChip	
  

array	
  (He	
  et	
  al.,	
  2007;	
  He	
  et	
  al.,	
  2010),	
  and	
  more	
  recently	
  from	
  the	
  MicroTOOLs	
  

array	
  (Shilova	
  et	
  al.,	
  2014),	
  which	
  is	
  specifically	
  designed	
  for	
  pelagic	
  marine	
  

environments.	
  To	
  date,	
  neither	
  array	
  has	
  been	
  used	
  in	
  a	
  diel	
  expression	
  study.	
  

However,	
  the	
  initial	
  proof-­‐of-­‐concept	
  MicroTOOLs	
  application	
  included	
  

phosphorus	
  and	
  iron	
  amendment	
  experiments;	
  although	
  Dexter	
  was	
  designed	
  

for	
  time	
  series	
  analysis,	
  it	
  could	
  also	
  be	
  used	
  to	
  detect	
  patterns	
  in	
  amendment	
  

series.	
  Communities	
  can	
  also	
  be	
  assessed	
  by	
  RNA	
  sequencing	
  (for	
  example	
  

Ottesen,	
  E.	
  et	
  al.,	
  2013).	
  A	
  recent	
  study	
  using	
  this	
  approach	
  (Ottesen,	
  E.	
  et	
  al.,	
  

2014)	
  detected	
  intriguing	
  coordination	
  of	
  expression	
  patterns	
  between	
  primary	
  

producers	
  and	
  heterotrophs.	
  Deeper	
  data	
  exploration	
  using	
  Dexter	
  could	
  help	
  to	
  

characterize	
  these	
  patterns.	
  Similar	
  expression	
  coordination	
  might	
  exist	
  

between	
  bacterial	
  symbionts	
  and	
  their	
  hosts.	
  For	
  example,	
  recent	
  work	
  has	
  

revealed	
  that	
  Candidatus	
  Atelocyanobacterium	
  thalassa	
  (UCYN-­‐A),	
  a	
  diazotroph	
  

of	
  possibly	
  global	
  ecological	
  importance,	
  is	
  a	
  symbiont	
  that	
  lacks	
  many	
  common	
  

metabolic	
  pathways	
  (Tripp	
  et	
  al.,	
  2010);	
  different	
  strains	
  have	
  differing	
  genomes	
  

that	
  may	
  reflect	
  adaptation	
  to	
  habitat	
  (Bombar	
  et	
  al.,	
  2014).	
  If	
  expression	
  time	
  

series	
  data	
  were	
  available	
  for	
  both	
  UCYN-­‐A	
  and	
  its	
  host,	
  Dexter	
  could	
  be	
  used	
  to	
  

study	
  the	
  coordinated	
  dynamics	
  of	
  the	
  relationship. 
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Gene	
  expression	
  time	
  series	
  studies	
  are	
  generally	
  characterized	
  by	
  a	
  small	
  

number	
  of	
  time	
  points	
  across	
  a	
  large	
  number	
  of	
  genes.	
  Technological	
  

improvements	
  are	
  driving	
  down	
  the	
  cost	
  per	
  probe	
  of	
  microarrays	
  and	
  the	
  cost	
  

per	
  RNA	
  base	
  of	
  RNA-­‐Seq	
  experiments;	
  however,	
  the	
  cost	
  per	
  time	
  point	
  remains	
  

high.	
  Thus,	
  for	
  the	
  foreseeable	
  future	
  data	
  sets	
  will	
  be	
  well	
  suited	
  for	
  analysis	
  by	
  

Dexter,	
  which	
  facilitates	
  exploration	
  of	
  large	
  numbers	
  of	
  expression	
  profiles	
  

while	
  providing	
  analysis	
  that	
  does	
  not	
  require	
  the	
  statistical	
  strength	
  provided	
  

by	
  large	
  numbers	
  of	
  time	
  points.	
  However,	
  if	
  future	
  technological	
  developments	
  

enable	
  collection	
  of	
  data	
  sets	
  with	
  many	
  time	
  points,	
  Dexter	
  will	
  still	
  be	
  

applicable	
  and	
  useful,	
  and	
  most	
  of	
  its	
  functions	
  will	
  perform	
  without	
  appreciable	
  

loss	
  of	
  speed. 
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Figure	
  1.	
  Input	
  Wizard.	
  The	
  wizard	
  guides	
  the	
  user	
  through	
  5	
  steps	
  prior	
  to	
  

exploration	
  and	
  analysis:	
  (A)	
  specifying	
  dataset	
  spreadsheet	
  structure;	
  (B)	
  

designing	
  a	
  “reference	
  background”	
  onto	
  which	
  experiment	
  timepoints	
  will	
  be	
  

mapped	
  (C);	
  and	
  optionally	
  importing	
  lists	
  of	
  orthologous	
  genes	
  (D)	
  and	
  operon	
  

predictions	
  (E).	
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Figure	
  2.	
  Main	
  screen.	
  The	
  leftmost	
  strips	
  are	
  the	
  original	
  data	
  sets,	
  grouped	
  by	
  

KEGG	
  pathway.	
  The	
  fourth	
  strip	
  contains	
  ad-­‐hoc	
  experiments.	
  The	
  rightmost	
  

strip	
  contains	
  subtrees	
  from	
  a	
  clustering	
  operation.	
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Figure 3. Expanded View of glyoxylate and dicarboxylate pathway from the 

Crocosphaera data set. 
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Figure	
  4.	
  Expanded	
  experiment	
  view.	
  The	
  3	
  red	
  genes	
  have	
  been	
  selected	
  from	
  
the	
  screen	
  in	
  Figure	
  2.3.	
  The	
  blue	
  genes	
  have	
  been	
  selected	
  by	
  searching	
  for	
  
orthologs	
  of	
  the	
  red	
  genes. 
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Figure	
  5.	
  Proximity	
  screen.	
  Genes	
  previously	
  selected	
  in	
  an	
  experiment	
  screen	
  
are	
  shown	
  with	
  their	
  expression	
  profiles,	
  number	
  of	
  intervening	
  genes	
  between	
  
neighbors,	
  and	
  operon	
  predictions.	
  

	
  



	
   	
  154	
  

	
  

	
  

Figure	
  6.	
  Tree	
  exploration	
  screen.	
  Mousing	
  over	
  a	
  node	
  displays	
  a	
  popup	
  graph	
  
of	
  the	
  associated	
  subtree. 
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Figure	
  7.	
  10	
  Sample	
  predicted	
  operons	
  from	
  each	
  organism.	
  Left:	
  Crocosphaera.	
  
Center:	
  Prochlorococcus.	
  Right:	
  Trichodesmium.	
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Figure	
  8.	
  Relative	
  positions	
  on	
  chromosome	
  of	
  merge	
  candidates,	
  colored	
  by	
  E-­‐
value.	
  Hotter	
  colors	
  represent	
  lower	
  E-­‐values.	
  Gene	
  extent	
  has	
  been	
  exaggerated	
  
for	
  visibility.	
  
	
  
	
   	
  



	
   	
  157	
  

	
  

Figure	
  9.	
  Expression	
  signatures	
  of	
  members	
  of	
  two	
  adjacent	
  prior	
  predicted	
  
operons	
  in	
  Trichodesmium	
  erythraeum.	
  A)	
  Upstream	
  operon	
  (6	
  genes).	
  (B)	
  
Downstream	
  operon	
  (4	
  genes).	
  (C)	
  Superimposed	
  signatures.	
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Figure	
  10.	
  Analysis	
  of	
  adjacent	
  prior	
  predicted	
  operons	
  from	
  Figure	
  9.	
  Euclidean	
  
expression	
  distances	
  between	
  last	
  2	
  ”	
  genes	
  and	
  first	
  2	
  “red”	
  genes	
  are	
  shown.	
  
Expression	
  distances	
  are	
  converted	
  to	
  probabilities	
  using	
  the	
  distribution	
  fitted	
  
to	
  negative	
  training	
  set	
  for	
  T.	
  erythraeum.	
  For	
  example	
  in	
  top	
  distance	
  bar	
  and	
  
Gaussian	
  curve,	
  the	
  expression	
  distance	
  between	
  Tery_4140	
  and	
  Tery_4143	
  is	
  
7.12.	
  The	
  corresponding	
  shaded	
  area	
  (.20	
  of	
  total	
  area)	
  under	
  the	
  Gaussian	
  curve	
  
is	
  the	
  cumulative	
  probability	
  of	
  observing	
  two	
  genes	
  whose	
  expression	
  is	
  at	
  least	
  
as	
  similar	
  as	
  the	
  expressions	
  of	
  Tery_4140	
  and	
  Tery_4143,	
  when	
  the	
  two	
  genes	
  
are	
  not	
  members	
  of	
  the	
  same	
  operon.	
  The	
  E-­‐value	
  for	
  merging	
  the	
  two	
  prior	
  
predicted	
  operons	
  is	
  the	
  product	
  of	
  the	
  cumulative	
  probabilities:	
  .20	
  *	
  .14	
  *	
  .07	
  *	
  
.19	
  =	
  .00037.	
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Organism	
   Strain	
   Operon	
   Operon	
  

length	
  
(genes)	
  

Reference	
  

Anabaena	
   PCC	
  7120	
   devBCA	
   3	
   Fiedler	
  et	
  al.,	
  
1998	
  

Anabaena	
   PCC	
  7120	
   nir-­‐nrtABC-­‐
narB	
  

5	
   Frias	
  et	
  al.,	
  1997	
  

Frymella	
   	
   apcA1B1C1E1	
   4	
   Houmard	
  et	
  al.,	
  
1996	
  

Frymella	
   UTEX	
  481	
   cpcBAEF	
   4	
   Lomax	
  et	
  al.,	
  
1987	
  

Microcystis	
   (various)	
   mcyABC	
   3	
   Mikalsen	
  et	
  al.,	
  
2003	
  

Prochlorococcus	
   MED	
  4	
   mutT-­‐phrB	
   2	
   Osburne	
  et	
  al.,	
  
2010	
  

Synechococcus	
   PCC	
  7002	
   isiAB	
   2	
   Leonhardt	
  &	
  
Straus,	
  1992	
  

Synechococcus	
   PCC	
  7002	
   sufBCDS	
   4	
   Wang	
  et	
  al.,	
  2004	
  
Synechococcus	
   PCC	
  7942	
   cmpABCD	
   4	
   Omata	
  et	
  al.,	
  1999	
  
Synechococcus	
   PCC	
  7942	
   kaiABC	
   3	
   Kutsuna	
  et	
  al.,	
  

2005	
  
Synechococcus	
   PCC	
  7942	
   nirA-­‐

nrtABCD-­‐
narB	
  

6	
   Suzuki	
  et	
  al.,	
  
1993	
  

Synechocystis	
   PCC	
  6803	
   cmpABCD	
   4	
   Omata	
  et	
  al.,	
  2001	
  
Synechocystis	
   PCC	
  6803	
   ctaCDE-­‐orf4-­‐

ctaF	
  
5	
   Peschek	
  1996	
  

Synechocystis	
   PCC	
  6803	
   psaAB	
   2	
   Muramatsu	
  &	
  
Hihara,	
  2006	
  

	
  
Table	
  1.	
  Examples	
  of	
  experimentally	
  validated	
  cyanobacterial	
  operons.	
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Organism	
   Sample	
  size	
   Mean	
  

expression	
  
distance	
  

Standard	
  
deviation	
  of	
  
expression	
  
distance	
  

Crocosphaera	
   1171	
   19.8	
   12.0	
  
Prochlorococcus	
   637	
   16.3	
   10.7	
  
Trichodesmium	
   1739	
   13.2	
   7.22	
  
	
  
Table	
  2.	
  Statistics	
  for	
  negative	
  sample	
  sets	
  for	
  each	
  study.	
  Gaussian	
  
distributions	
  fitted	
  to	
  each	
  negative	
  sample	
  set	
  are	
  used	
  to	
  compute	
  E-­‐values.	
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Organism	
   Op1,	
  1st	
  Gene	
   Op2,	
  1st	
  Gene	
   E-­‐value	
   Merged	
  

Length	
  
Crocosphaera	
   CwatDRAFT_6659	
   CwatDRAFT_6656	
   1.42E-­‐2	
   6	
  
	
  	
  	
   CwatDRAFT_6266	
   CwatDRAFT_6271	
   1.13E-­‐4	
   7	
  
	
  	
  	
   CwatDRAFT_6345	
   CwatDRAFT_6349	
   7.86E-­‐7	
   6	
  
	
  	
  	
   CwatDRAFT_5350	
   CwatDRAFT_5353	
   0	
   5	
  
	
  	
  	
   CwatDRAFT_4990	
   CwatDRAFT_4993	
   0	
   5	
  
	
  	
  	
   CwatDRAFT_4055	
   CwatDRAFT_4051	
   3.42E-­‐2	
   6	
  
	
  	
  	
   CwatDRAFT_3360	
   CwatDRAFT_3358	
   6.86E-­‐3	
   4	
  
	
  	
  	
   CwatDRAFT_2389	
   CwatDRAFT_2396	
   1.67E-­‐2	
   9	
  
	
  	
  	
   CwatDRAFT_0743	
   CwatDRAFT_0683	
   0	
   7	
  
Prochlorococcus	
  	
   PMM0201	
   PMM0203	
   4.09E-­‐12	
   6	
  
	
  	
  	
   PMM0392	
   PMM0395	
   2.02E-­‐5	
   5	
  
	
  	
  	
   PMM0747	
   PMM0753	
   3.25E-­‐3	
   8	
  
	
  	
  	
   PMM0928	
   PMM0931	
   5.59E-­‐18	
   5	
  
	
  	
  	
   PMM0940	
   PMM0943	
   9.19E-­‐3	
   5	
  
	
  	
  	
   PMM1053	
   PMM1056	
   5.62E-­‐10	
   5	
  
	
  	
  	
   PMM1099	
   PMM1102	
   4.42E-­‐2	
   7	
  
	
  	
  	
   PMM1333	
   PMM1336	
   1.81E-­‐5	
   6	
  
	
  	
  	
   PMM1529	
   PMM1533	
   1.72E-­‐12	
   10	
  
	
  	
  	
   PMM1533	
   PMM1540	
   1.22E-­‐19	
   26	
  
Trichodesmium	
   Tery_0062	
   Tery_0065	
   4.31E-­‐18	
   5	
  
	
  	
  	
   Tery_0754	
   Tery_0757	
   1.33E-­‐3	
   5	
  
	
  	
  	
   Tery_1181	
   Tery_1185	
   2.52E-­‐5	
   6	
  
	
  	
  	
   Tery_1263	
   Tery_1268	
   2.15E-­‐8	
   5	
  
	
  	
  	
   Tery_1367	
   Tery_1369	
   5.32E-­‐7	
   4	
  
	
  	
  	
   Tery_1520	
   Tery_1525	
   1.57E-­‐4	
   7	
  
	
  	
  	
   Tery_2157	
   Tery_2162	
   2.97E-­‐4	
   7	
  
	
  	
  	
   Tery_2329	
   Tery_2334	
   3E-­‐8	
   7	
  
	
  	
  	
   Tery_2858	
   Tery_2861	
   1.57E-­‐13	
   6	
  
	
  	
  	
   Tery_3102	
   Tery_3106	
   3.74E-­‐4	
   9	
  
	
  	
  	
   Tery_3879	
   Tery_3882	
   2.66E-­‐3	
   5	
  
	
  	
  	
   Tery_4035	
   Tery_4040	
   7.72E-­‐16	
   7	
  
	
  	
  	
   Tery_4136	
   Tery_4142	
   3.72E-­‐4	
   10	
  
	
  	
  	
   Tery_4256	
   Tery_4258	
   2.83E-­‐16	
   5	
  
	
  	
  	
   Tery_4375	
   Tery_4379	
   8.29E-­‐3	
   7	
  
	
  	
  	
   Tery_4487	
   Tery_4489	
   3.51E-­‐3	
   4	
  
	
  

	
  
Table	
  3.	
  Merge	
  candidates	
  with	
  E-­‐values	
  <=	
  .05.	
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Tool	
   Number	
  of	
  

Studies	
  
Graphics	
   Exploration	
   Clustering	
  

BETR	
   1-­‐2	
   None	
   None	
   None	
  
Biggests	
   1	
   Time	
  course	
   Limited	
   Biclustering	
  
CAGED	
   1	
   Heat	
  map	
  

with	
  tree	
  
None	
   Bayesian	
  

DynaMiteC	
   2	
   None	
   None	
   Impulse	
  
Model	
  

EDGE	
   2	
   Boxplots,	
  
Eigengenes	
  

Limited	
   Available,	
  
method	
  not	
  
specified	
  

GATE	
   1	
   Hexagonal	
  
heat	
  maps	
  

None	
   None	
  

GQL	
   1	
   Time	
  course	
   None	
   Hidden	
  
Markov	
  
Models	
  

LIMMA	
   2	
   None	
   None	
   None	
  
MVQueries	
   1	
   None	
   None	
   None	
  
PESTS	
   1-­‐2	
   Limited	
   Limited	
   Euclidean	
  
PRIISM	
   1	
   None	
   None	
   None	
  
REST	
   Multiple	
   None	
   None	
   None	
  
SAM	
   Multiple	
   Statistical	
  

graphs	
  
None	
   None	
  

STEM	
   1	
   Time	
  course	
   None	
   Model	
  
profile	
  
similarity	
  

TimeClust	
   1	
   Time	
  course,	
  
self-­‐
organizing	
  
maps,	
  
dendrograms	
  

Limited	
   Many	
  
methods	
  

TRAM	
   1	
   Time	
  course	
   Limited	
   Hidden	
  
Markov	
  
Models	
  

	
  
Table	
  4.	
  Analysis	
  methods	
  for	
  time	
  course	
  datasets	
  reviewed	
  by	
  Bar-­‐Joseph	
  
(Bar-­‐Joseph	
  et	
  al.,	
  2012).	
  
	
  




