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Core Centers of Discovery: addressing ocean
issues in the 21st century

Ocean Biogeochemistry
and Climate Change

Exploring the interface between atmosphere,
ocean, and sediments to understand and predict
the ocean’s role in global climate variability.

Explofing the
World’s Oceans;
From Microbes

to Global
Ecosystems

Ocean Health

Addressing rapidly
emerging environmental
challenges by advancing
knowledge about the effect
of changing global
conditions on ocean
ecosystems.
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Core Service Centers:

 National Center for Marine Algae and Microbiota

* Single Cell Genomics Center

e Aquatic Flow Cytometry Center

 Bigelow Analytical Services

« Seawater Mesocosm and Large Scale Algal Culture Facility
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National Center for Marine Algae and Microbiota

- Home About Cultures & Products Services Contact

| NCMA Site Search I
= Google
4 Quick Links
Search Algae
Search Bacteria & Archaea
How to Order
Depositing Strains
Aquaculture Express Strains e’
Algal Medium Redpes
Bacterial Medium Redpes
4 Catalog NCMA (Formerly the CCMP) - A National Center
Medium Kits (12) We have moved! Please note our new address:
Prepared Madium (17) 60 Bigelow Drive, PO BOX 380, East Boothbay, Maine 04544
Seawater (5) Phone: (001) 202 747 3255 x202
: Fax : (001) 202 747 3258 _— .
Algal Strains (2725) (001) Vote for Willie Wilson to the
Bacterial Strains (74) Algal Biomass Organization
The NCMA is the national marine phytoplankton collection, now incorporating bacteriaand . (ABO) Board of Directors
viruses, and it is an integral part of Bigelow Laboratory for Ocean Sciences. The NCMA "In my role as Director of the NCMA I
maintains over 2700 strains from around the world, most are marine phytoplankton but we have an excellent overview of the
algal industry through my
also have benthic, macrophytic, freshwater and heterotrophic organisms. interactions with a wide range of
You can search our online catalog for strains using taxonomic, geographic and other industry and academic clients, all
X i interested in the basics of growing S
parameters. Strain records have (when available): algae for their respective ventures" %
e collection and isolation information y



NCMA: A Snapshot

e The world’s largest and most diverse living archive of marine
microalgae.

 35years in the algae business.
e Started as a algal seed stock for the aquaculture industry.
* Arepository for public and private collections of algae.

e 2,720 strains of marine, brackish, hypersaline and freshwater algae;
including cyanobacteria and macroalgae.

e 359 genera and 723 species.

e 6 products available for every strain.

5 growth temperatures (polar to tropical).

* On-site & off-site back-up and cryopreservation.

e Expansion to include new Bacteria and Virus collections.

* New web site to enhance customer experience (Oct 2013).
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Algal products

* Health food ($2.5-billion/year)
e Agquaculture ($700-million/year)
* Animal feed additives (S300-million/year)

 PUFAs (DHA) (S1.5-billion/year) (eg Martek)
* Anti-oxidants (eg. Beta-Carotene) (S400-million/yr)
e Coloring substances (eg. Astaxanthin) (S160-million/yr)

* Fertilizers/soil conditioners (S5-billion/yr)

Exploring the World’s Oceans, from Microbes to Global Ecosystems




The NCMA holds representatives from 39 Classes of Algae

(all the major photosynthetic groups)

Apicomplexa Bacillariophyceae

undetermined h
. urearerjophyceae Bicosoecophyceae
Trebouxiophyceae Ulvophyceae 2 Ciliates Charophyceae
Synurophyceae Chlorarachniophyceae
Synchromophyceae —\ Chlorophyceae
Schizocladiophyceae Chromerida Chromophyte
Chrysomerophyceae
Chrysophyceae
Rhodophiyceae Bolidophyceae
Raphidophyceae

Prasinoph

Porphyridiophyceae _ Cryptophyceae

Pinguiophyceae
Phaeophyceae Cyanophyceae
Glaycophy/ceae Dictyochophyceae

Phaeothamniophyceae
Pelagophyceae

ragildriophyce¢ae

Eustigmatophyceae Euglenophyceae

B Apicomplexa

B Aurearenophyceae

B Bacillariophyceae

B Bicosoecophyceae

B Bolidophyceae

B Charophyceae

B Chlorarachniophyceae
B Chlorophyceae

B Chromerida

B Chromophyte

B Chrysomerophyceae
B Chrysophyceae

H Ciliatea

H Coscinodiscophyceae
B Cryptophyceae

B Cyanophyceae

® Dictyochophyceae

¥ Dinophyceae

¥ Euglenophyceae



Products and Services

Starter cultures

Nucleic acids from algae

Culturing Techniques Courses

Private collections

International Depository Authority (patent depository)
got algae? T-shirts!

Research services

Isolations/clean up/taxonomic ID

Services through our partners (e.g. powdered algae)

Other service centers at Bigelow
— Single Cell Genomics
— Flow Cytometry
— Analytical Services
— Seawater Facility

PROVASOLI-GUILLARD
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My Account  Checkout LogIn  Sign Up Cart - $0.00
PROVASOLI-GUILLARD

NCM l ; Searchby: Algae « Bacteria « Tree of Life « Location (Map)

National Center for Marine Algae and Microbiota —— L ) .
Culturing Diversity Search by Keyword or Product # Search
Quick Order
B Home . Products B Services B Education . Resources . News B About . FAQ .

Latest News & Announcements

Innovator of the Year Award

Governor Paul LePage presented Bigelow Laboratory
for Ocean Sciences with the Maine International
Trade Center's (MITC) 2012 Innovator of the Year

Compsos R BN award
Featured Product/Service:  Featured Strain: Featured Paper: Genome of Read More
g&gugculture Express CCM§1335, Thla(llasls{iosira the red alga Porphyridium -th Annual Algae Biomass Summit
s pseudonana (aka 3H) purpureum The NCMA is an official sponsor of the 7t annual



MyAccount Checkout LogIn SignUp  Cart- S0.00
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N( :MA Searchby: Algae » Bacteria « Treeof Life « Location (Map)

National Censter for Marine Algae and Microbiota

Quick Order

. Home . Products . Services + Education +« Resources = News . About . FAQ .

Home + Products « Algae

Quick Links Algae
Algae Catfgor_\' . The NCMA is the largest and most diverse collection of
Algal Medium Recipes marine algae in the world. With almast half of the cultures
Tree of Life Search in cryopreservation, our curators perpetually culture over
Search by Location (map) 1500 strains. Hundreds of new strains are accessed into the
Quick Order collection each year. The collection is searchable by the
Make a Deposit Tree of Life, the world map or the following categories.
Browse By
Category
All Algae (2715) High Lipid Seaweed
Marine (838) Strains that This
Freshwater (308) canbe grouping is
Hypersaline (50) induced to basedona
Heterotrophic and Mixotrophic (0) accumulate generic term
Robust (81)
Aquaculture (0) View Products v Eroducts
Toxic(303)
Cold Water (224) Marine Hypersaline
Warm Water (51) Strai Strains fr
Temperate (72) iso?;:d s ains from
High Lipid (0) from the environment
Seaweed (125) oocean or with saline
View Products View Products
rtising placeholder
200
00px Cold Water Warm Water
Strains that Strains that
thrivein aregrownat
temperatures temperatures
less than ereater than
View Products View Products
Freshwater Temperate
Strains that Strains that
growin thriveat
freshwater temperatures
media. Thev between
View Products View Products
Aquaculture Toxic
The NCMA Strains that
aquaculture represent
express species that
starter are knownto
View Products View Products
Heterotrophic and Robust
Mixotrophic Strains that
Heterotrophs grow
requirean vigorously,
orzanic domot die
View Products View Products




Interactive Tree of Life

Tree of Life
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Google Maps

Geographic Map Locator

Enter Location to narrow down your search: Radius
200 mi j Submit Reset
Filter Map by Tag: Show all | Algae Cyanophyceae Prasinophyceae Trebouxiophyceae Fragilariophyceae Coscinodiscophyceae Bacteria Reset locations

Falmouth Great Pond; Falmouth;

' CCMP100 - Achnanthes brevipes
Massachusetts USA

CCMP1000 - Thalassiosira
oceanica
continental slope

CCMP1001 - Thalassiosira
oceanica
continental slope

CCMP1002 - Thalassiosira
oceanica
continental slope

CCMP1003 - Thalassiosira
oceanica
Sargasso Sea

CCMP1004 - Thalassiosira
oceanica

Gulf Stream Warm Core Ring
81D

CCMP1005 - Thalassiosira
oceanica
Sargasso Sea

b € O @ @O @ ©

CCMP1006 - Thalassiosira rms of |



Percent of Gross Revenue by Product
FY2009-2012

Seawater, 2.11%
DNA, 2.92%

RNA, 1.84%

Other Services, 3.66% Bacteria, 0.10%

Media Kits, 3.67%
Prepared Medium, 3.94% ~_

Private Collections, 4.48%
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Percent of Gross Sales by Country (FY2009-2012)

KOREA NETHERLANDS

CHINA SPAIN

JAPAN GERM ANY\\ TAIWAN

UNITED KINGDOM
FRANCE __

% of Total Sales
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Algae Attributes

+ X

Strain Number [CCMP1004 Az

2 AP>PESG

Class Itoscinodiscophyceae

Genus IThaIassiosira

Species Ioceanica

Variety I

[l £l B B

Authority I[H ustedt] Hasle et Heimdal

Identified by |

Axenic by I

Axenic datel I vl

Deposited date I 1/14/1983 vl Deposited by IBrzezinski,M
Isolation date I /i 'l Isolated by IBrzezinski,M
Rack location IGDZ

Common hame |

=

Name synonyms I
Strain synonyms |47, NEPCC618

Buthentic I No 5 I

Strain URL |hllg:/.»"ncma-dev4bigeloonrg.»"ccmm 004

Genome? |

Microscope |htt  /starcentral. mbl. edu/microscope/portal php?pagetitle=taronfactsheetitype=

Valid GenBank record? v/

GenBank URL Ihl! -/ A, niebi.nlm. nih. gov/sites/entrez ?db=nuclectide

Deposited for patent? [

Private collection? [

Private strain # I LCustomer # I lﬁ@

Collected by IBrzezinski,M

Collected date I 9/26/1981 vI
Callection latitude |4U.3923N

Collection site IGulf Stream Warm Core Ring 81D

A s

Hydio ecology |33meters,lemp 21"°C  downwelling light intensity 8percent 1.0.

Nearest continent I Open ocean i I

DOther I

Collection longitude |53A9570W

Ocean INorlh Atlantic

2

2

Country I

@ =

Tree of Life Lvl 1 ISar

LComment He kept in L/20 at 20°C;17Dec03-D confirmed by Moniz,M and Kaczamarska ;]

in &quot:Barcoding of Diatoms:Nuclear Encoded ITS Revisted&quoat;, Protist,
134ug2003

Tree of Life Lvl 2 ISlramenopiles

[ |

Maintained at NCMA [24 dereesC 7]
Max temp [28—
Max length [20—
Maxwidth [0

Max salinity IU.UEI

Primary growth medium I

Best temp range |22-28"C
Min temp I22
Min length IS—
Min width |5
Min salinity IL'IEIIJ—

Morphological data I
Toxic? [
Aguaculture strain? [~
Hyper-saline? [~
Seaweed? [
Temperate? [

Heterotrophic? [~
Marine? v
Robust? [

Cold Water? [~

Bioluminescent? [
Freshwater? [
High lipid? [~
Warm Water? [

Growing instructions I

Cryopreserved? lFaiIed = I Last Cryo Date I 3/13/2003 v I DNA barcode? [v'

Cryo Info [CCMP1004 was cryopreserved on Mar 13 2003 using 12% DMSO as a -
cryoprotectant.<br><br> The time required to regrow this culture, prior shipping, is
approximately 67 days. If interested, please contact the CCMP for the
cryopreservation methods [freezing and/or thawing protocols).<br><br>Note that
aquaculture strains are always maintained as actively growing cultures, even if
also cryogenically stored. Therefore, aquaculture strains (see aquaculture

Temp out dalel I vl

Temp out? [~

=l

Temp out by l

Comments (temp out) I

Keywords I

Notes I

Deleted? [~
Deleted by |

Deleted dalel I vl

Deleted comment I

Lot Temp out history ||| Item files

Culture medium ‘ Axenic ‘







Microbial diversity:

Each ml. of ocean water contains >10° cells

or ~1 terabyte of microbial genetic information!




The metagenomics approach

Determine what the genes ARE:
(Sequence-based metagenomics)
Identify genes and metabolic pathways
“Who, what and why?”

Requires screening against reference libraries

Extract all the
DNA from
microbial

, Determine what the genes DO:
community

(Function-based metagenomics)

Screen to identify functions of interest, such
as vitamin or antibiotic production

Find the genes that code for functions of
interest

Usually, unambiguous assignment of gene
function

The National Academies & Kennedy et al, Mar Drugs 2010



Single cell genomics

* Pioneering research led by
Bigelow investigators
(Stepanauskas, Sieracki et al)

* Applying the power of single cell
sorting and genomics together.

 Addresses the limitations of
shotgun sequencing and uses
vital information on the
physiology, environmental
factors and evolution to address
microbial diversity in the ocean.

Fluoresence activated cell sorting

Genome amplification and reconstruction




Nice Harbor, 10X

Nice, France



Particle Sorting with Flow Cytometry




BIGELOW LABORATORY SINGLE CELL GENOMICS CENTER

Reading nature’s genetic tales, one cell at a time

SSCGC

Products & Services

News & Publications Education Resources

High-throughput single cell separation, DNA amplification, sequencing and bioinformatics

Announcements & Events:

UPCOMING CELL SORTING SESSIONS:
- November 19th - 22nd, 2013
- January 21st - 24th, 2014

Our new website is unveiled, please tell us what you think!

Recent instrumentation awards by lllumina and NSF will
boost SCGC's genomic sequencing capacity

Bigelow Laboratory receives State of Maine Innovator of
the Year and top AGC Build New England awards

Single cell genomics technology and applications are poised
for rapid growth

Recent SCGC-enabled discoveries:

Biology’s Dark Matter
llluminated

A collaborative study led by the U.S.
Department of Energy Joint Genome
Institute sheds light on metabolic
features, evolutionary histories and
global distribution of 28 major
branches of Bacteria and Archaea that
have been largely unknown to date,
due to their evasion from laboratory
cultivation.

Original publication: Rinke et al. 2013;
Nature 499:431-437

Resourceful Microbes
Reign in World's Oceans

In the first large-scale single cell
genomics project, a research team led
by SCGC scientists discovered that
marine microbes are adapted to very
narrow and specialized niches in their
environment. This may explain why so
few of these microbes—usually less
than 1%—can be grown for study in
the laboratory.

Original publication: Swan et al. 2013;

PNAS 110:11463-11468

M

Intraterrestrial Lifestyles of
Marine Archaea Revealed

A study led by scientists from the
Aarhus University and the University of
Tennessee reveals metabolic features

of two lineages of Archaea that are
ubiquitous in marine sediments
worldwide, suggesting that they may
play a key role in the global
degradation of buried protein.

Original publication: Lloyd et al. 2013;
Nature 496:215-218




Single Cell Genomics Pipeline

Environment

Single cell
isolation

Physiology
Ecology
Evolution
Biotechnology

Targeted loci

P Whole genome
e

/ = amplification
|

Metagenome
Metaproteome
Biogeochemical cues
Cultures

Genome
i reconstruction

\? " DNA

archive
T



Rather than probe masses of
cells all at once, scientists are now
applying new research techniques to individual cells

1) Measure out a hegping portion of cells.
2) Grinduntil thoraughly mixed
3) Andyze.

Cellular sudies still pretty much stick © this
traditional recipe, whether the goal is prob-
ing bacterial metsbolism, following differen-
tiation of stem cells, or tabulating gene activ-
ity in mmors. But mashing up a multitude
of celk—one common method of sudying
gene expression typically requires more than
10,000—obliterates key differences between
cells researchers have come W realize. “If you
takeanaverageof a lage number of celks, you
get an average answer,” saysamalytical chem-
ist Renato Zenobi of the Swiss Federal Insti-
tute of Rehnology inZurich

That's why more and more scientists are
opting for the altemative approach of tak-
ing the measure of individual cells Although

muchof this work isin its early stages, “there
is an increasingly diverse set of examples
where single-cell studies have provided quali-
tative insights that couldn't be obtained from
population-level studies,” says biophysicist
Micheel Elowitz of the California Institute of
Technology in Pasadena.

Scientists have already recorded the most
accurale measurements of how much an indi-
vidual cell weighs and gauged how much
oxygen one requires. They've flagged spe-
cific cancer celks resistant to chemotherapy
and developed waysto pinpoint rare, disease-
causing bacteria among swarms of harmless
microbes. Developmental biologists have
tallied gene activity as a fertilized egg stars
its course of division and specialization, work
that might help clarify the factors that spur a
cell in the embryo 1 become one tissue and
its seemingly identical next-door neighbor

Small sample size. Researchers are exploring
new ways of investigating individual cells such as
this human white blood cell.

1o become something else. And Elowitzand
other researchers have spelled out how indi-
vidual cells not only cope with but actually
benefit from “noise," random fluctuations in
their internal and external conditions.

Of course, scientists have paid atten-
tion © single celks ever since the first micro-
scopes were invented. What's changed is
that researchers are now applying © indi-
vidual cells the powerful techniques, includ-
ing genome sequencing, mass spectrometry,
and gene expression analysis, that formerly
required batches of cells. “Real biological tis-
sues are complex, and if you want to dissect
that complexity and heterogeneity, you have
to have tools to do it at the single-cell level™
says biophysicist Siephen Quake of Stanford
University in Palo Alto, California.

Good technique

Single-cell research wols range from old
standbys to cutting-edge inventions (see side-
bar for asample of methods). Many of them
allow researchers © getinto what Quake calls
“production mode,” analyzing large num-
bers of individual cells in parallel or over a
short period of time. The echnology he calls
“shsolutely central” to the surge in single-cell
research is microfluidics, which uses minia-
turized networls of channels, valves, pumps,
and chambers to control microscopic quanti-
ties of liquid. So-called lab-on-a-chip devices
combine microfluidic circuits and can per-
form several analytical steps.

An example of how microfluidics can
elucidate single-cell behavior comes from
Quake, his Stanford colleague Markus Covert,
and their colleagues. Last July in Natwre, the

Single-Cell Tech Primer 96 genes in 96 Individual cells, Suran of the Univessity of Cam-
Micofluidics &s the hat technique ane cell. Take the gene-expres sk chuming through a batch in about  bridge in the United Kingdom and
in the single-cell field (see main chips from Californd a-based Ru- 4 howrs. col leagues reported one of the first
text). However, i1's justone of idigm, a company co-founded by Anather new tednalogy, inown  studies 1o apply the RNA<eq tech-
the methods that are enabling Stephen Quake of Stanford Und- s RNAseq, provides an altenaive  nique 1o single cells, mevealing the
researchers to debe into individ- versity in Palo Alto, Galifornia. to miaofluidic chips for measuring  expression of 385 genes in indi-
ual cells. The devices tsolate samples from gene acthity in ane cell. An of - vidual embryonic stem cells. Fans
individual cells and mixthem with  shoot of next-generation genome of RNA-seq emphastze that it can

* Gene Expression the chemicals necessary for quan-  sequencing, the procedureinwolves  measum mom genes atonce than
Many modern gene-expess jon titative polymegse chain reaction,  comverting a cell's mRNA molecules  can micsofluidic chips. Meanwhile,
studies apply the mingled contents  a technique that determines gene back into short stands of DNA, chip devotees tout thelr method's
of thousands of cells 1o devices activity by measuring how much sequencing those DNA fragments, supenor speed .
called micmanays that look like messenger RNA a gene makes. and then madhing them up with
glass slides or micdhips. But with  The company’s most powerful ver-  the gene that o ginally spawned * Flow Cytometry

fcroflul dic dips, cherscan  shon allows reseanchers to simul- the mRNAS. Last May in Cell Stem Aclassic technique, flow cytom-
make the same measuements on taneously gauge the activity of Cell, molecular geneticist M_Azim etry sifts and counts cells based

7JANUARY 2011 VOL 331 SCIENCE wwwsciencemag.ong

TR NG
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Downloaded from www.sciencemag.org on June 28, 2011

Single Cell Genomics:
Dr Ramunas Stepanuskas



Dark ocean autotrophy

Lead postdoc:
Brandon Swan

RuBisCO and S oxidation genes detected in SAR324 and y-Proteobacteria
Consistent in multiple cells from S. Atlantic and N, Pacific

May be significant players in the global carbon cycle

16S rDNA phylogeny and the presence of metabolic genes

200m 650 #t
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Science, 333, 2011



Ecology of Picobiliphyta

Newly discovered marine protist group
No cultures

Our findings:

- No photosynthesis

- Feed on bacteria and large viruses

- infected by a novel nanovirus

18S rDNA phylogeny

DQ222873_North Sea
DQ222876_English Channel

DQ222877_English Channel

DQ222878_English Channel

EU368039_North Atlantic Slope BP1
DQO80525_Arctic Ocean
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DQ060524_Arctic Ocsan

77
60, 87 DQ222872_North Sea
« Boothbay MS584-11 i
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100 gs[ AB240953 Cryptomonas rostratiformis
100 AB240952 Cryptomonas ovata
% 100 128511 Chilomonas paramecium
100 100 98/1001 AB240955 Cryptomonas paramecium
100 l AB241128 balica

U03072 Gonimonas truncata
100  AB194980 Leucocryplos marina
100 | 100 | Environmental sample_POVAMDC3S
100 EL AY919572 Katablephans remigera
AB231617 Katablepharis japonica
_{— X70803 Glaucocystis nostochinearum
X81801
AY823716 Cyanophora paradoxa RAXML

Maximum parsimony
bootstrap value (when >60%)

Katablepharida

Glaucophyta

0.1 substitutions/site

ejfydodhun

Shotgun read sources
19

MS584-5

MS584-11
69

153

1280
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W ssDNA virus

W dsDNA algal virus
Eukaryote

B Prokaryote

® Phage
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Wn function

Lead PIs:
HS Yoon (Bigelow)
D Bhattacharya (Rutgers U)

Picobiliphyta-infecting nanovirus
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Planktonic bacteria dominate surface ocean biomas and i metabolic 1 i stmal lation, and
global biogeochemical processes, but remain poorly characterized  community levels of mwdmﬂm\ (10). Asa msulL the genomic
owing to difficulties in cultivation. Wking large-scale single cell  reperivires, natural histories, and geographic distribution of even
genomiics, we obtained insight into the genome cntent and bio-  the most abundant taxonomic groups of marine bacterdoplankton
geography of many bacterial lineages inhabitingthe surface ocean.  remain largely unknown (1, 11). Microbial studies in other envi-
We found that, compared with existing cultures, natural bacterio-  ronments, such as the human body and soik, face similar chal-

plankton have smaller fewer gene andare  lenges (10). The recent development of robust protocok for single
depletedin guanine and cytosine, noncoding nudectides, and genes  cell genomics provides a versatile, cultvation-independent ap-

signal ion, and nandy proach for assessing natural microbial diversity with comesponding
teins. These findings provide strong evidence that genome stream-  genome context information (12).

To determine whether genome streamlining & a prevalent fea-
ture among freeliving marine bacterioplankton, and to analvze
global patterns of surface ocean bactedop lankton d stribution,
we obtained draft genomes of 56 single amplified genomes (SAGS)
(5, 13-15) and compared them with exsting hacterioplankion
cultures and metagenomes. The sequenced SAGs represent
many uhiquitous surface ocean bacterta lineages, including Ma-
fine Group A, Verrucomicrobia, Actinobacteria, Bacteroidetes,
and Proecbactera lineages SARSS, ARCTIC%BD-19, SARD,
SAR116, and Roseobacter (1A ppendie, Fig S1). The majority of
these groups have few or no cultured representatives. Members of

lining and oligotrophy are prevalent features among diverse, free-
high&mnﬂ-mm:mﬁghhmmmmt

i
ization and mixotrophy. 2s predicted fram single: cell genomes, also
may cntribute to the difficulty in bacterioplankton altivation.
Using metagenome fragment recuitment against single cell
genomes, we show that the global distribution of surface ocean
bacterioplankton correlates with temperature and latitude and
is notlimited by dispersal at the time scales required for nude
otide substitution to exceed the urrent operational definition of
bacterial spedes. mu;mgmmﬁ-umlm

unit A grifi dbiogeo  the PSP group were excluded from SAG selection, because their
graphic variability, hi nm‘_ tation of genome strearlining and envi | abundance have been

- " ioushy (1, 2 4, 11). Samples for SAG genera-
tal micr '-\'m'r the utility of single cell Mwmm&mﬂ&mwﬁuﬁwMﬁmmmdﬂeﬂmn

for provs of the " Sea, and the subtropical gyres of the North Pacific and South
and of natural Atlantic Qeeans (S Appendix, Table $1). On average, 55% (range,
0L.3-97 8%) of the genome was recovered from each analyzed cell
(ST Appendix, Table S2). A subset of 41 SAGs, each >0.75 Mbp in
size and with >30% estimated genome recovery, was used for our

comparative genomics | marine nnunnlng”mummg”
microbal |

lankionic bacteria dominate surface ocean blomss and have

a major impact on the global cyveling of carbon, nitrogen, and
other elements (1). Among the available pure cultures of marine
bacterioplankton, only a Imited number represent bacterioplank-
ton that are abundant in 1he ocean, such as the mmmrh

borocoecus and Sy and the Alp ‘
terts Pelagdhacter {mllecﬂve]_v termed PSP cultmeu This lmits
the scope of studies of the microbial metabolic processes and evo-
luthomsary changes that impact manne mnavsms and their wb—
chemical eyeles (2-6). Unusual nutddonal
from genome reduction may contribute to cul tivation di!ﬂculda.
@ suggested by studies of the chemoheterotroph Pdagthacter (7,
8) and the methylotroph QM43 (9).
Although prevailing culture-independent tools, including mi-

crobial community shotgun sequencing, targeted gene SUrveys,  Somans ad 3w
and fluorescent in situ hybridization, have revealed the extent  owhom cormupondans sl be add s £l £tk disigaion s
and significance of microbial diversity, they have not been able to py PRSI S ——ryy
provide the genome context information required for accurale 0 Voo 1300460 00 Chuppmental
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we are to many | -1 to
infor mation, able resdte intra- and inter- m-level and
We

TWO new
and challs db e e 4

that extend our understanding of
ins of life. Th

includ &l amino acid use for the opal

stop codon, nm-wwmmhmmmmmhkmﬂﬂhmm”h

anchor up to 20% of reads in some

—]evdimmp'm dem!}!ﬂmﬁmthnmmtﬂypuﬂy ummw

step ds a

mm -cell genomes also served

organism:
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on our planet.

Microomganisms are the most diverseand abundant cdldar life forms on
theseorganisms have not been obtined inpure adtureand wehave only
recenty beavme aware of their presenee mainly through culfivation-
independent moleaddar surveys busal onconserved marker genes (chielly
small subunit ribosomal RNA; Mrmﬂ)aﬂwﬂmm
mumber of

5 ]
dogies, div

In some instanaes, Miumamykummsofmh(hh a
have been recovered solely from i data Lo

Table 1L A ik cultivation-ind ! Wn-dlf(r
obtaining genomes from candidate phyla is smﬂe—oell genomics, the
amplification and sequencing of DNA from single cells obtuined
direaly from environmental smples®. This approach can be used for
targted recovery of genomes and has been applied o members of

cing ' Asan i

desply sequenced using next on tech
faﬂmmulA:d-nammnebnz with the mumber of micro-
bial ‘spedes’ pradictad 1o reach well into the millions®. Aconding 1o 55U
tRNA-based phylogeny, ﬂuﬁl]]nllo:lhﬂwm:p(rhmufdﬂ:\nll

several candidate phyla (Suppl y Table 1). In purticuler, natural
populations ﬂmlnwa]nﬂ: (hsmofgmmlﬂﬂwvwiﬂbe
mare accessible through single-cell genomics than through metage.
nomu as ou-azmﬂvofmu]hpk strains is avoided. Despite ﬂuse

(phyla o divisiorss) within thebs sl I domaineet, of which

of MDM,

hzlﬂuwmulhmadrqnmﬂ:hva(mdhd “candidate’ phyla). This
biased iom is even mare fi lly skewed when amnsid-
mlsﬂmnmmmﬁd'allmmbn]uimbdaxsmuﬂyfm
bacterial phyla, the dacters and Bacte-
mwidetes (Supplementary Fig la). Genome sequendng of microbial
isolates naturally refledts this adtivation bias ( ementary Fg bl
Recently, asystematic eflort, the Genomic Encydopaediaof Bacteria and
Archaea (GEBA) Projea®, has been nﬂ.ﬁlﬁdlomznmmeum:rofﬂu
diversity axptured in vhial isolates by phyk i

ml!qu:nmls.!‘kmw Gm&mmmﬁusmlhhlgphyhﬂm

a major of microbial diversity, and have
been refiersed to a microbial MMB[MDM)‘
M, ics canobtain g uncultivated

olyrmns through dneclsqumcmsof DA fmm the environment”.

eﬁmhnbmm:&muhmngmmhmmuﬂbmdmuhhu
phyls wsing single-oll whole genome amplification approaches.
Here, we present GEBA -MDM, the natural exiension of the Genomic
Encydopaedia int divated diversity by applying single-cell geno-
mics to recover drafi genomes from over 200 cells representing more
than 20 major wcultivated ardhaeal and becterid linemge. Genome.
based phylogenetic analysis confirms the validity of tRNA-defined an-
didate s monophyletic groups and resolves 2 number of asocia-
Lo :mmg]iwh ot apparent by singlegeneanalysis We discoversd
:aeﬂm]ﬁdﬂlfﬂmnﬂu&mgm]nn]ssm Bctors and siop
codon that ¢ hlished views of the micrabial
workl Pmﬂmma: we:halv!]nlsnsh-od] references sub-
stantially improve the ic andwring of aboat 340 million
previously incorreclly or under-classi el metagenomic reads.
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Single cell genomics: an individual look at microbes

Ramunas Stepanauskas &
Bigelow Laboratory for Ocean Sciences, 60 Bigelow Drive, P.O. Box 380, East Boothbay, ME 04544, United States

Open Access

Single cell genomics (SCG) uncovers hereditary information at the most basic level of

biological organization. It is emerging as a powerful complement to cultivation-based and microbial
community-focused research approaches. SCG has been instrumental in identifying metabolic features,
evolutionary histories and inter-organismal interactions of the uncultured microbial groups that dominate
many environments and biogeochemical cycles. The SCG approach also holds great promise in microbial
microevolution studies and industrial bioprospecting. Methods for SCG consist of a series of integrated
processes, beginning with the collection and preservation of environmental samples, followed by physical
separation, lysis and whole genome amplification of individual cells, and culminating in genomic
sequencing and the inference of encoded biological features.

Highlights

» Single cell genomics (SCG) analyzes DNA at the most fundamental level of biology. » SCG uncovers
metabolic potential of the uncultured microorganisms. > /n situ studies of microbial predation, infections
and symbioses are enabled. » SCG will improve our understanding of prokaryote diversity and
diversification. » Genomic bioprospecting of the microbial uncultured majority is enabled by SCG.
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Boldly illuminating biology’s ‘dark matter’. e! Science News, July 2013
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Single Cell Genomics Center
Bigelow Laboratory for Ocean Sciences

SERVICE DESCRIPTION

Overview

Single cell genomics consists of a series of integrated processes, starting with appropriate collection and preservation of environmental samples, followed by
physical separation, lysis, and whole genome amplification of individual cells, then proceeding to either targeted loci or whole genome sequencing and
sequence interpretation. SCGC offers a comprehensive suite of single cell genomics services, from single cell separation through genome sequencing and
bioinformatics. SCGC also provides advice on environmental sample collection and storage protocols (please see shipping instructions) and post-sequencing
analyses (customized services). Most general methods that are currently employed by SCGC have been described previously (e.g. Swan et al. 2011).
However, please keep in mind that continued method improvement is a significant compotent of SCGC activities, and many details of our protocols keep
evolving.

A detailed description of SCGC services is available for download as a PDF file.

Click on individual services in the table below for descriptions. References are available for download.

Service Cat. # |Unit Bigelow Other Nonprofit Corporate
Single Amplified Genome (SAG) Generation S-101 | 384-well plate $2,700 $3,200 $5,400
Bacteria SAG identification S-102 |384-well plate $2,200 $2,600 $4,400
Archaea SAG identification S-103 |384-well plate $2,200 $2,600 $4,400
Eukarya SAG identification S-104 |384-well plate $2,200 $2,600 $4,400

SAG re-arraying S-105 |96-well plate $400 $450 $800
Prokaryote SAG Whole Genome Sequencing S-014 |1 SAG $3,000 $3,600 $6,000

SAG re-MDA S-007 |1 SAG $400 $450 $800
Consultation S-011 |1 hour free $260 $450
Customized Services S-100 Req. a quote Req. a quote Req. a quote

Tel: 207-315-2567, ext. 517 Dr. Ramunas Stepanauskas, SCGC Director: rstepanauskas@bigelow.org




Human gut flora (bacteria)

100 trillion viable bacteria
10x total # cells in the body
Comprise about 21lbs in mass

Role of many bacteria is not
well understood

Single cell genomics may
otfer a new and powertul

approach
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