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A principal goal of microbial oceanography

Describing and explaining the
distributions and activities of marine microbes

marine.rutgers.edu/opp/




...and using this information to describe the causes and
consequences of variations 1n key biogeochemical processes

marine.rutgers.edu/opp/




Key biogeochemical processes

Primary production
Nitrogen fixation
Denitrification

Trace gas production

...and the many other processes that
make those processes possible

John Cullen: Agouron Institute 2008




This can be achieved
only through an
integrated approach

The role of the oceans in

Earth systems ecology,

and the effects of climate

variability on the ocean

and its ecosystems, can be

understood only by

observing, describing, and

ultimately predicting the

state of the ocean as a P

physically forced :” oA v

ecological and . ¥ COMPUTATIONAL
. : OCEANOGRAPHY
biogeochemical system.

Rothstein et al., Oceanography Mag. John Cullen: Agouron Institute 2008




Arguably, this represents the state of the art

a) Diatom Growth Limitation in Mixed Layer (Annual Mean)
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Ultimate Target

Genomics & Hydrological &

the other /: Physical %\ Atmospheric

Chemical Optics

& Biological [+Acoustics]
Oceanography

Process Studies <4—— Theory/Models

\ Physiological /

Ecology Including
Gene Expression
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Biological oceanography and phytoplankton ecology

Describe the causes and consequences of
variations in primary productivity
(and food web structure)

marine.rutgers.edu/opp/




- .
An overview of established approaches to
marine prediction
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Figure 19. Solid line is the seasonal cycle of zooplankton. Measurements of zooplankton
volume by the displacement method are treated by a conversion factor (wt.ing. = 12.5% X
vol. in ce.) to derive a rough estimate of the carbon content. Dotted line is the mean surface
temperature,

Gordon Riley




Approach #1: Observation, analysis, inference
(empirical, diagnostic models)
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Result: Quantitative predictions that are as good as
the data & assumptions that go into them

nature Vol 444|7 December 2006|doi:10.1038/nature05317

Climate-driven trends in contemporary
ocean productivity

Michael J. Behrenfeld', Robert T. O’'Malley', David A. Siegel®, Charles R. McClain®, Jorge L. Sarmiento®,
Gene C. Feldman®, Allen J. Milligan®, Paul G. Falkowski®, Ricardo M. Letelier* & Emmanuel S. Boss’

c 150
E 100+
g
= ¥ 504
3 < o
= =
é > -50-
E
O g 1001
o
Ep!.: % -150
ol =200 T T T T T T T T T
i 1998 2000 2002 2004 2006
o Year
Inputs/Assumptions of the Validity of the Statistical Analysis

Productivity Model(s)



Approach #2: Observation, analysis, inference

(qualitative, mechanistic, predictive models)
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The testing of qualitative, mechanistic, predictive
models may be messy
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Figure 4. Bacterial respiration as a function of bacternal production in aquatic ecosystems. The
data are paired observations of bacterial respiration (BR) and production (BF); the sources of
these data appear in Table 1. The line is the least-squares fit to the log-transformed data.

del Giorgio and Cole (1999) ditute 2006




But predictions can be tested with appropriate
observations
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Figure 3 | Oxygen concentrations in the SOM versus time. Oxygen
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Approach #3: Prognostic models

(quantitative, mechanistic, predictive models)

Ocean genomics SC Doney et al.
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Doney, S. C., M. R. Abbott, J. J. Cullen, D. M. Karl, and L. Rothstein. 2004. From genes to ecosystems: the
ocean’s new frontier. Frontiers in Ecology and the Environment 2: 457-466.
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Complexity 1s added to increase realism and to test hypotheses
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Doney, S. C., M. R. Abbott, J. J. Cullen, D. M. Karl, and L. Rothstein. 2004. From genes to ecosystems: the
ocean’s new frontier. Frontiers in Ecology and the Environment 2: 457-466. John Cullen: Agouron Institute 2008




Conventionally tested by the “LPG” criterion —
but that 1s changing

o OBSERVATIONS

/4R

D Total Prochlorococcus

Follows, M. J., S. Dutkiewicz, S. Grant, and S. W. Chisholm. 2007. Emergent biogeography

f microbial communities ina m . Sci : - .
of microbial communities in a model ocean. Science 315: 1843-1846 John Cullen: Agouron Institute 2008




o Approaches to Ecosystem Modeling )

Maud Guarrracino - Lunenburg Bay
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Fundamentally, ecosystem models
should predict population dynamics

Growth Loss

Accumulate (Bloom)

Daughter
S mmm) Be caten

Blow up (viral lysis)

Daughter

Die (e.g., apoptosis)

/
\. Sink

A bit weird, because ‘population” refers
fo species, and many species are often lumped

John Cullen: Agouron Institute 2008




Biogeochemical models must include
functional groups

John Cullen: Agouron Institute 2008




Essential Knowledge:

Environmental Influences on the Growth and
Chemical Composition of Phytoplankton

Cell Division

Daughter
Photosynthesis Cell

NUTRIENTS

Nutrient Uptake Daughter
Cell

Growth rate
Chemical composition

Biogeochemical transformations

John Cullen: Agouron Institute 2008




Crltlcal tO Alexandrium ostenfeldii Growth vs Irradiance
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Environmental
Influences on
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Figuring out what to do with exploding knowledge of
biological complexity in the ocean

Venter et al. Science 2004



Growth rate (day-1)

s oo wr | Growth vs Temperature

SCIENCE VOL 311 24 MARCH 2006 1737

Niche Partitioning Among
Prochlorococcus Ecotypes Along
R e, Ocean-Scale Environmental Gradients

Temperature (°C) Zackary 1. Johnson,»#* Erik R. Zinser,™* Allison Coe,* Nathan P. McNulty,*
E. Malcolm S. Woodward,* Sallie W. Chisholm™t

[+ l.!-:l -1II- o g
jwysjeo Bo

Dicpan Daiw 'viow
|

40°5 20°s EQ " 20°N 40°N



Many other things define the growth-
niche of marine phytoplankton
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From Margalef et al. 1979 in Cullen et al. Oceanography Mag. 2007 John Cullen: Agouron Institute 2008



And cell division 1s only
half of the battle!

http://jaffeweb.ucsd.edu/pages/celeste/copepods.html



Reduction of loss can be
as good as an increase

of growth rate

Architecture and material properti
of diatom shells provide effective
mechanical protection

Christian E. Hamm~, Rudolf Merkel+ i, Olaf Springers, Piotr Jurkojcs,
Christian Maieri, Kathrin Prechteli & Victor Smetacek”
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Figure 1 Glass needle tests: Live single cells of T. punctigera (a—c) and F. kerguelensis
(d—f), in chains (e, f). Pressures applied along the girdle bands, (a, d), across the girdle
bands (b, e), and across the centre of the valves (c, f). g, Forces necessary to break
Coscinodiscus granii (C.g.), Thalassiosira punctigera (T.p.) with diameters of 100 and
50 p.m, and Fragilariopsis kerguelensis (F.k). C. graniihas a geometry similar to that of
I. punctigera. Scale bars, 10 p.m.

John Cullen: Agouron Institute 2008



So rapid growth 1s not
the only strategy for
survival / selection

Nutrient Uptake
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Top-down or bottom-up control?

9
Sverdl:up s (1955) map (,)f Global productivity estimated
productivity based on vertical ; :
rom remote sensing

convection, upwelling and .
’ Falkowski et al. 1998
turbulent diffusion (Falkowski et a )

As presented by John McGowan (Oceanography Mag., 2004) John Cullen: Agouron Institute 2008
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Global test of the top-down hypothesis?

Tropical Atlantic Trapecal Indian

Catch par 100 hooks
Catch per 100 hooks

1080 2000

Subtropical Indian

100 hooks

Catch per 100 hooks

Calch per

1880 1970 1930 1890 2000 1960 1880 2000

Decline of fish stocks since 1960 Myers and Worm Nature 2003

John Cullen: Agouron Institute 2008




Bottom-up processes

It can be argued that a similarly parsimonious set of factors
determines the distribution of pelagic biomes, each with its
characteristic flora and fauna... Copepods and whales do not
determine which groups of plants will flourish; like the
phytoplankton, they are themselves expressions of the regional

physical oceanographic regime.

(Alan Longhurst’s section of Cullen et al., 2002, The Sea’



A Tool for Making Sense of Physically Forced
Ecosystem Dynamics:

Margalef’s Mandala
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Event-Scale Forcing —>
<— Succession

Low Turbulence and High Nutrients

LARGER CELLS
HIGHER BIOMASS
SLOWER TURNOVER
SELECTIVE PRESSURE
TO SEQUESTER NUTRIENTS
AND MINIMIZE LOSSES
(e.g., NOXIOUS/TOXIC BLOOMS)

SMALLER CELLS LARGER CELLS
HIGH TURNOVER HIGHER BIOMASS
COMPETITION FOR NUTRIENTS TRANSIENT & SELF-LIMITING
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The challenge: quantitative description of the
niches of functional groups

John Cullen: Agouron Institute 2008




Crltlcal tO Alexandrium ostenfeldii Growth vs Irradiance
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A
Keep in the back of your mind: rﬁﬂh

geeE
EE ‘"%
cp®3R

Cell division
Glycine, serine, threonine
Pantothenate and CoA bic
Fructose and mannose m
Fatty acid metabolism
Galactose metabolism
:El.’: t o mllnac 2,
rans b -
Aminophosphonate metal
Butanoate metabolism
Sulfur metabolism
Glnu:ylnta and dicarboxy
Other transcriptional regu
Lipopolysaccharide biosy
Other ion-coupled transp«
Inositol phosphate metab
Protein export
Type |l secretion system
ethionine metabolism
ArTinlna and proline mets
Oxidative phosphorylatio
Thiamine metabolism
ABC transporiers, eukary
Protein folding and proce
Other translation factors
rimidine metabolism
Ribosome
Urea cycle and amino gro
Histidine metabolism
Aminosugars metabolism

Surely, all

this means
something!
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Ecosystem modeling ground zero:

Acclimated growth rate: genotypic

Cullen et al. in prep

0.60 L AL LA DL L L B
CCMP 1978

Journal of Plankton Research Voi.9 no.3 pp.439—432. 1987

On the causes of interspecific differences in the
growth—irradiance relationship for phytoplankton. Part I. A
comparative study of the growth—irradiance relationship of
three marine phytoplankton species: Skeletonema costatum,
Olisthodiscus luteus and Gonyaulax tamarensis

Christopher Langdon'
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u as a function of T and E may not be
relevant for describing growth rate in
dynamic environments

47 pmol m-2 s-1 R? = 0.9991

Alexandrium fundyense

Growth determined using the
method of Brand and
Guillard

Brand, L. E. and Guillard, R.
R. L. (1981). A method for
the rapid and precise
determination of acclimated
phytoplankton reproduction
rates. J. Plankton Res. 3:
191-201.

John Cullen: Agouron Institute 2008




But 1t 1s an excellent start
for 1dentifying niches

Niche Partitioning Among
Prochlorococcus Ecotypes Along
Ocean-Scale Environmental Gradients

Zackary 1. Johnson,*?* Erik R. Zinser,* Allison Coe,* Nathan P. McNulty,1
E. Malcolm S. Woodward,” Sallie W. Chisholm™$
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Photosynthesis vs Irradiance: phenotypic
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Photosynthesis vs Irradiance: phenotypic

Oscillatoria agardhii Layer former
"metalimnion”

Diatom grown at ~ —
50 ymolm?s’ -

| | | ]
500 1000 1500 2000

Irradiance (umol m? s™)

Strategies to respond to environmental variability are adaptations

John Cullen: Agouron Institute 2008




Adaptations to oceanic vs coastal conditions

MARINE ECOLOGY - PROGRESS SERIES Published Decembec 14
Vol. 41: 275262, 1987 Mar. Ecol. Prog. Ser .

Thalassiosira oceanica and T. pseudonana:
two different photoadaptational responses

E. Sakshaug', S. Demers?, C. M. Yentsch®

Photosynthetic architecture differs ¢l 8

i LLTIITIITIELTELS ISR Y

in coastal and oceanic diatoms 00 20 30 A0

Fig. 5. Thalassiosira pseudonana and T. oceamica. Short-term

Robert F. Strzepek'* & Paul J. Harrison™ changes of in vivo fluorescence per cell normalized to the
highest observed value in each experiment, (A) T

NATURE | VOL 431 |7 OCI'OBER 2004 | www.nature com/a ture pseudonana at 600 (0) or 800 pmol m~*s7! (e) exposed to 2800,
and then to 600 or 800 pmolm™%s ' and T. oceanica (m) at 800

umol m~? 5! exposed to 2800 and then to 800 pmol m~2 s~ 1.

(B) Changes in in vivo fluorescence per cell of T. pseudonana

after addition of gramicidin; (®) cultures at 800 umol m™* s™';

(©) cultures at 2800 pmol m~* s7! followed by darkness; (e)

control (no gramicidin), cultures at 800 pmol m~2 s~ ! followed

by darkness. Horizontal bars: period of low light or darkness

according to descriptions above

John Cullen: Agouron Institute 2008




Oceanic species has much reduced
capability for regulation

oceanic survivor
b Ir_-‘l

Rough and ready coastal mixer

‘ 0 10 20 30 40 minutes |

Fig. 5. Thalassiosira pseudonana and T. oceanica. Short-term
changes of in vivo fluorescence per cell normalized to the
highest observed wvalue in each experiment, (A) T
pseudonana at 600 (0) or 800 pmol m~%57! (8) exposed to 2800,
and then to 600 or B00 pmol m™* 5! and T. oceanica (m) at 800

umol m™% 57! exposed to 2800 and then to 800 pmol m~2 5!

John Cullen: Agouron Institute 2008




Niches abound!
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But what about quantitative prediction?

a) Dlatom Growth Limitation In Mixed Layer (Annual Mean)
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Rothstein et al. Oceanography Mag. 2006 John Cullen: Agouron Institute 2008




Growth must be described as a function of
environmental conditions
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Functions can be Developed
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...but

Requires a huge amount of work with cultures

Algae should be acclimated to each set of conditions
— This can require several weeks

Conditions in nature are almost never so stable
— Phytoplankton are subject to vertical mixing
— Vertical migration

All combinations of Daylength, Irradiance, Nutrients and Temperature

are essentially impossible to test

John Cullen: Agouron Institute 2008




Summary: u as a function of
environmental conditions

Effect of Salinity

Good for identifying
environmental
ranges and optima

5 10 15 20 25 30 35 40 45

Salinity
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Summary: u as a function of
environmental conditions

Excellent for describing
differences between
species

(and variations among strains of
the same species)

Ancient example:

Gallagher, J. C. (1982). Physiological
variation and electrophoretic banding patterns
of genetically different seasonal populations
of Skeletonema costatum (Bacillariophyceae).
J. Phycol. 18: 148-162.

Oetgnule confervaced

Catospila pyrencidasa
Steidtonama cosrolum
Lumgireida restigiec!d

Bityium Brightmaifii

L]
-y

GROWTH RATE i(doublings/day)
£

2o 30 40
TEMPERATURE °C

Even more ancient:

Eppley, R. W. 1972. Temperature and
phytoplankton growth in the sea. Fish.
Bull. 70: 1063-1085.

John Cullen: Agouron Institute 2008




Can we assume that adaptation provides all the raw
genetic material for aggregate super-bugs?

Figure from C.B. Miller, “Biological Oceanography” after Smayda, 1976

see Eppley, R. W. 1972. Temperature and phytoplankton growth in the sea. Fish. Bull. 70: 1063-1085.
John Cullen: Agouron Institute 2008




A novel approach

Emergent Biogeography of Microbial
Communities in a Model Ocean

Michael ). Follows,** Stephanie Dutkiewicz,® Scott Grant,? Sallie W. Chisholm?

SCIENCE VOL 315 30 MARCH 2007
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Everything (well, a lot of things) 1s
everywhere and the environment selects

=
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Temperature (°C) Light (i Ein/m®/s)

Emergent Biogeography of Microbial
Communities in a Model Ocean

Michael ]. Follows,** Stephanie Dutkiewicz,® Scott Grant,>Z Sallie W. Chisholm?

Natural selection in silico

SCIENCE VOL 315 30 MARCH 2007 1843
John Cullen: Agouron Institute 2008




Only some of
the ecotypes
survive — the
number
corresponds
fo
environmental
complexity
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A test of our understanding of what structures marine
ecosystems (LPQG)

o OBSERVATIONS

/4R

D Total Prochlorococcus

John Cullen: Agouron Institute 2008



Future steps:
Assembly and natural selection of microbial
y metagenomics

r

communities guided b

Urea cycle and amino group metabolism
Histidine metabolism
Aminos u? ars metabolism
HTH family transcriptional regulators
Androgen and estrogen metabolism
TGF-beta signaling pathway
ECM-receptor interaction
Starch and sucrose metabolism
Replication complex
DNA polymerase
Glycolysis / Gluconeogenesis
Nitrogen metabolism
Folate biosynthesis
ruvate metabolism

Citrate cycle (TCA cycle)
Translation factors
Bacterial chemotaxis
Glycerophospholipid metabolism
Flagellar assembly
Biosynthesis of steroids
ATP synthesis
Fropanoate metabolism
Purine metabolism
RNA polymerase
Photosynthesis
Porphyrin and chlorophyll metabolism
Type lﬁ secretion system
2 4-Dichlerobenzoate degradation
Two-component system
Iﬂysine biosynthesis

-Glycan degradation
Pentose phosphate pathway
Phenylalanine, tyrosine, tryptophan biosynthesis
Ubiquinone biosynthesis
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Dave Karl, Nature 2002
Future tests:
How much biological P . T
complexity is needed
to describe and predict
ecological and
biogeochemical
variability in the sea?

Pure Pure
photosynthesis respiration
Hybrid
metabolism




Conclusions

Relationships between environmental variability and microbial
diversity must be described and ultimately predicted to understand
the ecology and biogeochemistry of the sea

Niches abound:
wide range of environmental tolerances

specialized life-styles (nutrient requirements, alternate modes
of photosynthesis

physiological plasticity vs specialization for stable environments
Complexity will never be fully described with numerical models

The degree of model complexity can and should be related to the
ecological/biogeochemical question and its scale.

This can be done — but models must be verified by measurements!

Mahalo!
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