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Life on Earth and in the Ocean
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Bacteria, Archaea & Eukarya
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. Spectrum of viral infection strategies

Viruses/Phages

* Moving genetic information

 Role in evolution
* RNA - DNA
e Diverse life strategies

* Interaction with every domain of
life

e Interaction with other viruses

e Cells can become resistant

Zimmerman et al. 2020
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Where do we find life on Earth?

Distribution of global biomass across the world’s environments. Biomass is measured in tonnes of carbon.

: Deep
: Marine
Terrestrial 1% (6 billiontc) | SU bsurface
All lif 86% of total biomass is in terrestrial environments 13%
ITe 470 billion tonnes of carbon 70 billion tC

Marine (less than 0.2%) —

Plants 100% |
Fungi [ A 2

Protists 44% \ 56%

Animals
Bacteria [N
Archaea
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Data source: Bar-On, Y. M., Phillips, R., & Milo, R. (2018). The biomass distribution on Earth. Proceedings of the National Academy of Sciences.
OurWorldinData.org - Research and data to make progress against the world’s largest problems. Licensed under CC-BY by the authors Hannah Ritchie and Max Roser.



Abundance of bacteria and archaea in different
habitats on Earth

Major habitats Total bacterial and Minor habitats
archaeal cell numbers * Groundwater: 5x10%
on Earth: * Phyllosphere: 2x 10%
~1x10%* e Cattle: 4x10*

* Termites: 6 x10%*

* Pigs: 7x10%

* Humans: 4x10%

e Sea surface layer: 2x10%
* Atmosphere: 5% 10%

e Etc.

Deep continental subsurface: 3 x 10*°

W

Uépe}' oceanic sediment: 5 x 102

Deep oceanic subsurface: 4 x 10*°

Flemming g Wuertz, 2019



Synechococcus & heterotrophic

From micro to nanoscale .
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Nucleic Acid

Vi ruseSIPhages Proteins

Some lipids

Jennifer Brum, Tucson Marine Phage Lab
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Top view
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Imachi et al. 2020

Hyperthermophiles in the history of life, Volume: 361, Issue: 1474, Pages: 1837-1843, 2006
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Bacterial cities
Marine bacteria colonies growing on an agar plate

Lophelia 11 2012 Expedition, NOAA-OER/BOEM
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The Ocean is a desert
The Ocean is too cold
The Ocean is too dark
There are only 1000 bacteria per mL of SW...

what can they do?
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Salazar & Sunagawa, 2017

Technology development boots marine
microbial ecology

T The great plate- Discovery of  First marine 16S  Ocean Microbial
| rhodopsin-based HTS study Reference Gene
o ags " Identiication of SARTT ' phoicirophy (2006) Cafalog
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Year Current Biology



The Age of Discovery

* 1977  Bacteria 106 mL-1 (103 x cfu: great plate anomaly)
- 79/80 High bacterial growth & C demand (dynamic populations)

- 84 Protozoa (103 mL-1) major predators on bacteria

« 79-90 Viruses abundant (107 mL-1) & major predators on bacteria
* 79 Synechococcus 103 -105 mL-

. 88 Prochlorococcus 104-10°mL"

« 90 Widespread Archaea throughout the oceans (104-105mL-1)

Form Farooq Azam
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The Age of Discovery Form Farooq Azam

» 80-90-00 Microscale ecology
» Discovery of anoxygenic photosynthetic bacteria

* Rise of molecular ecology
‘Massive marine genomics and metagenomics-- providing constrains for

diversity and ecosystem function
» Culturing the “unculturable”

» Widespread picoeukaryotes
‘Holistic approach: new chemicals, new way to design nano materials,

detoxification
 OneHealth and Micorbes in Ocean-Climate models

16



Sizing the Microbial Ocean

B Plankton size fractions Metazoans
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SW Depth profiles of microbial domain cell abundance:
Bacteria and Archaea

Depth (m)
10
100
5 1,000
AN
T 00— Archaea
0 ' —— Bacteria
G 5,000 —o— Sum of probes

5 . ......104 . 1,05 . 106

Total microbial cells per ml

Data are averages of up to 14 roughly monthly samplings over a 1-yr period at the Hawai’i Ocean Time-series station, ALOHA
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Sediment depth profiles of microbial cell abundance
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Microbial (Bacteria-Archaea) abundance across the
atmosphere-ocean-sea sediment:

Sea-spray aerosol: 102-105 cells L-1 of air

Sea Surface Microlayer: 0.5-3 10° cells L1

Water column: < 0.01-1x 109 cells L-1 (>5 x 10° cells L-1); L: 20000 “species”
Surface sediment: ~0.001-1x1010 cells cm-3; g: 5000-19000 ”"species”

Deep subsurface sediment: ~0.001-1x101% cells cm-3

Operational taxonomic unit OTus Oxygen Chiorophyll Temperature Density

(97%) (mmol/kg) (mg/m3) (Celsius) (kg/m3)
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Lara et al. 2017

Viral depth profiles in the ocean
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All data
E

ATL IN PAC

- Malaspina

« 10X change from 7.76 x 106 viruses
mL-1 in the epipelagic layer to 0.62
x 106 viruses mL-1in the
bathypelagic layer

(B) epipelagic (0 to 200 m)

(C) mesopelagic (200 to 1000 m),
(D) bathypelagic (1000 to 4000 m)
layers



Virus depth profiles in the sediment
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Microbial atmospheric structuring
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Healthy Ocean <—> Functioning Ocean
Functioning Ocean <—> Functioning C biogeochemical cycle

O

co, / Predation by birds
hv Fisheries

Azam and Malfatti, 2007 Nature Reviews Microbiology 10:782
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Microbial growth |

1 -Energy source to generate ATP

2-Carbon source of assembling cellular building blocks

3-For maintenance of existing cells/ for growth of new cells

—> Successful exploitation well-defined energy and carbon source
—> Physical, biological and chemical properties vary in space and time

Madsen, 2016

Energy Sources

Organic \ Inorganic I
chemicals chemicals
fgiucose, acetate, etc)  {H,, HS, Fe™ NH,", o)

Chemoorganotrop} Chemolithotrophs  Phototropt
(Glucose + 6 0,+ 6 CO; + 6H,0) (H;S + ¥ 0, = 57+ H,0)  (ight)

! !

ATP ATP ATP
Example: Escherichia Thiobacilus Rhodobacter
coll thiooxidans capsulatus

Madigan et al. 2018



Metabolism & Growth in
limited environment

Madsen, 2016




Microbial Growth Il

Growth rate (u): the per-capita change in abundance (N)
over time, or the slope of In(N) versus time in the absence

of mortality

Generation time ( g): the time necessary for a population to

double [g = In(2)/u], also referred to as doubling time;

turnover time is mathematically equivalent to generation

time

* Vibrio natriegens is capable of doubling every 7 min equivalent to a
growth rate of over 140 d-1

- Pelagibacter ubique, a representative of the most abundant bacterial
clade in the ocean, SAR11, has a generation time of nearly 2 days and
growth rates of 0.4-0.6 d-1 in laboratory pure cultures

28



Microbial Growth Il

A Voronoi tree diagram of E.coli composition
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« Each polygon area is the
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determined growth rate
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Microbial Growth IV

EXCRETION

SUBSTRATE
UPTAKE
5::TRAN.‘.}POFIT
CATABOLIC SUBSTRATE CONSUMPTION iANABOLIC SUBSTRATE CONSUMPTION
a : Cc
----------------- » ATP [--=---=-->
A Nd -
Yy e Yy 4
PRODUCT[&«—— BIOMASS
STORAGE

30

The oxidation of organic compounds contributes to

the energy pool as ATP at arate a
Active transport of substrates into the cell requires

energy from this ATP pool at arate b
Anabolic reactions utilize ATP at a rate ¢ and result

in a growth rate y

The anabolic pathways result not only in increases
in biomass but also in storage products and
organic compounds that may be excreted back to
the medium

Maintenance expenditures consume ATP at rate d
In the absence of exogenous substrates, minimum
maintenance energy requirements must be
supported by degradation of biomass through
endogenous metabolism (ue), which supplies ATP

at arate e

Endogenous metabolism is defined here as the state
when no growth is possible, and by definition BGE is
0 under these conditions



Microbial Growth V

Substrate < 700 Da are actively taken up via membrane
proteins (1)

As the substrate enters the cell via active uptake, it either
enters into catabolic pathways (blue lines) or anabolic
pathways (green lines)

Monomers for anabolism can come preformed from the,
environment or as products of catabolism

The red-hashed lines represent the flow of energy to and
from these metabolic pathways. Energy is conserved
via substrate catabolism and ATP is produced at a
rate a

As ATP is hydrolyzed, energy is released and utilized at
rate b to drive anabolic processes such as production of
new cells (growth; Il) and production cell storage
products (lll)

Energy is also utilized at various rates to support
processes that are independent of anabolism. This
maintenance energy is used at rates c1 to activate
uptake systems, c2 to fuel cell motility, c3 to actively
eliminate waste, and c4 to repair cellular machinery

Products
or waste

In the absence of exogenous organic substrates, the cell
can yield ATP at rate d by catabolizing storage material
(endogenous substrates)

31
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Bacteria & Archaea biomass

Adult zooplankton

Larval zooplankton Metazoans

Herbivorous protozoans
Single-celled

Bacterivorous protozoans i
Organisms

Algal autotrophs

Bacterial autotrophs

Bacterial heterotrophs

l | | I | |
50 25 0 25 S0 75

Pomeroy et al. 2015

@ Biomass (% total)  m Surface area (% total)

‘Microbes represent 90% of the total biomass in the ocean 32



Bacteria and Archaea growth

» Fast generation time

;" + Slow generation time
g of & . . .
? K  Diverse strategies to survive
10+ \
a & : : :
5 10 & in the marine environments
- s
L v ¥ T T T
wt 1.0 !10 ;n’ i 10°? 104

@
GENERATION TIME T (DAYS)

Figure 12B The intrinsic rate of population increase r, per day as a function of generation time. (Redrawn after Heron, 1972; in Anderson, 1981)
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Bacteria & Archaea respiration

CUMULATIVE RESPIRATION RATE
(as percentage of unfiltered sample)

| | 1 ) 1 J
<lpm <3}.m <1()Jm < 30)um <100um <300}Jm
NOMINAL SIZE LIMIT

Figure 6. Distribution of respiratory activity with size. (Q)
CEPEX, samples from bag; (0) Loch Ewe, samples from bag; (®) Loch
Ewe samples from outside bag. Data are expressed as cumulative
respiration up to various size limits, normalized against the rate
in the unfiltered sample. All the data points are for a single size
horizon and are not replicates.

Williams (1984)

* Microbes contribute up to 90% to biota respiration o



Bacteria & Archaea production
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‘Microbes are the most productive organisms in the ocean
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To sum: growth in a few words
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Prokaryotic growth
measurements



Methods for measuring bacterial growth in cultures

* Viable count (plate count)
 Turbidimetry

e Total count (microscopic)
e Electronic counting
 Dry weight

From Farooq Azam
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Challenges of measuring bacterial growth in the sea

Simultaneous growth and death

Growth probably not balanced (not all components can be used as indicators)
Sparse populations

Low growth rates

Bacteria co-occur with other organisms and with detritus

From Farooq Azam N



Prerequisites of a method to measure growth

* should be specific for bacteria

e should not alter growth rate

e sensitive enough for use in seawater samples

e rapid to minimize changes during incubations

* independent calibration should be possible
* (you shouldn't need to know the growth rate to measure it)

From Farooq Azam .



Radiotracer methods for growth rate measurements

3 3

H-thymidine H-leucine @
S
00000000
Protein
M
DNA

e Add nM 3H-TdR or 3H-leu

e Taken up by Bacteria (Archaea) high affinity salvage systems
At nM, other plankton don’t significantly take up (u-
autoradiography)

e Calibrated w/ seawater cultures (assumes no cell death)

From Farooq Azam
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Pathway of exogenous Thymidine incorporation

Cellular metabolism s ' :
Proten ’ ) )
- ANA

C V uracil —e—e

Thym'ne e e et Pamlno-bUtVflC 0 N
; 2cid ' Uracil
. HO- CH: \
H [y OH
BN {3 o dTTP . Deoxy ribose - 1 - phosphate
. '
’§0 ! ‘/"_\J ()
*e e DNA /- .
‘-@ Y dIMP —e JTDP =P (TTP =i _ N DCH;
\‘ o N .
2 8
4 d1TP 0 ""\N
' R . O CH:
UMP - AN dCMP w—— dC o)
5
OH 0
Thymidine /\,CH;
dUTP - dCTP +—msrmeee dCOP J H
A ° A\
dUDP
drTPp— X 6 P OCHa
6 Ko— darTP
CcOoP OH
UuOP Thymidine monophosphate

Moriarty, D. J. W. 1986. Adv. Microb. Ecol. 9: 245-292.

From Farooq Azam
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methyl 3H-Thymidine Incorporation | Fuhrman & Azam 1980, §2
Ducklow & Carlson, 1993

?

»® T
TdR “TdR — - *4TMP — - ¥4TDP — o *4TTP — »-*DNA — > e
T isotope dilution
dUMP
. v, '\N\
*T 4R ]
i ' e PMLET —p Radioassay
| Incubate | e | |
(mins - hours) ~ —» Chill —3= 2dd TCA
‘ p Centrifuge - Radioassay
_ DPM DPM in Cells
(inTCAppt)  — BacteriaZl DNA ~— > ffggﬁ;g}iﬁR —» gDNA — pioduced
I I -1
% 3H in DNA Isotope dilution %T DNA cell

Empirical Relationship: 1- 3 x 101 8cclls/mole TdR incorporated (but controversial)

» Not all bacteria take up thymidine (anaerobes)

» Conversion of cells produced to carbon produced requires measurements of the volumes of
the new cells produced and carbon/volume factors

From Farooq Azam b



3H-Leucine Incorporation

e / E ®
leu K\. D~ l? -  Protein

isotope dilution
leu

Neu (200M)
i —— . ERIET

Incubate '
(mins - hours) —p add TCA

Ly Centrifuge

DPM — » DPMin

Kirchman ez g., 1985
imon

Limon & Azam, 1989
Smith & Azam, 1992

—»- Radioassay

—p Radioassay

in TCA ppt) Bacterial protein —> %ggggrfa{gg — gprotein —» gC produced
. Bacterial
gi%%%?l mole % leu protein/carbon

From Farooq Azam

44



Converting leu incorporation to BCP

Empirical Relationships determined in Seawater Cultures

Isotope dilution = 2x
Mole % leu = 7.3%
Carbon = (p_r_otcm)(O 86)

Bacterial Prchin Production = (mol leu incorporated)(3584)

» Direct conversion to carbon production (no need for cell volume or C/vol)
« An order of magmtudc more sensitive than “H- -thymidine
* Less %glydhood of discrimination for uptake by different bacteria

e Leu incorp/TdR incorp yields carbon per new cell

45
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BrdU as alternative to measure 3H-TdR bacterial community productivity

1.  BrdU incorporation
2.  Immobilize cells on nylon membrane
3. Cell lysis, DNA binding to membrane
4.  Anti-BrdU binding
5. HRP-secondary-antibody binding N.Atlantic SargassoSea/ . S.American
6 Luminol visualization Gulf Subtropical N. Basin Continental
) Stream Atlantic Gyre Shelf
Samples
O o
.
Ocean h ] -50 +
* ‘e -100 t
B ® siandards = 50
2 150 |
Bay ] & 0 a
= 2200 i +
L o . ¢ : 39°N 31°N 12°N N
- ' = 52°W 52°W 52°W 52°W
. 20 250 i T -
o = A B C D
s | T T T T T T T T T T T
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Is most of the growth due to attached bacteria?

Size fractionation Microautoradiography
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Limnol. Oceanogr. 22: 492-501 Biol. 66: 109-120

o Size fractionation (3H-TdR)

o Autoradioagraphy (3H-TdR & 3H-Leu)

e ~90% due to free-living--but!!

DOM — “Free-living” bacteria ->->? dominant pathway??
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17.2.1 Incorporazione di timidina ai |

La 3 H-timidina viene incorporata nel DNA cellulare per azione dell’enzima timidino-
chinasi, in quantita proporzionale alla velocita di riproduzione delle cellule
batteriche.

Nella modalita illustrata, che prevede basse concentrazioni di timidina aggiunta e
brevi tempi di incubazione, il metodo e specifico per i procarioti che sono gli unici a
disporre dei meccanismi enzimatici che permettono l'incorporazione diretta della
timidina nel materiale genetico.

Con coefficienti riportati in letteratura o determinati sperimentalmente e poi
possibile convertire la quantita di 3 H-timidina incorporata in numero di cellule
batteriche prodotte, e queste ultime in biomassa (espressa come quantita di
carbonio per unita di volume).
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17.2.2 Incorporazione di leucina

Incubando i procarioti in presenza di leucina marcata (3 H-leucina) e possibile
determinare sperimentalmente la velocita di incorporazione della molecola nel
materiale proteico cellulare e stimare quindi la velocita di sintesi proteica.

Quest’'ultima, in base al rapporto relativamente costante tra proteine e biomassa,

pari al 60% del peso secco (Simon e Azam, 1989), potra essere convertita in
produzione di biomassa totale, espressa anche in termini di carbonio.
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