Bioprocesses and
Downstream Processing

ChE-437
Part 1

Manfred Zinn
=pEL manfred.zinn@hevs.ch Hes
manfred.zinn@epfl.ch



Course information

ChE-437 / 4 crédits
Enseignant(s): Crelier Simon, Eyer Kurt, Zinn Manfred
Langue: Anglais

Summary

This course aims at a more advanced coverage of the basic aspects discussed in module ChE-311.
It is however of a stand-alone nature, and even students who have little knowledge on bioprocess
development shall benefit as well from this module.

Exam

When there are less than 10 students, the exam will be oral (30 min).
For more students, the exam will be written and last 3 hours.



By the end of the course, you should be able to:

v" Integrate concepts and knowledge from various domains (biology,
process engineering, (bio)chemistry)

v" Discuss the merits, disadvantages and characteristics of the
different types of bioreactors as well as their mode of operation

v" Dimension unit operations

v Interpret data or observations from case studies

v' Choose an appropriate fermentation or purification strategy

v Predict the outcome or the performance of a unit operation or
specific equipment

v" Justify your choices and assumptions

v Solve calculation problems



Your lecturers:

Manfred Zinn

« Upstream processing: introduction and basics in cultivation
 Bioprocess design for batch, fed-batch, and chemostat cultures
» Special bioprocesses and applications

« Paper studies including short presentations by students

Kurt Eyer

 Bioreactors & Fermenters: Basics

« Characterization of biological reactor systems

» Scale-up procedure: science or art?

» Applied examples and economic aspects of industrial bioprocesses

Simon Crelier
* Downstream processing: introduction and liquid-solid separation
 Cell lysis and precipitation
« Liquid-liquid extraction
» Adsorption and chromatography
 Membrane-based separations
 Polishing steps and latest trends




Module ChE-437 Bioprocesses & Downstream Processing
Tuesday, 8:15 pm to 12:00 pm, Room CHB331

Date |Subject Lecturer
18.02.25 | Upstream processing: introduction and basics in cultivation M. Zinn
25.02.25 | Bioprocess design for batch, fed-batch and chemostat cultures M. Zinn
04.03.25 | Special bioprocesses and applications M. Zinn
11.03.25 | School trip g" czzulrgﬂe%
18.03.25 M. Zinn
25.03.25 | Introduction and basics of bioreactors / Fermentors; Biopharmaceuticals K. Eyer
01.04.25 | Characterization and selection of biological reactor systems K. Eyer
08.04.25 | Scale-up of biological processes K. Eyer
15.04.25 | Applied examples and economic aspects of industrial bioprocesses K. Eyer
29.04.25 | Overview of DSP in biotechnology: past, present and future trends S. Crelier
06.05.25 | Physical separations: beyond the basics / Revamping Protein Precipitation S. Crelier
13.05.25 | Liquid/liquid extraction / Case studies in adsorption and chromatography S. Crelier
20.05.25 | Membrane-based separations / PAT in downstream processing S. Crelier
27.05.25 | Polishing steps: refolding, crystallization, drying / DSP from lab to production scale S. Crelier

23 students enrolled (17.2.2025)



Paper presentations by students on 18.3.2025

« There will be 8 papers to be discussed (to chose
from 8 publications on Moodle). All papers are

studied beforehand.

« 3 Students form a group and present one paper
(ppt. max. 15 min).

* The goal is to critically read, understand the
techniques used (M&M) and reflect on the

significance of the publication.



More readings (free & online)

History of Biotechnology:

Glossary in Biotechnology:
Biotechnology Science News:

Biotech Business:

Networks:


https://www.whatisbiotechnology.org/index.php/timeline/index/2620
https://www.fao.org/3/x3910e/x3910e.pdf
https://www.sciencedaily.com/news/top/
https://www.labiotech.eu/
https://www.swissbiotech.org/
https://biotechnet.ch/
https://bioalps.org/
https://www.efbiotechnology.org/

1. Drivers in biotechnology
2. The cell

3. Cell preservation

4. Batch cultivation

5. Medium design




1. Drivers of
Biotechnology
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Early biotechnology: Food biotechnology

The temples in Mesopotamia issued workers with daily

rations of barley , the staple drink of . The

tablet was impressed with five different types of numerical

symbol. From Mesopotamia, Iraq. Late Period, 3100- A funerary model of a bakery and brewery, dating the 11th dynasty,
3000 BCE. (The British Museum, London) circa 2009-1998 B.C. Painted and gessoed wood, originally

from
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https://www.worldhistory.org/Beer/
https://www.worldhistory.org/Mesopotamia/
https://www.worldhistory.org/uruk/
https://www.worldhistory.org/disambiguation/Thebes/
https://www.worldhistory.org/image/573/ancient-egyptian-brewery-and-bakery/
https://www.worldhistory.org/image/4849/mesopotamian-beer-rations-tablet/

Important milestones in molecular biology

10000 BP
\) Beginning of domestication 1990s
A 1800/ 1900 Next Generation Sequencing
Introduction of mendelian laws 1970 2000s

1920-1930 Discovery of Tilling
Discovery of mutagenesis restriction e
enzymes ZFN
1953 TALEN
Discovery of 1982-1987 1998
Agro-mediated i
DNA structure agd RNAI 2012
1968 Biolistic CRISPR-Cas
Deciphering transformation
of genetic
Hybridization followed
by selection - classical
crop breeding programs

Plant breeders used mutagenesis
to increase mutation frequency

Development of recombinant
DNA technology and modern Biotechnology

Chromosome engineering and transgenesis Molecular marker breeding Genome
allow to transfer and introduce new genes Genomic Selection editing Era

Implementation of reverse-genetics



https://geneticliteracyproject.org/2021/09/24/biotechnology-timeline-humans-manipulating-genes-since-dawn-civilization/

The different colors in biotechnology

BIOTECHNOLOGY

Red
White
Green
Blue

Yellow

Grey
Gold
Brown

Violet
Dark

Medicine and human health

Industrial processes involving microorganisms

Processes improving agriculture

Marine biotechnology

Food and nutrition

Envirnomental biotechnology
Bioinformatics, computer science

Biotechnology of dessert and dry regions

Law, ethics, philosophy

Bioterrorism, biological warfare

DaSilva, E.. The Colours of Biotechnology: Science, Development and Humankind. Electronic Journal of Biotechnology,

North America, 724 07 2012
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https://steemit.com/steemstem/@jepper/all-the-colors-of-biotechnology

The basic tenet in industrial bioprocess engineering

e Genetic engineering e Bioprocessing e Downstream
e Activity screening e Enzymatic catalysis processing

Chemical & Bioanalytics

13


http://en.wikipedia.org/wiki/Image:Myoglobin.png

Typical products of white biotechnology
Commercial Stage
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Industrial Biotechnology: Past and Present." National Research Council. 2015. Industrialization of Biology: A Roadmap to
Accelerate the Advanced Manufacturing of Chemicals. Washington, DC: The National Academies Press. doi: 10.17226/19001.



Start-ups

+ Rapid prototyping
sCheaper, faster R&D
* Decreased risk and
increased feasibility

* Fosters innovation

s Accelerated R&D cycle

*Reduced skill level

= Advanced scope and
capabilities

Synthetic Biology: A new economic engine

Industry
* New products, new
markets
* Higher value
replacement products
= Cleaner, more efficient,
and cheaper platforms

Closing the loop: turm
consumers to developers
Higher gquality, more
sustainable products

Meet population demands in
health, food, environment,
and quality of life

Flores Bueso Y, Tangney M. 2017. Synthetic Biology in the Driving Seat of the
Bioeconomy. Trends in Biotechnology. 2017/05/01/;35:373-378.



Swiss biotechnology is innovative

Jan Lucht

scienceindustries | Head Biotechnology

The life sciences sector (pharmaceuticals, vitamins and diagnostics) represents the largest
export industry of Switzerland. In 2022, it accounted for 39% of total Swiss exports and
added a record CHF 109.6 billion (+0.6% over 2021) to the foreign export trade.

.

Expert

Christian Moser
Swiss Federal Institute of
Intellectual Property | Patent

David Rees

Swiss Federal Institute of
Intellectual Property |Patent
Expert

Inventors who are resident in Switzerland contribute disproportionately to the global biotech patent portfolio, in terms of
both quantity and quality. The claim that Swiss biotech inventions provide global solutions is justified by their high impact,
combining technological relevance with a broad coverage of global markets. Three out of four biotech patent applications
listing Swiss inventors are international inventions. This exceptionally high rate, which applies equally to private companies
and to public research institutions, illustrates the strong international collaboration network of Swiss-based inventors.

Average Competitive Impact™

.\\». _

Figure 4: Percentage of international biotech inventions and Competitive Impact™ for top 20 inventor countries (data for the reporting date December 31,

2022)

6.00 4 Invented in
Bubbl IN  CH CN Chi
ubbles represent DK ina
portfolio sizes . Usa USA
5.00 4 GB KR South Korea
NL o JP Japan
DE BE DE Germany
4.00 - CA i i
AU GB United Kingdom
Te FR France
FR CA Canada
3.00 4 N RU Russian Federation
ES CH Switzerland
TW Taiwan
2.00 - NL Netherlands
IT Italy
«IP IN India
1.00 . RU IL Israel
C N AU Australia
DK Denmark
0.00 N . N ' ; , ES Spai
. : 4 + + + t y ain
0% 10% 20% 40% 50% 60% 70% 80% P
BE Belgium
Percentage of international biotech inventions SE Sweden

Biotech patents 2022
192°802
96'502
33’922
32100
13721
8'836
8’599
6'735
5109
4'767
4’540
4444
3135
3'106
2'921
2'756
2'752
2'629
2'584
2’435

__\.

16



Biotechnology in Switzerland

Number of biotech companies in Switzerland 2013-2022
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https://www.swissbiotech.org/report/

Biotechnology in Switzerland

Number of Swiss Biotech Employees 2017-2019 Number of employees in Swiss R&D biotech companies 2020-2022
s N
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=> Good job opportunities for you!


https://www.swissbiotech.org/report/
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Distribution of biomass on earth

archaea molluscs nematodes
A FGc B 6zetc TOIGHC

4opods
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annelids
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viruses
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fish
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Graphical representation of the global biomass distribution by taxa. (A) Absolute biomasses of
different taxa are represented using a Voronoi diagram, with the area of each cell being proportional
to that taxa global biomass (the specific shape of each polygon carries no meaning)

(B) Absolute biomass of different animal taxa.

https://www.pnas.org/content/115/25/6506
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https://www.pnas.org/content/115/25/6506

Classifications of metabolically active cells

Energy source Electronsource Carbon source

Organic
Orannic (heterotroph) Chemoorganoheterotroph
(organotroph) Inorganic
Charicals / (autotroph} Chemoorganoautotroph
(chemotroph) \ Organic _
Inorganic < (heterotroph) Chemolithoheterotroph
(lithotroph) Inorganic Chemolithoautotroph
(autotroph)
Organic Photoorganoheterotroph
Organic (heterotroph)
(organotroph) Inorganic
Light f (autotroph) Photoorganoautotroph
(phototroph) \' Organic Photolithoheterotroph
Inorganic < (heterotroph)
(lithotroph) Inorganic Photolithoautotroph
(autotroph) y




Average composition of single cell

https://www.quora.com/What-is-the-difference-between-bacteria-cells-and-animal-plant-cells

S

Prokaryote

Y 1.

=Ll rough

YRRl

Bacterium

?’ nuclear envelops — —
(| " iclear pore — - _
e chiomatin (DNA} - . Cytoplasmic
nucleclus - ¥ \ Fluid
mierstisbules — 0 |
[eyicakebeion) \ Y 1|‘
Plage lum

Eagal body

ordoplasmic
etz i

Infermadiste = b= -fl; eytaplaam

fextoshabeion] . e
Lortraly '“ E apparatus
&n reagh ER polyiibozoma
Fyibscami
1
eECyi0alE of
imatenal lroe

Copyle ft o Heny Formman

Eukaryote
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Animal Cell

Animal cell image copyright @ 2011 Pearson Education, fnc.

S. cerevisiae Mammalian Cell

E. coli
% total weight Water 70
% dry weight DNA 3
RNA 20
Proteins 50-55
Lipids 7-9

References [15,34,35]

80 70
0.1-0.6 1
6-12 4
35-60 60
4-10 13
[36-40] [35]

doi:10.1371/journal.pone.0067590.t002
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https://www.quora.com/What-is-the-difference-between-bacteria-cells-and-animal-plant-cells

Translation efficiency: Prokaryotes vs. eukaryotes

Total coding sequence length (N*r)

0
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Analysis of regression of total
coding sequence length on the
number of genes in 81 prokaryotic
species and 19 eukaryotic species.

Genetic engineering of
prokaryotic species seems to
be easier.

Molecular Biology and Evolution, Volume 23, Issue 6, June 2006, Pages 1107-1108, https://doi.org/10.1093/molbev/msk019



https://doi.org/10.1093/molbev/msk019

Escherichia coli

Overall macromolecular composition of an average E. coli cell
in aerobic balanced growth at 37°C in glucose minimal
medium, with doubling time of 40 minutes and 1 pg cell wet
weight (=0.9 ym3 cell volume). Adapted with modifications from
F. C. Neidhardt et al., “Physiology of the bacterial cell’, Sinauer,
1990 (BNID 104954). Modifications included increasing cell dry
weight from 284 fg to 300 fg and total cell mass from 950 to
1000 fg as well as rounding other values to decrease the
number of significant digits such that values reflect expected
uncertainties ranges. Under different growth rates the volume
and mass per cell can change several fold. The relative
composition changes with growth rate but not as significantly.
For a given cell volume and growth rate, the uncertainty in most
properties is expected to be on the order of 10-30% standard
deviation. Original values refer to B/r strain, but to within the
uncertainty expected, the values reported here are considered
characteristic of most common E. coli strains. Data sources
can be found at BNID 111490. An independent source for slower
growth rates can be found at BNID 111460.

http://book.bionumbers.org/what-is-the-macromolecular-composition-of-the-cell/

percentage weight
macromolecule of total dry per cell
weight (fg)
protein 55 165
RNA 20 60
23S rRNA 32
16 S rRNA 16
5 S rRNA 1
transfer 9
messenger -2
DNA 3 9
lipid 9 27
lipopolysaccharide 3 9
peptidoglycan 3 9
glycogen 3 9
metabolites and
cofactors pool 3 ?
inorganic ions 1 3
total dry weight 100 300
water (70% of cell) 700
total cell weight 1000

characteristic
molecular
weight (Da)

3x10%

1x10°
5x10°
4x10%
2x10*
1x10°
3x10°
800
8000
(1000),,
1x10°8

number of
molecules
per cell

3,000,000

20,000
20,000
20,000
200,000
1,400

2
20,000,000
1,000,000

1

4,000

composition rules of thumb

« carbon atoms ~10'?

« 1 molecule per cell gives ~1 nM conc.
« ATP required to build and maintain

cell over a cell cycle ~10'°

» glucose molecules needed per cell

cycle ~3x10° (2/3 of carbons used
for biomass and 1/3 used for ATP)
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http://bionumbers.hms.harvard.edu/bionumber.aspx?&id=111490
http://bionumbers.hms.harvard.edu/bionumber.aspx?&id=111460
http://book.bionumbers.org/what-is-the-macromolecular-composition-of-the-cell/

Physiological function of nutrients

Incorporated into biomass

carbon sources

organic compound CO,

inorganic nutrients

Not incorporated into biomass

oxidised (injorganic
electron donor

electron acceptor 01/ [ wasle products
electron acceptor (red)

|
I oxidised (injorganic
I ===%  glectron donor

«——— NADPH = ey /
ATP e

Precursors .T co,
|— =t

biomass

Simplified sketch of the physiological function of nutrients for the growth of microorganisms.

l i light
I i energy saurges

reduced organic or inorganic
electron donor
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Catabolism

Energy
source

ATP
synthesis

Anabolism

Carbon
source

Photo- Chemo- Electro-
Organo- Litho-
Organic
carbon i NH,—NO, —NO,~

Organic
carbon

Phosphorylation
associated with chemiosmosis
- Oxidative phosphorylation
- Electron transport phosphorylation
- lon gradient-driven phosphorylation

H* H* Q

6060

K_X”

Substrate-level phosphorylation

Q.0

C

%—O—o C:::O

aop+ () AtP CH,

Biomass

A

Inorganic carbon fixation pathway

- Calvin cycle

- Reductive citric acid cycle

- Reductive acetyl-coenzyme A pathway

- 3-Hydroxypropionate bicycle

- Hydroxypropionate-hydroxybutyrate cycle
- Dicarboxylate-hydroxybutyrate cycle

V4

Auto-
CO,, HCO,~, GO~

Hetero-
Organic carbon

The Yin and Yang of metabolism

Dissimilation: The oxidation of a reduced
(in)organic compound to provide
energy for biosynthesis and cell
maintenance.

Assimilation: The incorporation of a
compound into biomass.

Seto M, Iwasa Y. How Thermodynamics Illuminates Population Interactions in
Microbial Communities. Frontiers in Ecology and Evolution. 2020;8.



A few definitions

Metabolism: Transformation of substances in the cell to gain
precursors for cell components and energy.

Catabolism: Breakdown of nutrients into smaller fragments
(ev. energy gain).

Amphibolism: Intermediary metabolism (synthesis of organic
acids and phosphate esters = building blocks);
anaplerotic sequences when no transfer from
catab. to anab. is possible.

Anabolism: Synthetic metabolism (synthesis of polymers
from building blocks).

Metabolism = (Catabolism + Amphibolism) + Anabolism




The amphibolism has 13

key compounds

Vitamins and Cofactors

Folates
Coenzyme A
Adenosylcobalamin : " - i A
Nicotinamide coenzymes Purine Nucisotides Pyrimidine Nucleotides
\ Phosphoribosy! i
Pyrophosphate
Histidine & N Tryptophan
2-keto

3-deoxyoctonate

Sugar ;
Nucleotides =+ Glu-1-F

ke Heptose
in LPS

Nicotinamide
Coenzymes

F-6-P
Glyceraldehyde-3-P

Fructc£e1 6-P \ r
-

Glyceraldehyde-3-P

Phospholipids -+— Glycerol-3-P

1,3 Di glycerol-P Aromatic Family

Tyrosine
Tryptophan Serine Family «—————— (3 Phenylalanine
Ethanolamine | -=— Serine — Chorismate Tryptophan
1-C Units Glycine
v . Cysteine
SESERREET W ¢, Vitamins and Cofactors
Aspartate Family -«——— ((Oxaloz ) ._L UbiqUiﬂéne
Pyrimidine Aspartate i Menaquinone
nucleotides Asparagine \ Folates
Threonine Citrate

Nicotinamide , Méthionine '( —— Pyruvate Family
Coenzymes Isoleucine !

i Isocitrate
Spermidine

Alanine

& Valine

? - : Leucine
K FRYRT R Isoleucine
Glutamate Family -~ S e
Heme - —

-«—— Glutamate T e
derivatives Glutamine (\ Lactats
Polyamines -«—— Arginine Ethanol
Proline

Fatty Acids Murein Acetate  Leucine

Fig. 1-11. Biosynthetic pathways leading to the amino acids and related compounds. The

oblong-circled intermediates are the 13 key compounds that serve as biosynthetic precursors for
a variety of essential end products.

A. G. Moat, J.W. Foster, M.P. Spector, 2002

. Microbial Physiology ISBN 0-471-39483-1
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Metabolism in aerobic cells

KATABOLISMUS

Hexosen

ANABOLISMUS

Monomere Polymere
(Bausteine) (Makromolekdiile)
Aminosauren Proteine

Zucker @ Polysaccharide
Nucleotide Polynucleotide

(1 Fructose-16-bisphosphat-Weg
@ Pentosephosphat -Weg

@ 2- Keto-3-desoxy-6-phosphogluconat -Weg
@ Tricarbonsaure - Cyclus

® Atmungskette

@ Substratphosphorylierung

@ Atmungskettenphosphorylierung

Monomeren -Synthese

© Polymeren -Synthese

Glycolysis
PP pathway
Entner-Doudoroff

Krebs Cycle
Respiratory chain

Substrate chain phosph.

Respiratory chain phosph.

Schlegel, 7. Uberarbeitete Auflage

29



Fructose-1,6-bisphosphate pathway
(Embden-Meyerhof-Parnas pathway, Glycolysis)

0 pm9| e
ucose
Hexokinase lsufna-'-w 58 Phasphvfrwtokmaw
CH.OH CHEDFDE CH?OF'OS
CH DH
H aG =40 O\H aﬁ =404 &G
4
OH OH aATP ADP ‘-"-‘H ATP ADP
H OH OH H
Glucose Glucose 6-phosphate Fructose 6-phosphate Fructose 1,6-bisphosphate
(4]
Aldolase
° o o (6] AG" =457
: ﬂ ' ﬁ g Glyt:rflde: +1I:huﬁ- H : B 1 2
(|3 o~ Phuspmglycammulasa? Or F'rwspl'kn?.?;];:amta (IZ—DPC} phata da oo 4?-0 Tno:ammm ECHEGP%
HGDPD -Il——:r HCOH HCOH :  “HCOH - C=0
I AG" =+1.1 I - "1 = AG"=+18 3|
CH,OH CH20F03 AE: HEPE CH.OPO, P NADH MNAD GHE.GPDE CH,OH
Ll 18
2-Phaspho- 3-Phospho- 1,3-Bisphospho- W+ Glyceraidehyde Dihydroxyacetone
glycerate glycerate glycerate 3-phosphate phosphate
Carrier of 2 elawﬂa-/
i
0 o 0
= Pyruvate kinase |l 7
9 g 26"=-15 §7°
?-G-Pﬂa Ll':-O
CHy ADP ATP C
Phosphoenclpyruvate Pyruvate

Glucose + 2NAD* + 2ADP + 2P, —>2Pyruvate + 2NADH + 2ATP
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Entner-Doudoroff pathway in many Pseudomonads

CHO Atp  app CHO NAD  NADH  oo° H,0 coo”
H—Q—OH H- c OH H-C- OH G=0
HO-C-H o c H HO-C-H H-C-H
H=C-0H H-C~OH H-C-OH H=C-OH
H=-C-OH H- c: OH H-C-OH 3 H=C-OH
Glﬁgég'; GHgOPDgH CH,0PO; CH,0PO;H
Glucose-6-P 6-Phosphogluconate KDPG
i
0, OPOH |
), OPOsH NAD O
o NADH “cH b 4
A P I
H-C-OH o H-C-OH e C=0
CH,0PO; CH,OPO3H CH,
1,3 DPGA GAP Pyruvate
ADP
}/‘\’ ATP j
ATP o
coo® oo "2 "g00® o
H_¢_OH — H- c oPO,H” C-OPOsH
CH,0P0,T CH0H CHa
3 PGA 2PGA PEP

(1) Hexokinase; (2) glucose-6-phosphate dehydrogenase; (3) phosphogluconate
dehydrase; (4) 2-keto-3-deoxy-6-phosphogluconate aldolase.

Glucose + 2NAD* + 1ADP + 1P, —>2Pyruvate + 2NADH + 1ATP



EMP (glycolysis) vs. ED pathways

Emb-den-Meyarhof Entner-Doudoroff
(Glyeolysis)
Glucosa AT Glucose A
AP | e
Glul;.-l:l[.a-ﬁ-F‘ Glucpsa-6-F NADP
ATF and bala Fruclose-5-P i 6-P-Gluconic Acid
-2 ATP (consumed) le ADP
+4 ATP (produced) Fructose-1 G.di-P KDPA
=+2 ATP | G
P
+2 NADH (produced) DHAP +—sGlycoraldehyde-3-P, Glycaraldehyde-3P |, -
=+2 NADH
b 1,3-di-P-Glyceric Aci 1,3-di-P-Glyceric Acid
@ I Sanp ADP
ﬂ:[rs-
(2} 3-P-Glyceric Acid 3P-Glyceric Acid
2X (2) 2-P-Glyceric Acid 2pGlycericAcid  1X
(2IPEP____ sppp F'E": . ADP
2] Pyruvate Pyruvate
Glucose + 2ZNAD* + ZADF + 2P,

-

=3 ?Pyruvate + 2MADH + 2ATP

ATF and HADH bal ances:

-1 ATP [ comsumed)
+2 ATP (produced)
=+1 ATP

+2 «NADH= {produced)
= +2 NADH

Glucose + 2ZNAD* + 1ADF + 1P,
—3 2Pyruvate + 2NADH + 1ATP 68



Pentose-phosphate pathway

gho e oo 3ol
HC-OH st HE=0H MG-OH 3 GAGIRIED  con
Ho-cH  3NADIED " 3 Ho-t 0 30 ho-on 3 QNADIED =0
3 ni-on H‘}"ﬂH ——e 3 He—on =/ 3H$-DH
H#-DH He HE~0H @ HE—OH
CH -0~ e, =0~ 1=0-(@ CHy—0~@
Glucose-6-- 8-Phospho- 8-Phaspho- Ribulose-5-
phosphate gluconolactone gluconate phosphate
s »
Transaidolase and Pantasaphosphate lsormerase- ;
H transketolase reactions 'tand apfnpigmmamions
! Ribose-5-F @ Ribulose-5-P Xylulose-5-P
Cs C; Cs
Xyilulose-5-P Fructose-6-P
= TA
wl,. Cs Cs
Ribose~5-pP Cr Ca Fructose-6-P
T
Cs Ca
Xylulose-5-pP Glycerinaldehyde-3-P

Glucose + 1ATP + 6NADP* —> Glyceraldehyde 3-P + ADP + 6NADPH + 3CO,

Fig. 7.4. The pentose-phosphate pathway for the oxidative catabolism of

glucose-G-phosphate.

The oxidative steps culminate in the
formation of ribulose-5-phosphate.
The rihuluse—ﬁ-i\: hate exists In
an enzyme-catalysed equilibrium
with ribose-5-phosphate and
xylulose-3-phosphate. The pentose-
phosphates are converted to two
[ructose-phosphates and one
glyceraldehyde-phosphate by the
actions ol transketolase and
trangaldolase, These reactions are
completely reversible; in the reverse

direction, they participate in the
ribulose-monophosphate cyele of

 formaldehyde fixation and in the
" ribulose-bisphosphate cyele of carbon

dioxide fixation, as well as in other
cyclical processes, The enzymes
involved are: (1) glucose-6-phosphate
dehydrogenase; (2) lactonase;

(3) &-phosphogluconate dehydro-
genase; (4) phosphoribose isomerase;
(5) ribulose-5-phosphate-3-epimerase;
TK, transketolase; TA, transaldolase.
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EMP vs. ED vs. PP pathways

-2ZATF +4 ATF =+ 2 ATP
+ 2 NADH

EMP
Pathway

Dibydroxy-
acetone-P

EMP: 2x
ED: 1x

Ng CY, Farasat |, Maranas CD, Salis HM. Rational design of a synthetic Entner-Doudoroff pathway for

e

Glucose
-1 ATF+2ATF
PEP ST
BT manafik + 1 HADPH + 1 HADH
PYR AP

*

alri] 8 (- ]
g Glucose-6-P «—_ _ﬁ@ ED
[Zm-rw | Pathway

Fryctose-6-P

g AIE fho
A 1 oo
Fructose-1,6-P

¥
flc

Glycerate-1,3-F

3-P-Glycerate

oV

I (palrl

Phosphoenolpyruvate

I::::': I P A

Pyruvate «——

.\-L.___‘-‘_ Glyceraldehyde-3-P +——  1-Keto-3-deoxy-

vy

B-P-Gluconolactone
| Gz

&-P-Gluconate

| =]

6-P-gluconate

Pentose

Phosphate oy
Pathway

MNADH + NADPH

+
P rar:| H+'Ju' FrirdH
H

NADPH + NAD*

hittp:lidx. doi.org/10. 101 64.ymben.2015.03.001

improved and controllable NADPH regeneration. Metabolic Engineering. 2015;29:86-96.

=+ 1ATP

Table 7.3. The participation of different pathways in the catabolism of
EMP

hexose (%) PP ED
Fructose-1,6-  Pentose- 2-keto-3-deoxy-6-
bisphosphate  phosphate phosphogluconate

Specics pathway (%)  pathway (%)  pathway (%)

Centelicla utifis T0-80 30-20

Streptompyees griseus 97 3

Penicillivm chrysogenum 17 23

Escherichia coli 72 28

Baciffus subiilis 74 26

Preudomonas aeruginosa 29 71

Gluconobacter axydans 100

Pseudomonas

saccharophila 100
Atcaligenes eutrophus 100
==




Oxidative phosphorylation
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https://www.khanacademy.org/science/biology/cellular-respiration-and-
fermentation/pyruvate-oxidation-and-the-citric-acid-cycle/a/pyruvate-
oxidation
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Krebs cycle

Acetyl-CoA @
c") Condensation

(Citric acid cycle) TN
/E?LQ CHa—C00"

_ synthase
o=cI —C00 y HO—¢—C00"

CH>—C00"~ CH2—CO00" pehydration

Dehydrogenation
Oxaloacetate Citrate
malate Citricac ld aconitase H20
- dehydro-
R0 uinse cycle )
HO—CH CH ,—CO00
Malate %Hz G—C00" | cis-Aconitate
@ coo- ‘IZ—COO' s
— 2
Hydration || fumarase HTE H .
Hﬁmi aconitase @
Hz0 =1 Hydration
?00' CH,—C00"
Fumarate CH H—C—C00" <
I Isocitrate
HCI HO —Cl—H
. isocitrate
coo” Zu':':ate dehydrogenase/ COO° @
@ ehydrogenase Oxidative
0 - a-ketoglutarate decarboxylation
Dehydrogenation Cle—COO dehydrogenase o

succinyl-CoA

complex CH,—COO™
(|:H2 synthetase = | =
o oo~ CH,—CO00"~ THZ
Succinate I ieo
CoA-SH CIHz I a-Ketoglutarate
GDP €—S-CoA co coo”
G W (AD"lg i @
P, s 2 e
Substrate-level T sucdinglCon Oxidative
phosphorylation decarboxylation

Figure 16-7
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H. Freeman and Company

Acetyl-CoA + 3NAD* + FAD + GDP(ADP)—>2CO, + coenzyme A + 3NADH + FADH* + GTP(ATP)
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Oxidative and substrate-level phosphorylation

H+
Electron Acceptor
(eg. Op; Nitrate) -

Generate
Proton Motive
Force

OXIDATIVE
PHOSPHORYLATION

ﬁ:Hg SUSTRATE-LEVEL
C—O~e PHOSPHORYLATION

Phosphoenol pyruvate

Fig. 1-12. Reactions essential to energy production. Oxidative phosphorylation. The energy
that comprises the proton motive force can be harnessed and used to generate ATP when protons
from outside the cell pass through the membrane-associated proton-translocating ATPase. The
energy released will run the ATPase in reverse. It is estimated that passage of three H™ through
the ATPase is required to generate one ATP. Substrate-level phosphorylation. Energy contained
within high-energy phosphate bonds of certain glycolytic intermediates can be transferred to
ADP, forming ATP. The example shows phosphoenolpyruvate.
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Environmental pH is important

2H* 2H* 2H*

Fig. 7.8. The respiratory chain and electron-transport phosphorylation in
and at the cytoplasmic membrane of protocytes and the inner membrane of
mitochondria.

(a) NADH, oxidation and proton surfaces; (c) regeneration of ATP as
extrusion; (b) electrochemical a consequence of the backflow of
gradient between inner and outer protons.

AV7
Ap:%:A‘P—Z*ApH

Both the pH gradient and the electrical membrane
potential gradient exert a pull in the direction of the
cell interior on the extruded protons = proton motive
force Ap.

AY : Electrical membrane potential

Z=2.3 RT/F (59mV at 25°C)

The proton potential can be based entirely on the H
difference or on the membrane potential or on both.

Organic

substrates
{sugar, acids

aromatic
compounds
and others)

'in'bri;;hlé
substrates
(sof H!rh CO};

supply
reducing
power (H)

NO3’

=]
i {304-

'**(

CO,, HCOy-

_C [CH,]
CO,, HCO4-

| (s

Fumarate

Fe3+

Aerobic respiration

.{

Representative species

Oxygen repiration Pseudomonas aeruginos
All strict or facultative Escherichia coli
aerobic organisms in

the presence of oxygen

Anaerobic respiration

e "C Nitrate respiration Paracoccus denitrificans

Pseudomonas stutzeri
aerobic and facultative
anaerobic bacteria

Sulphate respiration  Desulfovibrio desulfurican
Desulfotomaculum rumini

obligate anaerobic Desulfonema limicola
bacteria

Sulphur respiration
famﬂmgve aFr)wd Desulfuromonas acetoxids
obligate anaerobic Pyrodictium occultum |
bacteria

Carbonate respiration  Acetobacterium woodii |
: : Clostridium aceticum
Acetogenic bacteria

Carbonate respiration Methanobacterium
thermoautotrophicum
Methanogenic bacteria Methanosarcina barkeri |

Fumarate respiration  Wolinella succinogenes
Escherichia coli :

Succinogenic bacteria

Iron respiration Alteromonas putrefaciens’

Fig. 9.1. Processes that yield energy by electron transport phosphorylation
under aerobic and anaerobic conditions.

(Also called aerobic and anaerobic
respiration.)
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Combined energy gain

Elegtron fransport and Glyeolysis Ene ield
axidative phasphoryviation and TCA cycle a;g iTF:

MADH + H* Gluoose (Cg)
28TP 2ADP
Suceinate L FP J
ADP+P, —l—» ATP 2Trinse-P (2C4)
Coenzyme Q EP,—== = 2(2H) 2{2H) 6 ATP
ADP+P, —1—» ATF ) Met by substrate
onb 4ADP > 4ATP level phos- } 2 ATP
phorylation
ZPyruvate (2C4)
Cyt o
2C0=——= 2(2H) 2(2H} & ATP
Cyta i
Y& Y +HOoA
2Acelyl-CoA (2C;) =— 2Acelate
Cytd

2H + 0.50, H,0 + 3ATP
2H + O + GF; + 3ADP —= H,0 + 3ATP

2C, OAA > 2C, Citrate
2(2H) _._]\ ACCOA B(2H) 24 ATP
2C Malate === 2Glyoxylate 2C; Isozitrate
2(2H)
20, Fumarate 2C Oxalozucoinate

2[2H}-—| F—2co,

20, Succinate 2C a-Ketoglutarate
) Py

2(2H) 200, 12{2H) 36 ATP
Substrate 2 ATP

Fig. 9-9. Theoretical energy vield as ATP from glycolysis and the TCA cyele. The calen-
lations shown here assume that each pair of hydrogen atoms (2H) rel=ased from the subsimate
yields 3 ATP. The reaction shown as ADP + P, — ATP represents the action of ATP synthase.
‘Two turns of the TCA cycle are required o completely oxidize the 2 acetyl-CoA derived from
glucose. Each 2H generated by the system yields 1 moleculs of water (2H + 0.50; — Hy Q).
Orverall reaction: CyHpOg 4+ 38F + 38ADP + 607 — 600 + 6H:0 + 3BATF. Toial ATP from
TCA cyele: 12(2H) + 60; -+ 36F, = 6H:0 + I6ATE,

cytoplasm O glucose
1 i
2 : TP
fm:’ﬁ glycolysis {_ Z,
energy input to e +H* ,
start reactions > (2 ATP net)
2 NADH thfl vate
mitochondrion &+ H
. 2NADH
[ -l :|';.‘:". . E* H+
GV ' BNADH ., 1y
c
i ELECTRON
TRANSPORT
PHOSPHORYLATION
1'; 0 H'?-—- water
e + oxygen

—
TYPICAL ENERGY YIELD: 36 ATP

P/O ratios:

NADPH + 3ADP + 3P, + 0.50,, ->
NADP* + 3ATP + H,0

NADH + 3ADP + 3P, + 0.50, ->
NAD* + 3ATP + H,0O

FADH + 2ADP + 2P, + 0.50, ->
FAD* + 2ATP + H,O
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Consumption of glucose under aerobic and anaerobic growth conditions

Glycolysis Glucose
(anaerobic) i

2 ATP

/ Pyruvic acid
Oxygen \ No oxygen

Fermentation

present? (anaerobic)
Krebs cycle

36 ATP
Oxidative

phosphorylation

2\

Lactic acid  Ethanol
(animals) (yeast)

Aerobic
respiration

Anaerobic respiration is a normal part of cellular
respiration. Glycolysis, which is the first step in all

types of cellular respiration is anaerobic and does
not require oxygen.

If oxygen is present, the pathway will continue on
to the Krebs cycle and oxidative phosphorylation.

However, if oxygen is not present, some organisms

can undergo fermentation to continually produce
ATP.
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Anaerobic growth of Escherichia coli (flux model)

Glucose

100

6PG <1.8>

GOPDH 1.4
Glk 0.7 GGPDHO? |

[Pgios | (g: NADP

NADPH

Rlbulose 5-P

GAP =

NAD
(T8
G-\PDHIZ
Pkl} ‘33 7
=NADP

[ f=====4s [ PEP <0.3> |

i — Lactate
TR (7166
4 o /: pYK13 170/ NADP

i
{ . !
NADP p =2 ]
o § I !
NADPH 1 = = | 5 \:l 7
| : -
vest | | =
i (12 )
o DAA <3.0> iy Formate
p==NADE B o NADH
NAD- T NADP
Mez 7.9 ( i
NAD _ NAD NADH
Malate
Fum 1.4 FADH. NADH
(3 ko
: FAD NADP
e Acctate
Succinate Glutamate

Anaerobic metabolism of glucose in E. coli.
The value beside the intracellular metabolite
and the enzyme in grey box is the relative
value for IdhA mutant compared to the parent
strain. The oval box represents the flux data:
upper value, parent strain; lower value, [dhA
mutant. The cross represents knockout of /dhA
gene. Thick line, upregulation; dotted line,
downregulation.

Kabir MM, Ho PY, Shimizu K. Effect of [dhA gene deletion on the metabolism of Escherichia coli based on 42
gene expression, enzyme activities, intracellular metabolite concentrations, and metabolic flux
distribution. Biochemical Engineering Journal. 2005;26(1):1-11.



Anaerobic growth of engineered Escherichi? coli
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‘—— indicates biomass formation flux. The fluxes through each duplicate experiments). The arrow indicates the sampling time for RT-
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LAC, lactate; GLC, glucose; G6P, glucose-6-phosphate; GAP, metabolites.

glyceraldehydes-3-phosphate; PEP, phosphoenol pyruvate;

ACCOA, acetyI-CoA; ETH, ethanol; SUC, succinate; OAA, Kabir MM, Ho PY, Shimizu K. Effect of [dhA gene deletion on the metabolism of Escherichia coli based on

gene expression, enzyme activities, intracellular metabolite concentrations, and metabolic flux
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The capacity of bacteria for biosynthesis

TABLE 5.2 The Biosynthetic Capabilities of a Bacterial Cell*

Number of
molecules Percent
Number of of ATP  of total
Percent Approximate Number of molecules required to synthetic

Chemical of dry  molecular molecules synthesized synthesize energy

component  weight weight per cell  per second per second required
DNA 5 2,000,000,000 1 0.00083 60,000 2.5
RNA 10 1,000,000 15,000 12.5 75,000 3.1
Protein 70 60,000 1,700,000 1,400 2,120,000  88.0
Lipids 10 1,000 15,000,000 12,500 87,500 3.7
Polysaccharides 5 200,000 39,000 32.5 65,000 2.7

s Reprinted with permission from Lehninger (1971). Escherichia coli is about 1 X 1 X 3 pm in size; it
has a volume of 2.25 um?, a total weight of 10 X 1013 g, and a dry weight of 2.5 X 1071 g. The rates
of biosynthesis were averaged over a 20 minute cell division cycle.
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Gluconeogenesis

(2) Pyruvate
(2) HCO, + —_“"“\ pyruvate carboxylase

(2) Oxaloacetate
D PEP carboxykinase
7

(2) €O, + (2) GDP

(2) PEP

(2) 3-Phosphoglycerate

phosphoglycerate kinase

(2) ADP -
(2) 1,3-Bisphosphoglycerate

I NADH +H’
" NAD’
Fructose-1,6-bisphosphate
P fructose-1,6-bisphosphatase

Fructose-6-phosphate

Glucose-6-phosphate

P. ‘% glucose-6-phosphatase

Glucose
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Fatty acid degradation and fatty acid de
novo synthesis
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Questions

Why do different growth pathways exist?

Where do we obtain informations on metabolic
pathways?

What is the meaning of 5.3.1.9? (see kegQ)
What are anapleurotic sequences?
Can the cell control the cellular flux of metabolites?



Energy (ATP) is required for anabolism but also for
cell maintenance

The cell needs maintenance
energy for various activities:

« Transformation of cellular
materials (recycling)

 Activation of enzymatic
reactions (phosphorylation)

* Maintenance of an
electrochemical gradient
between inside and outside of
the cell

* Cell movement: World record
ownsVibrio cholerae: 12 mm
min-' (ca. 50x body length/sec)

Escherichia coli



The energy charge

The energy unit in biochemistry: Adenosin triphosphate (ATP)

| | I
AP P P

HO” | 0 | "0 |
ONa ONa ONa

NH

H)x |‘~.I>

ATP —— ADP +P, °o 0 0 Hf[u
—1 .0

ATP-utilizing
pathway ~—~_

Relative rate —

AG =-30.6 kJ
I |
HO HO 0 0.25 0.50 0.75 1
Energy charge
The energy Charge: [A TP] + OS[ADP] High energy charge regulates metabolism.

High conc. of ATP inhibit the relative rates of a typical ATP-generating

[A TP] + [ADP] + [AMP] (catabolic) pathway and stimulate the typical ATP-utilizing (anabolic)

pathway (The energy charge, like the pH of a cell, is ‘buffered’).

E. coli has an energy charge of 0.8 during exp. growth phase that slowly decreases to 0.5
during stationary growth phase. The cells die when the value is <0.5.



Nicotinamide adenine dinucleotide
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Nicotinamide adenine dinucleotide, abbreviated
NAD?*, is a coenzyme found in all living cells.
The compound is a dinucleotide, since it
consists of two nucleotides joined through their
phosphate groups. One nucleotide contains an
adenine base and the other nicotinamide.
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Pattern of lipid accumulation in the oleaginous yeast, Lipomyces starkeyi, during transition from carbon-limited growth to nitrogen-limited
growth. The yeast was in steady-state continuous culture growing at a constant rate of 0.06 h™1; at zero time the medium was switched and
effectively all residual NH,* was consumed in about 3—4 h; the biomass began to increase immediately from time zero but lipid
accumulation did not commence until after 8 h (A) during which time the AMP concentration had dropped by 80% (B) and citrate had
begun to accumulate (C). (A) Biomass (A), lipid content of cells (0), concentration of NH,* (m) and glucose (A ) in medium; (B) intracellular
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Flavin adenine dinucleotide (FAD)
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Questions

What is essential for growth?

What's the difference between a living and a dead cell?
How can we determine whether a cell is still alive?
What means VBNC?

Can we cultivate all cells in a bioreactor?



3. Preservation
of cells

ipublic/conteff]
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Importance of maintaining and
preservation of microorganisms

* There have been done significant efforts for isolating strains that
are performing special tasks (e.g. overexpression of enzymes) and
have been adapted to particular growth conditions.

* Animportant goal is to preserve such strains for scientific but
also for industrial applications. The strains have to be pure and
should keep their properties (reduction of mutation).

* Large strain collections have been established in industry and by
academic and governmental organizations.
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Choice of method of preservation

There are different methods for the conservation of microorganisms having
advantages and disadvantages. All the characteristics have to be compared and
carefully evaluated.

The key characteristics that have to be considered:
* Conservation of viability
* Modification of characteristical properties
* Genetical stability
e Purity: only one strain! (= axenic culture)
* Costs
* Number of strains to be preserved
* Value of strains to be conserved
* Distribution and transportation of cultures
* Frequency of utilization of strain



Clear statements on preservation

Take home messages:
1. There is no optimal preservation for all characteristics.

2. Each method is a compromise of costs, labour intensity and
preservation stability.

3. Each microorganism behaves differently.

4. The optimal method has to be found by trial and error or on
base of literature study.
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Methods for conservation (1)

It is recommended to store a valuable strains using more than 3
different methods.

It is recommended to do test cultivations in order to assess the
fitness of the strains after conservation. Suitable methods are spread
plating and liquid cultures.

There are 4 fundamental techniques used to conserve cells:

1. Subculturing/ transfer of cultures (e.g. kefir)
2. Drying
3. Lyophylization

4. Freezing
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Methods of conservation (2)

1. Subculturing

Regular transfer of cells on a fresh medium. The frequency of subculturing
depends on the stability of the cells. A survival rate of 10% is acceptable if
cells can be grown on liquid or solid medium.

2. Drying of cells

Cultures are usually dried at ambient temperatures in the vacuum.
Frequently a matrix component is added, e.g. silicon or plastic beads for
quicker drying and also an emulsifier, e.g. skim milk. The conservation is
usually performed in glass vials in a desiccator at low temperature (4°C).
The glass vials can be heat sealed.

This method is particular suitable for fungi.
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Methods of conservation (3)

3. Lyophilisation

The cells in a culture are concentrated, mixed with a protecting agent, e.g.
glycerol, BSA for the avoidance of too quick drying. Drying is perforemd in
a vacuum chamber (lyophiliser) with cooling coil. The samples are kept at
low temperature in the beginning (-20° to -160°C).

About 95% of water can be eliminitated after 4 -6 hours.
Subsequently the vials are closed and frequently stored under
nitrogen atmosphere or another inert gas.

This technique is most popular and is suitable for a long-time
storage of cells. Most of the cells of culture collections are
conserved by such a procedure.
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Methods of conservation (4)

A large number of parameters influence the survivability of cells after
lyophilization :

e Age of inoculum: The cells are surviving better when they are treated in
the late exponential/early stationnary state.

e The medium for culturing the cells : In general a defined medium is
better than a rich medium because of oxidation stability.

* The culture medium can help to increase the protection of cells: glucose-
serum, « lait écrémé », saccharose, etc.).

* The period of drying and the level of drying: It is generally accepted that
about 1% of relative humidity is helping to increase the survivability.

e The medium for rehydration : A medium rather diluted appears to be
favourable for bringing the cells back to life.

e Intrinsic factors: e.g. about 75% of all tested yeasts strains of S. cerevisiae
have a survivability of only 5% . However, there are strains that have a
survivability of more than 95%.



Method of conservation (5)

. Frozen stocks

Conservation of microorganisms at temperatures between -20° and
-196°C-> simplest method.

Before freezeing the cells, protective agents have to be added:

— The cryoprotecting agents are in most cases glycerol and DMSO,
or a mix of glycerol-DMSOQO. It has been described that also a
solution containing proteins, skim milk, or BSA (bovine serum
albumin) help to increase the survivability.

For thawing the cells, it is best to thaw them quickly at the
temperature of normal growth (<40°C).
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Method of conservation(6)

Investment and efficiency of different methods

Costs 1 Costs of Survivability Genetical
Method (material/ personnel stability
apparatus)

Periodical transfer of low high A fewdaysuptol low
cultures year
Paraffine coverage low medium 0.5-10vyears low
Drying with silica gel low medium 1- 5 years good?
Lyophilization high medium 5-30 years good?

Conservation by freezing
(frozen stocks):

at -20°C medium low 0.5-5years variable
at - 80°C high low 5 years good
at -196°C high low unlimited very good

1) For maintenance of a medium sized culture collection and over a prolonged conservation period.
2) Atoo strong removal of water can dammage DNA.
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Improvement of productivity

The optimization of a bioprocess can be improved at three levels:

- improvement of the fermentation (e.g. preculture, feeding
strategy)

- medium optimization
- strain development

Engineering
This approach includes:

1. improvement of functionality of bioreactors for a maximal
productivity. One has to assess the influence of pH, temperature,
the transfer of biomass, the cell concentration, the morphology of
the cells, the osmotic pressure, the rheology, etc.

2. the design of a bioreactor for a maximum productivity.
3. extraction and purification of a product (downstream processing)
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Improvement of the productivity

Composition of the growth medium

The medium composition plays a crucial role for an optimal production.
The statistical approach (design of experiments) helps to determine the
most significant parameters for cultivation in a most efficient way.

Improvement of cells

There is a possibility to increase the productivity by genetical
engineering. The objectives are:

- Increase of the product yield
- The maintenance of the yield

Techniques: - Selection
- Selection followed by a mutation: sequential mutagenesis
- Genetical engineering: directed evolution
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4. Batch culture




Requirements for successful batch cultures

Checklist for a successful
batch cultivation:

oL~

Viable inoculum (still growing preculture)

Energy source

Nutrients for biomass synthesis

Abscence of inhibitors which prevent rapid growth
Suitable physicochemical conditions
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Microbial growth

Growth = increase in # of cells
(by binary fission)
generation time: 10 min — days

or
Growth = increase in dry biomass

Growth
\

v

Time

DNA
replication

y Cell
elongation

@ Septum formation

Completion of
y septum with
formation of
distinct walls

YT
(awn) uonesauab |

v
ﬁ w Cell separatiny
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Growth phases in a batch culture

Specific growth rate

“AiBi C /|D| E iFiGi |

Lag phase
Accelerating growth
Exponential growth
Phase of growth
deceleration

. Stationary phase

| Lo Phase of accelerated
' Non-limiting nutrient decay

(W12 S P SR A G. Exponential death
P ' phase

OCOow>

mom

Concentration, Ln(x)

Limiting hutrient |

Time
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Mathematical expression of Monod’s modell

1st equation of Monod:

ax_
it~

2nd equation of Monod:

_ S
ILl_lleaX S_|_KS

3rd equation of Monod:

I'x
YX/S -

-Is

The speed of growth is proportional
to the concentration of the biomass.

The specific growth rate depends only
on the concentration of the limiting
substrate according to the Michaelis-
Menten kinetics.

The yield coefficient is constant
under exponential growth
conditions.
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Typical phases of a batch culture in the lab

log X | nutrient excess, | kinetic stoicheiometric
unrestricted growth limitation limitation
conc. of
nutrient S ;

: =0

- -
IS 5
fe*™ u=1(s) ?
i S, limits X
#= i ‘F i x:xﬂ-f*SDYm
l"‘"
i s controls i
o+
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The start of a batch culture in the lab

log X

conc. of
nutrient 8

|

nutrient excess,
unrestricted growth

S controls u

stoicheiometric
limitation

S, limits X
X=X,+5,Yys

time — n

« A good start of a batch culture is important!

« Lagtime is influenced by:

Quiality of preculture (still growing, density)

Medium composition of preculture (change from complex to
minimal medium)

Growth state of preculture (still growing?)

Concentration of medium components (toxic concentration of
substrates and inhibiting products in preculture)

Oxygen limitation

« Lag time can be determined graphically and mathematically

* Inoculum amount: Ideally 1-2% of batch culture but less than 10%

 lIdeal start concentration of a batch culture: OD(600nm) = ca. 0.1
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The exponential phase of a batch culture

log X

conc. of
nutrient 8

|

nutrient excess,
unrestricted growth

S controls u

stoicheiometric
limitation

S, limits X
X=X,+5,Yys

time —

The exponential growth phase is an autocatalytic process (no
change of growth rate when cells are «unrestricted» in growth)

During exponential growth phase:

Growth rate p is maximal (= y,,,,) and is constant
Specific uptake rate g, is maximal and constant
Biomass yield Yy g is constant

Average biomass composition is constant
Specific CO, production rate q¢q, is constant

Average cell size is largest compared to all other growth phases.

Duration of exp. growth phase can be controlled by inoculum
concentration and available nutrient concentrations.

|dentification of exponential growth phase by linear regression:

In(x) = In(xy) + p*At
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Describing exponential growth based on biomass

dX oy
ac 16—
Separation of variables B l d_X 14 —
=X d 12
: ut % 10
Integration X(t)=Xy-e %
g s -
=
J = InX —InX, S 6 |-
At 4 =
Doubling time . htl_Z — kln2 ,
d

Time (h)
A = ,specific growth rate” (usually in h); in Brock and also other text books abbreviated as ,k*

l'lmax is the maximum specific growth rate (a constant for the conditions given (T, pH, medium composition, etc.)



Stoichiometry according to Monod model

There is almost a constant relationship between the growth of
biomass and its consumption of substrate.

’
Y, s = —— = const.
r

S

o
o dt } constant ratio only in

. ds exponentially growing cultures
=
dt

Generally, all Yy, are considered to be a constant
value under exponential growth conditions.

x/s Ax — x_xo = a [g 9_1] or [g m0|-1]
As s,—s ¢,
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Substrate consumption during batch

Ay _
Xis = - g
Sy —8  As =

2

, 2

ds 1 T

9: = . 2
odr ox 3
2

. H g
=% ke
Xis S

o

ds S
-—=g,-X :
af @
o

c

o

&

16

14
12

10

Y, s = growth yield [g g']
q. = specific substrate consumption rate [g g-! h"]
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The decelaration phase of a batch culture

log X

conc. of
nutrient 8

|

nutrient excess,
unrestricted growth

stoicheiometric

limitation limitation

S controls u

S, limits X
X=X,+5,Yys

time —

During the deceleration growth phase the cells are restricted in their
growth: One nutrient kinetically limits growth.

During kinetic limitation:

Growth rate p is not maximal (< y,,,,) @nd is constantly changing
Specific uptake rate q, is getting smaller

Biomass yield Yy, may get smaller due to maintenance energy
consumption

Average biomass composition is changing

Specific CO, production rate q.q, is slowly decreasing

Average cell size is getting smaller.

Cells start to express high affinity uptake systems and start to
prepare for stationary phase (synthesis of «alarmones»).
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Kinetics according to the Monod model

The growth rate becomes proportional to the concentration of one nutrient
when this concentration is getting small. Only one nutrient is growth limiting.

S

U= .umaerS

u: specific growth rate [h-"]
Ks: saturation or Monod constant [g L]
s: actual concentration of substrate s [g L]

A
------------------------------------------ U S
H Hmax ﬂ:%:ﬂmaxm
:>s+Ks:
Hmax S
2 = S+Ks=2s
= Ks=s

Ks S E. colion glucose: Ks: 7*10-7- 4*103 g L'
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K and p,,,.x for different MO

Organism Substrate K, [g L]
E. coli Glucose 0.068

E. coli Lactose 20.0

E. coli Mannitol 2.0

S. cerevisiae Glucose 25.0
Trichoderma viride Glucose 9300
Xanthomonas campestris | Glucose 1.99 (at 27°c)
Organism Substrate Wi [B-1]
Aspergillus niger Glucose 0.2

S. cerevisiae Glucose 0.41
Trichoderma viride Glucose 0.104
Xanthomonas campestris | Glucose 0.29 @t 27°0)
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Ks value is important in nature

A low Ks value means:

« High affinity to a particular substrate => faster growth at
lower concentration

* Most uptake systems for essential substrates are
supported by complex systems (see next slide).

A high p.., is only of competitive advantage in nutrient rich
systems (e.g., E. coli in bowel).
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inside

@)

outside membrane

O

Simple Diffusion

Nutrient uptake

IProton potential-driven transport
Co-transport

)

fSymport

Uniport S W

s* Antiport

H+

Light or redox potential

driven S
proton extrusion

ATP-driven
ion-transport

Glc

PEP-driven transport
of sugar

ATP-Synthase

ATP-driven efflux

Decarboxylation -
driven Nat efflux

Fig. 7.21. Summary of systems that transport ions and other metabolites
through the cytoplasmic membrane.

Rule of thumb:
Up to C6 fatty acids may pass the membrane by diffusion

Facilitated Diffusion ()—e=| %

O—-—-

Active Tronsport

Group Translocation (O)—=

C@—-\
27 Mad

=0

CEnergy

,—HPr~P PEP

tHPr —%nzyme
O-P Pyruvate

de
Eiiie

Fig. 7.19. Schematic representation of the four mechanisms for transport

of materials into the cell.

Circle, substrate to be transported;

C, permease(carrier)-protein;
C with grey hatching, energised
carrier;

PEP, phosphoenolpyruvate;

HPr, heat stable protein.
See text for details.

A: transport

substrate B ;

uptake by active

uptake by
facilitated
diffusion

110420 mM

| substrate
2100~ -
= /
= '
e [}
e I
2501 !
a )
0 )
g i
v e
e
0

substrate concentration

—

Fig. 7.20. Substrate saturation curves for the uptake of two substrates hy
intact bacterial cells measured by oxygen consumption {respiration rate).

. Larger molecules require an active transport sytem.
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Lineweaver-Burk Plot

Kinetic constants are usually determined in chemostat culture by varying u (= D at steady-state)
and mesuring s. However, they may also be determined by using several batch cultures with
different s, concentrations. The Lineweaver- Burk plot (see graph) can be used to determine the

growth constants Ks and p,,,,,:

1 1, K 1

lLl S lLl max IL[ max

When 1/s = 0 then 1/p = 1/u,,

\ 4

When 1/p = 0 then 1/s = -1/Kq

~ 1/s
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Too much of the good: Growth inhibition by the substrate

Some substrates, for example alcohols, phenol, and hydrocarbons, if present in excess, also inhibit growth.

In batch cultures the specific growth rate increases up to a critical substrate concentration s, thereafter the
inhibitory effect becomes dominant. In case the substrate was initially above s_., but did not result in complete
inhibition, the specific growth rate will increase with consumption of s until s<s_,.

L=p 2 Andrews (1968)
K +s+ I

Specific growth rate

v

Ks Scrit Ki

Substrate concentration K; is usually in the range of 10x K
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Too much of the good: Growth inhibition by the substrate

10% x turbidity at 420 nm

(%Y

Action of fatty acids on E. coli

- (b) (0)

Time (h)

Fig. 1. Effect of lauric acid on the growth of E. coli k12/154 in a glucose minimal medium. Growth
was measured as turbidity. Media were inoculated with: (&) a 2 h stationary-phase culture, (b) a
mid-exponential phase culture, {¢) an exponentially-growing culture. In (c) o'1 % lauric acid was
added (arrow). O, Glucose minimal medium; @, glucose minimal medium+o-1 % lauric acid.

Journal of General Microbiology (1975), 91, 233-240

10 x turbidity at 420 nm

Doublings

Fig. 2. Effect of a change in carbon source on the growth inhibition of E. coli K12/154 by nonanoic
acid. Mid-exponential-phase cultures in succinate medium were used as the inoculum for the new
media. The dilution was 1:25. The curves from different media were normalized to allow visual
comparisons. One doubling time means the time which would be taken for a culture without fatty
acid addition to undergo a doubling, whatever the medium. The control curves (open symbols)
were theoretically determined from the doubling times of the bacterium in different media and in
the absence of fatty acids (for values in minutes see footnote *, Table 1). O, Succinate; @, succinate

+0-1 % nonanoic acid; [J, acetate; Hl, acetate+ 0-1 ¥, nonanoic acid.
3
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The stationary phase of a batch culture

log X

conc. of
nutrient 8

|

nutrient excess,
unrestricted growth

S controls u

stoicheiometric
limitation

S, limits X
X=X,+5,Yys

time —

During the stationary growth phase the cells are not growing
anymore.

During stoichiometric limitation following points are important:

Growth (u) is not measurable ( u =0 h)

Growth and cell lysis are balanced out (p = k)

Biomass concentration reached its maximum

Average biomass composition is changing (optimization to
starvation)

Oxygen uptake rate is slowly decreasing

Average cell size is small, Gram™ strains tend to sporulate.

Non-carbon limited cultures are synthetizing overflow metabolites
(e.q., acetate or EtOH).
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Law of the minimum

One nutrient limits the amount
of biomass that can be produced
in a system. All other nutrients
are in excess.

Justus von Liebig, 1840
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Production kinetics

Typ I
I
T
;o
i y
1 i
i 3
—
2 c) Zeit (h)
Abb. 5.5: Fermentationstypen nach Gaden (1959), spez. Wachstumsrate (—), spez. Kohlenhydrat-Verbrauch (——-},
spez. Produkt-Bildungsrate (----)

Products directly associated with generation of energy in the cell (ethanol, acetic
acid, acetone, butanol, lactic acid, other products of anaerobic fermentation)

Products indirectly associated with energy generation (amino acids and their
products, citric acid, nucleotides, polyhydroxyalkanoates)

Products for which there is no clear direct or indirect coupling to energy
generation (penicillin, streptomycin, vitamins)
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Growth-linked specific product formation

Biomass related productivity

Substrate related productivity

dp =Yy *dx
dp dx
— =Y k—=Y _kpyxyx
g nx g T U
YP/S _y
v TPX
Yx/s
For growth-linked product formation Gp = Yoy *

dp =Yy s *ds

b_,

dt

P/

ds

S*—:

dt

Ypss

* X
i

Yy
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Non-growth-linked product formation

The non-growth-linked product can be a complex function of the specific growth rate. An example of
this type is melanin formation by Aspergillus niger, which is represented by

__max
Gp=qp —k*p
where g,"® and k are constants.

The formation of cyclodextrin from starch by Bacillus macerans and spore production by Bacillus
subtilis are similar.

When product formation is partly growth-linked and partly independent of growth rate,
we have:

dp :YP/X*IU-I_ﬂ

Formation of end products of energy metabolism follow this relation, where 3 includes the production
which results from either the maintenance energy requirement or uncoupling of ATP production. Lactic
acid production from sugar by Lactobacillus species follows this model.
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Concentration [g/L]

Microbial growth - The Yield coefficient Y

o
o -

Time [h]
Definition:
e _ ¢
Yps = '?s = q;

1.6

1.4

1.2

0

1 2 3
Substrate [g/L]

Nomenclature:

P = Product
X = Cell mass
ATP

S = Substrate
C = Carbon source
O = Oxygen
N = Nitrogen
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Questions

* What is the benefit of models and what are their
limitations?

* What is the Monod model not describing?

 How can you modify the specific growth rate?

* What is the meaning of a high Ks value?

* What is the influence of the Ks value on y, .7



And finally a few useful equations to simulate batches

V = const.; many times y = .., iS used

dx

— — uxt
— =U*xX X =Xg*€
dt

ds ds dx puxx

— = = uxt _ _xO urt
dt _ dx  dt Yx yx*xo*e S =So YX/S*(e 1)
S S
YP YP
dp dp ds dx % ) P *
dtzds*dx*dtZY;*u*xo*eﬂt p=p0+y_f(*x0*(eﬂt—1)

S S



This 2nd chapter should help you to understand the functioning of
a batch culture and its different growth phases.

Very important are correct applications of Monod equations:
Learn how to use them using the exercises.

Try to simulate a batch culture using Excel/Matlab/Phyton and
understand the differences to the reality.

94



c
=
"
Q
T
=
=
=
O
—
1o



Microbial growth media

Media

Complex

Defined

Selective
Differential

Enrichment

Reducing

Purpose

Grow most heterotrophic organisms

Grow specific heterotrophs; often mandatory for chemoauto-
trophs, photoautotrophs and for microbiological assays

Suppress unwanted microbes, or encourage desired microbes
Distinguish colonies of specific microbes from others

Similar to selective media but designed to increase the numbers
of desired microorganisms to a detectable level without

stimulating the rest of the bacterial population

Growth of obligate anaerobes

Microbiology Ma

nual

96



Five main functions of media

1) Supply all essential nutrients necessary for growth and allow
production of biomass of defined composition.

2) Ensure “optimum” and “constant” growth conditions over a certain
period of time.

3) Control the physiological performance of a microbial culture, e.g.
- aerobic versus denitrifying growth
- glucose versus acetate as carbon/energy source
- nitrate versus ammonia as N-source...

4) Control the maximum specific growth rate.

5) Control growth limitation by specific nutrient.



pH optimum for growth

Pize  —|— Boierien

e 4 L

T I
I

t 1 1 i 1 1 T

pH 2 3 4 5 6 7 8 9 10 11
Acidophile Neutrophile Alkaliphile
Thiobacillus thiooxidans Alcaligenes Rhizobium Natronobacterium
Suifolobus acidocaldarius Pseudomonas Nitrifikanten  Ectothiorhodospira
Pyrodictium occultum Actinomyceten Bacillus- Arten
Acetobacter Harnstoffspalter
Lactobaciflus

Abb. 6.1 Von Pilzen und verschiedenen Bakterien bevorzugte oder tolerierte pH-
Bereiche

Organism Minimum Optimum Maximum

Bacteria 2-5 6.5-7.5 8-11
Yeasts 2-3 4.5-55 7-8
Molds 1-2 4.5-5.5 7-8

Aspergillus niger. pH 7. oxalic acid, pH 2: citric acid



Typical medium composition

Factors Range of Examples
concentration
[Y% WiV]
Carbon source 0.5-20 Glucose, sucrose, starch, molasses, dextrins,

alcohols,corn meal, glycerol, lipids

Nitrogen source 0.1-10 Ammonia gas, ammonium salts, casein
hydrolysates, glutamic acid, nitrates, peptones,
urea, yeast extract

Phosphorus 01-2 Corn steep liquor, phosphates
Sulfur 0.1-1 Methionine, proteins, sulfates
Other nutrients <1 Iron salts, magnesium salts, oxygen,

potassium, trace elements, vitamins




Defined medium

The defined medium consists of many substrates that are all - without
exception- well-described and their chemical structure is known.

Table 6.1. Example of a simple

synthetic nutrient solution Table 6.3. Well-established solution of

vitamins for soil and water bacteria

K,HPO 05¢g G %

NH,Cl 10g Biotin 0.2 mg
MgSO, 7H,0 02g Nicotinic acid 2.0 mg
FeSO, 7TH,O 00l g Thiamine 1.0 mg
CaCl,:2H,0 00lg 4-Aminobenzoate 1.0 mg
Glucose 100g Pantothenate 0.5mg
Water 1000 ml Pyridoxamine 5.0mg
Trace element stock solution 1 ml Cyanocobalamine 2.0mg

———— Distilled water 100 ml

2-3 ml of the solution are added per
1000 ml nutrient solution

Table 6.2. Trace element stock solution

ZnCl, 70 mg

MnCl,-4H,0 100 mg

CoCl,-6H,0 200 mg Note:

NiCl,-6H,0 100 mg .

CuCl,2H,0 20 mg It is well-known that all trace metals easily

NaMoO,2H,0 50 mg . .

Na,SeO, SH,O 26mg form highly insoluble phosphate salts and

[NaVO, H.O 1) gl precipitate in growth media. This can be

[Na,WO,2H,0 30 mg] } .y .

HCI (25%) avoided by the addition of metal-chelating
1.0 ml :

Distilled wates ool agents such as EDTA, NTA, or sometimes

S S e also carboxylic acids such as citrate or
[ ] required by only a few organisms. tartrate. 100




Microbial nutrition: Growth factors

Organic compounds required
by some bacteria (particularly
pathogens)

E.g.: Streptoccus, Lactobacillus,
Leuconostoc (lactic acid
bacterium):

complex vitamin requirements

Vitamin

Function

p-Aminobenzoic acid
Folic acid

Cobalamin (B;,)

Lipoic acid

Nicotinic acid (niacin)

Pantothenic acid

Riboflavin

Thiamine (By)
Vitamins By (pyridoxal-

Vitamin K group;
quinones
Hydroxamates

pyridoxamine group)

Precursor of folic acid

One-carbon metabolism; methyl
group transfer

Fatty acid biosynthesis;
B-decarboxylations; some CO,
fixation reactions

Reduction of and transfer of single
carbon fragments; synthesis of
deoxyribose

Transfer of acyl groups in decar-
boxylation of pyruvate and
a-ketoglutarate

Precursor of NAD?; electron transfer
in oxidation-reduction reactions

Precursor of coenzyme A; activation
of acetyl and other acyl derivatives

Precursor of FMN, FAD in flavo-
proteins involved in electron
transport

a-Decarboxylations; transketolase

Amino acid and keto acid
transformations

Electron transport; synthesis of
sphingolipids

Iron-binding compounds;
solubilization of iron and
transport into cell




Questions

What is auxotrophic growth?
What is autotrophic growth?

How can you determine whether a medium has i) a too
low or ii) a too high calcium concentration?

What is the Maillard reaction?



Medium check

] 4 Examples of cu

Defined culture medium for

Escherichia coli Concentration of DW that can be produced from N =
KIPO, 7g [conc. N in medium] x Yy,:

KHPO, 28 1 g (NH,),SO, contains ~ 0.21 gN

k50,(1g ) 0.21 gN x 8 gDW/gN = 1.7 gDW

MgSO; 0.1%

CaCl, 002
Glucos
Trace elements (e, Co, Mn, Zn, Concentration of DW that can be produced from C =

Cu, Ni, Mo) 2-10 pg each . . ]
Distilled water 1000 ml [COI’IC. Cin medlum] X YX/C'

pHY7 4-10 g Glucose contains ~ 1.6-4 gC

1.6-4 gC x 1 gDW/gC = 1.6-4 gDW

% With 4 g glucose there is just enough
nitrogen in the medium,

m) but if 10 g glucose is supplied, there
Is not enough nitrogen in this
medium!
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Testing a medium for the growth-limiting substrate

biomass conc.

v

Batch cultures with
different initial
concentrations of S

final biomass conc.

S limiting

growth
other
nutrient
limiting
growth

| | | | | | L 5

1 2 3 4 5 6 7
initial conc. of substrate (S)

(see also slides medium design)
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Max. yield (g DW / g substrate C)

1.6
1.4
1.2
1.0
0.8
0.6
0.4

0.2

Growth yields for different

carbon/energy sources

fumarate @

methanol
glycerol

mannitol:

ethane
‘methane

propane

glucose ©

. @/@succinate
citrate

@formate

2

oxalat
N
5 10 14 18

Heat of combustion (kcal / g substrate)

22
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Examples of nutrient limitations in continuous cultivations

$ : | ./3\0\._
L /./
4 " Cl/energy

% duw 4 5§ 20 s,

Growth of Thermus aquaticus with different conc. of N-,
P-, Mg- and S-source in the feed medium, D = 0.63 h-L,
(Cometta et al., 1982)
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Growth kinetics in mineral medium

Desighed medium:

SS—

Glucose
Na,HPO, - 2H,0
KH,PO,
(NH,4),SO,
CaCO;,

FeCl; - 6 H,0O
MnCl, - 4 H,O
CuSO, - 5H,0
CoCl, - 6 H,O
Zn0O

H,BO,

NaMoO, - 2 H,O
MgCl, - 6 H,O
EDTANa, - 2 H,O

per liter:

<4g
12.8 g
39
1.8¢
80 mg
/7 mg
11.5 mg
1.5 mg
1.3 mg
4 mg
1.2 mg
10.4 mg
113 mg
790 mg
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Growth kinetics in mineral medium

In (OD 600)

Glucose 1.25g/L, T=37°C
E. coli K-12 MG 1655
Data from Thomas Egli

w=p.. =0.586+0.01h"

5.00 10.00 15.00 20.00 25.00
t[h]
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Mineral Medium with trace elements

Mineral Medium with trace elements

t [h]

ln (OD 600)

-4.9198809308

-4.9198809308

-4.4063193272

-4.4063193272

-3.8584822385

-3.8584822385

-3.2339894627

-3.2339894627

-2.6926690991

-2.6926690991

-2.3549315734

-2.3549315734

-2.0333216061

-2.0333216061

-1.8413699698

-1.8413699698

-1.6179742435

-1.6179742435

-1.4138711289

-1.4138711289

-1.1809075314

-1.1809075314

-0.9802960619

-0.9802960619

-0.6694306539

-0.6694306539

-0.4544452903

-0.4544452903

-0.1767371785

-0.1767371785

-0.0699933718

-0.0699933718

0.0905716982
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Glc Min Med

				Glucose-Konzentration in allen Medien: 1.25 g/L

										OD (600 nm)

				Medium						MMA		ln		MMA+SE		ln		M63		ln		eigenes Medium		ln

				Uhrzeit				Zeit

				h		min		h

				13		5		0.00		0.0028		-5.8781358618		0.0027		-5.914503506		0.0086		-4.7559930757		0.0017		-6.3771270279

				14		32		1.45		0.0074		-4.9062752788		0.0068		-4.9908326668		0.0177		-4.0341906394		0.0053		-5.2400484584

				15		47		2.70		0.0132		-4.3275384494		0.0102		-4.5853675587		0.0346		-3.3639015969		0.0073		-4.9198809308

				16		41		3.60		0.0277		-3.5863228658		0.0217		-3.8304430184		0.0728		-2.6200393238		0.0122		-4.4063193272

				17		15		4.17										0.1099		-2.2081844176

				17		43		4.63		0.0582		-2.8438699242		0.0432		-3.1419147837		0.1477		-1.9125720894		0.0211		-3.8584822385

				18		43		5.63		0.1154		-2.1593509249		0.0829		-2.4901202168		0.3028		-1.1946827574		0.0394		-3.2339894627

				19		6		6.02										0.3849		-0.9547717187

				19		14		6.15		0.1752		-1.7418271005		0.1178		-2.1387670078

				19		27		6.37										0.4786		-0.7368901035

				19		43		6.63		0.2294		-1.4722880743		0.1788		-1.7214874162		0.5579		-0.5835755441		0.0677		-2.6926690991

				20		6		7.02		0.2859		-1.2521131797		0.2016		-1.6014697428		0.6988		-0.3583907007

				20		17		7.20														0.0949		-2.3549315734

				20		26		7.35		0.3653		-1.0070363452		0.251		-1.3823023399		0.8232		-0.1945560945

				20		46		7.68		0.4546		-0.7883373676		0.3114		-1.1666770196		0.9276		-0.0751546736		0.1309		-2.0333216061

				21		7		8.03		0.5722		-0.5582666984		0.3886		-0.945204742		1.0772		0.074365082		0.1586		-1.8413699698

				21		28		8.38		0.71		-0.3424903089		0.4936		-0.7060298064		1.21		0.1906203596		0.1983		-1.6179742435

				21		49		8.73		0.848		-0.1648746432		0.6584		-0.4179426296		1.1428		0.1334813914		0.2432		-1.4138711289

				22		10		9.08						0.9272		-0.075585987						0.307		-1.1809075314

				22		21		9.27		1.1156		0.1093923768						1.1636		0.1515186476

				22		33		9.47						0.988		-0.0120725812						0.3752		-0.9802960619

				22		48		9.72		1.1056		0.100388174						1.1672		0.1546077182

				23		0		9.92						1.184		0.1688985365						0.512		-0.6694306539

				23		20		10.25		1.126		0.1186715297		1.2532		0.2257002801		1.1248		0.1176052421		0.6348		-0.4544452903

				23		44		10.65						1.2436		0.2180103992						0.838		-0.1767371785

				24		4		10.98		1.1296		0.1218635878		1.2576		0.2292051427		1.1644		0.1522059329		0.9324		-0.0699933718

				24		24		11.32						1.2572		0.2288870259						1.0948		0.0905716982

				24		44		11.65		1.144		0.134530893		1.2728		0.241219198		1.2184		0.1975385226		1.2488		0.2221830902

				1		1		11.93														1.2188		0.1978667681

				1		14		12.15														1.2272		0.2047351516

				8		52		19.78		1.312		0.2715526905		1.384		0.3249778572		1.28		0.2468600779		1.4532		0.3737680214

				10		39		21.57		1.254		0.2263384422		1.3316		0.2863812267		1.272		0.2405904649		1.422		0.3520643314





Glc Min Med
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Mineral Medium with trace elements

MMA

M63

Mineral Medium with trace elements

t [h]

ln (OD 600)



LB

		



MMA

t [h]

ln (OD 600)



		



Mineral Medium with trace elements

Mineral Medium with trace elements

t [h]

ln (OD 600)



		

		LB

		Batch JI3-47-LB B

		Uhrzeit				Zeit		OD (546 nm)		VD		korr.		ln		muh

		h		min		h

		12		29		0.00		0.08		1		0.0093		-4.68		1.70		1.70

		12		45		0.27		0.0855		1		0.0148		-4.21		1.74		1.74

		13		10		0.68		0.099		1		0.0283		-3.56		1.56		1.56

		13		27		0.97		0.115		1		0.0443		-3.12		1.58		1.58

		13		45		1.27		0.151		1		0.0803		-2.52		1.98		1.98

		13		58		1.48		0.199		1		0.1283		-2.05		2.16		2.16

		14		19		1.83		0.321		1		0.2503		-1.39		1.91		1.91

		14		47		2.30		0.586		1		0.5153		-0.66		1.55		1.55

		15		27		2.97		0.496		3		1.3103		0.27		1.40		1.40

		16		14		3.75		0.679		4		2.4848		0.91		0.82		0.82

		16		29		4.00		0.64		5		2.9153		1.07		0.64		0.64

		16		49		4.33		0.621		6		3.3878		1.22		0.45		0.45

		17		21		4.87		0.725		6		4.0118		1.39		0.32		0.32

						Blind H2O		0.0535				mmax		1.92

						Blind Med		0.0707				early stationary		0.53

												mend		0.32

		Batch JI3-47-LB C

		Uhrzeit				Zeit		OD (546 nm)		VD		korr.		ln

		h		min		h

		12		33		0.00		0.078		1		0.0073		-4.92				2.00

		12		48		0.25		0.083		1		0.0123		-4.40				2.09

		13		14		0.68		0.0965		1		0.0258		-3.66				1.71

		13		30		0.95		0.118		1		0.0473		-3.05				2.27

		13		48		1.25		0.169		1		0.0983		-2.32				2.44

		14		1		1.47		0.212		1		0.1413		-1.96				1.67

		14		22		1.82		0.392		1		0.3213		-1.14				2.35

		14		50		2.28		0.64		1		0.5693		-0.56				1.23

		15		27		2.90		0.515		3		1.381		0.32				1.44

		16		14		3.68		0.753		4		2.7992		1.03				0.90

		16		29		3.93		0.686		5		3.1684		1.15				0.50

		16		52		4.32		0.658		6		3.6376		1.29				0.36

		17		21		4.80		0.715		6		3.9796		1.38				0.19

						Blind H2O		0.0488				mmax		1.97

						Blind Med		0.0664





		



t [h]

ln (OD 546)



		



Specific growth rate

time (h)

sp. growth rate (1/h)



		



Specific growth rate

time (h)

sp. growth rate (1/h)



		



Growth (OD)




Batch growth in mineral medium

More defined than complex medium growth!

In (OD gq0)
(NS

*,, acetate

15.00 20.00 25.00
unlimited

growth
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Glc Min Med

				Glucose-Konzentration in allen Medien: 1.25 g/L

										OD (600 nm)

				Medium						MMA		ln		MMA+SE		ln		M63		ln		eigenes Medium		ln

				Uhrzeit				Zeit

				h		min		h

				13		5		0.00		0.0028		-5.8781358618		0.0027		-5.914503506		0.0086		-4.7559930757		0.0017		-6.3771270279

				14		32		1.45		0.0074		-4.9062752788		0.0068		-4.9908326668		0.0177		-4.0341906394		0.0053		-5.2400484584

				15		47		2.70		0.0132		-4.3275384494		0.0102		-4.5853675587		0.0346		-3.3639015969		0.0073		-4.9198809308

				16		41		3.60		0.0277		-3.5863228658		0.0217		-3.8304430184		0.0728		-2.6200393238		0.0122		-4.4063193272

				17		15		4.17										0.1099		-2.2081844176

				17		43		4.63		0.0582		-2.8438699242		0.0432		-3.1419147837		0.1477		-1.9125720894		0.0211		-3.8584822385

				18		43		5.63		0.1154		-2.1593509249		0.0829		-2.4901202168		0.3028		-1.1946827574		0.0394		-3.2339894627

				19		6		6.02										0.3849		-0.9547717187

				19		14		6.15		0.1752		-1.7418271005		0.1178		-2.1387670078

				19		27		6.37										0.4786		-0.7368901035

				19		43		6.63		0.2294		-1.4722880743		0.1788		-1.7214874162		0.5579		-0.5835755441		0.0677		-2.6926690991

				20		6		7.02		0.2859		-1.2521131797		0.2016		-1.6014697428		0.6988		-0.3583907007

				20		17		7.20														0.0949		-2.3549315734

				20		26		7.35		0.3653		-1.0070363452		0.251		-1.3823023399		0.8232		-0.1945560945

				20		46		7.68		0.4546		-0.7883373676		0.3114		-1.1666770196		0.9276		-0.0751546736		0.1309		-2.0333216061

				21		7		8.03		0.5722		-0.5582666984		0.3886		-0.945204742		1.0772		0.074365082		0.1586		-1.8413699698

				21		28		8.38		0.71		-0.3424903089		0.4936		-0.7060298064		1.21		0.1906203596		0.1983		-1.6179742435

				21		49		8.73		0.848		-0.1648746432		0.6584		-0.4179426296		1.1428		0.1334813914		0.2432		-1.4138711289

				22		10		9.08						0.9272		-0.075585987						0.307		-1.1809075314

				22		21		9.27		1.1156		0.1093923768						1.1636		0.1515186476

				22		33		9.47						0.988		-0.0120725812						0.3752		-0.9802960619

				22		48		9.72		1.1056		0.100388174						1.1672		0.1546077182

				23		0		9.92						1.184		0.1688985365						0.512		-0.6694306539

				23		20		10.25		1.126		0.1186715297		1.2532		0.2257002801		1.1248		0.1176052421		0.6348		-0.4544452903

				23		44		10.65						1.2436		0.2180103992						0.838		-0.1767371785

				24		4		10.98		1.1296		0.1218635878		1.2576		0.2292051427		1.1644		0.1522059329		0.9324		-0.0699933718

				24		24		11.32						1.2572		0.2288870259						1.0948		0.0905716982

				24		44		11.65		1.144		0.134530893		1.2728		0.241219198		1.2184		0.1975385226		1.2488		0.2221830902

				1		1		11.93														1.2188		0.1978667681

				1		14		12.15														1.2272		0.2047351516

				8		52		19.78		1.312		0.2715526905		1.384		0.3249778572		1.28		0.2468600779		1.4532		0.3737680214

				10		39		21.57		1.254		0.2263384422		1.3316		0.2863812267		1.272		0.2405904649		1.422		0.3520643314
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ln (OD 600)



		



Mineral Medium with trace elements

Mineral Medium with trace elements

t [h]

ln (OD 600)



		

		LB

		Batch JI3-47-LB B

		Uhrzeit				Zeit		OD (546 nm)		VD		korr.		ln		muh

		h		min		h

		12		29		0.00		0.08		1		0.0093		-4.68		1.70		1.70

		12		45		0.27		0.0855		1		0.0148		-4.21		1.74		1.74

		13		10		0.68		0.099		1		0.0283		-3.56		1.56		1.56

		13		27		0.97		0.115		1		0.0443		-3.12		1.58		1.58

		13		45		1.27		0.151		1		0.0803		-2.52		1.98		1.98

		13		58		1.48		0.199		1		0.1283		-2.05		2.16		2.16

		14		19		1.83		0.321		1		0.2503		-1.39		1.91		1.91

		14		47		2.30		0.586		1		0.5153		-0.66		1.55		1.55

		15		27		2.97		0.496		3		1.3103		0.27		1.40		1.40

		16		14		3.75		0.679		4		2.4848		0.91		0.82		0.82

		16		29		4.00		0.64		5		2.9153		1.07		0.64		0.64

		16		49		4.33		0.621		6		3.3878		1.22		0.45		0.45

		17		21		4.87		0.725		6		4.0118		1.39		0.32		0.32

						Blind H2O		0.0535				mmax		1.92

						Blind Med		0.0707				early stationary		0.53

												mend		0.32

		Batch JI3-47-LB C

		Uhrzeit				Zeit		OD (546 nm)		VD		korr.		ln

		h		min		h

		12		33		0.00		0.078		1		0.0073		-4.92				2.00

		12		48		0.25		0.083		1		0.0123		-4.40				2.09

		13		14		0.68		0.0965		1		0.0258		-3.66				1.71

		13		30		0.95		0.118		1		0.0473		-3.05				2.27

		13		48		1.25		0.169		1		0.0983		-2.32				2.44

		14		1		1.47		0.212		1		0.1413		-1.96				1.67

		14		22		1.82		0.392		1		0.3213		-1.14				2.35

		14		50		2.28		0.64		1		0.5693		-0.56				1.23

		15		27		2.90		0.515		3		1.381		0.32				1.44

		16		14		3.68		0.753		4		2.7992		1.03				0.90

		16		29		3.93		0.686		5		3.1684		1.15				0.50

		16		52		4.32		0.658		6		3.6376		1.29				0.36

		17		21		4.80		0.715		6		3.9796		1.38				0.19

						Blind H2O		0.0488				mmax		1.97

						Blind Med		0.0664
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Batch growth in mineral medium
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Complex media

The medium contains ingredients that are not well defined and their
composition is not known. Among those there are extracts and
hydrolysates (peptones) that can be gained from cheap waste
compounds. These media are especially suitable for
microorganisms that are difficult to cultivate.

Samples for complex media:

Nutrient broth (peptone from gelatine, beef extract)
Tryptic soy broth (tryptone (pancreatic digestion of casein), peptone
from soy beans, glucose, NaCl, K,HPO,)

Malt extracts, hay infusions, plum juice, carrot juice. For coprophilic

fungi, even horse dung infusions may be used.
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Growth kinetics in complex medium

Luria - Bertani (LB) broth

Glucose 0-5¢
Tryptone 10 g
Yeast extract 5-10 g
NaCl 0-10 g

@ Distilled water add 1 Liter
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Batch growth of Escherichia coli in LB

E. coli K-12 MG 1655, T: 37°C
Data from Thomas Egli (EAWAG)
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A quick start!

E. coli K-12 MG 1655, T: 37°C
Data from Thomas Egli (EAWAG)
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hysiological state |l

Physiological state |

preferred C-sources run out,

depletion of maltose,

switch to simultaneous utilization of C-sources,
massive acetate excretion,

transient N-limitation, proteases induced,

strong rpoS-expression ir@icates stress

unlimited growth,
sequential utilization or substrates,

maltose and maltodextrins as main substrates
acceleration to achieve p,,,

5 12 § T4 s
< 0.8 i i S
. .+ 2
0.4 ; ]
0 H e 0
5 6 7 8
Time, h

Fig. 3 Physiologic states of E. coli MG1655 growing in LB
medium. ODgq (#) and specific growth rate p (bars). Discrete
growth phases are marked with Roman numerals corresponding to
the discussion in the text 115



Physiological state Il

massive decrease in p,,,

simultaneous utilization of “bad” substrates

porins for peptide transport induced
acetate reutilized

relA and spoT expression: nutrient limitation

=
=1

Physiological state IV

“Hunger” phase

most catabolic pathways induced maximally
biosynthetic pathways activated

t7nsition into stat. phase (relA, spoT)
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Fig. 3 Physiologic states of E. coli MG1655 growing in LB
medium. ODgq (#) and specific growth rate p (bars). Discrete
growth phases are marked with Roman numerals corresponding to

the discussion in the text
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Mark V. Baev - Dmitry Baev - Agnes Jancso Radek -

John W. Campbell

Growth of Escherichia coli MG1655 on LB medium: monitoring
utilization of sugars, alcohols, and organic acids
with transcriptional microarrays Appl Microbiol Biotechnol (2006) 71: 310-316

Growth of Escherichia coli MG1655 on LB medium: monitoring
utilization of amino acids, peptides. and nucleotides
with transcriptional microarrays Appl Microbiol Biotechnol (2006) 71: 317-322

Growth of Escherichia coli MG1655 on LB medium: determining
metabolic strategy with transcriptional microarrays

Abstract Expression profiles of genes related to stress
responses, substrate assimilation, acetate metabolism, and
biosynthesis were obtained by monitoring growth of
Escherichia coli MG1655 1n Luria—Bertani (LB) medium
with transcriptional microarrays. Superimposing gene
expression profiles on a plot of specific growth rate
demonstrates that the cells pass through four distinct
physiological states during fermentation before entering
stationary phase. Each of these states can be characterized
by specific patterns of substrate utilization and cellular
biosynthesis corresponding to the nutrient status of the
medium. These data allow the growth phases of the
classical microbial growth curve to be redefined in terms of
the physiological states and environmental changes
commonly occurring during bacterial growth in batch
culture on LB medium.

Appl Microbiol Biotechnol (2006) 71: 323-328
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Materials and methods

Bacterial growth conditions

Escherichia coli strain MG1655 (CGSC 6300) was used in
this study. Batch cultivation was carried out in LB medium
at 37°C 1n a laboratory-scale Bioflo 2000 (New Brunswick
Scientific) fermentor with a 2-1 working volume. LB
medium was from the recipe of Miller (5 g yeast extract,
[0 g peptone tryptone, and 10 g NaCl) (Miller 1972). The
pH was maintained at 6.95 automatically by titration with
5% H»SO,4 or 5% NaOH. Peptone tryptone and yeast
extract were from Difco, and NaCl was from Sigma. The

medium was made 1n distilled water and autoclaved under
standard conditions. Dissolved oxygen in the culture was

maintained at 40% saturation automatically by varying

speed of impeller rotation. Culture growth (ODggyy) was

monitored with a DU640 spectrophotometer (Beckman).
ODgoo 1mmediately after moculation was 0.05.

Samples of cell culture were centrifuged for 2 min at
13,000xg, 4 °C. The supernatant was filtered through a
0.22-um filter and stored at —80 °C until further use.

E. coli genomic DNA from MG1655 was used as template
for generating the microarray probe library. The ERGO
databasc (Integrated Genomics) identifies 4,485 open
reading frames (ORFs) within the E. coli genome; primers
were designed using proprietary software such that the
most unique 300-500 bp region of 4,442 of these ORFs
was amplified with two consecutive rounds of PCR.
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Questions

What kind of media should be used in science?
What is typical for growth on a complex medium?
What could be a problem in preparation of a
medium??
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How to prepare a medium for an unknown organism?

Four different methods can be used for the design
of a defined medium:

-Analogy method

-Differential method

-Integral method

-Statistical approach
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Analogy method

Starting from an elemental analyses of the biomass, one can estimate the
minimal requirements for an organism and also the biomass that can be
produced by the medium. It has to be taken care that products that are
excreted from the cell can be included in the mass balance.

As a rule of thumb one can postulate:

Anaerobic growth conditions: about 10% of C go into biomass
Aerobic growth conditions: about 50% of C go into biomass

_ Check also information with strain collections!
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Cell composition of Escherichia coli

C H N O P S
Total [wt%] Average Range 4782 6.38 1436 2449 274 0.75
Protein 55.0 15-75 61.17 61.55 67.93 46.35 0.00100.00
RNA 20.5 5-30 15.17 10.38 24.29 28.62 71.25 0.00
DNA 3.1 1-5 245 1.70 3.66 392 11.31 0.00
Lipid 9.1 0-15 12.38 16.07 095 7.16 14.59 0.00
LPS 3.4 0-4 3.48 4.44 0.41 532 2.85 0.00
Peptidoglycan 2.5 0-20 2.57 2.57 1.88 3.61 0.00 0.00
Glycogen 2.5 0-50 232 243 0.00 5.03 0.00 0.00
Polyamines 0.4 0-10 0.47 0.86 0.87 0.00 0.00 0.00

(Composition of E. coli in exponential growth phase)

The total weight of an average cell is 9.5x 1013 g (containing 70%
water). The total dry weight of E. coli is therefore 2.8 x 10-13 g.
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Differential method

The influence of substrate pulses on the time courses of biomass,
substrate or product concentrations as responses to the change of
the medium composition.

The most suitable tool is the chemostat cultivation to assess the
influence of hidden limitations using pulse and shift experiments.
As a benefit of the method can be seen that the minimal nutrient
concentration can be determined (reduction of waste of nutrients).

Fresh medium

from reservoir Flow-rate regulator

Sterile air or
other gas

»
»
[
»
»
»
o
»

|- Gaseous headspace

—Culture vessel

— Culture

Overflow

Nutrient
7
Biomass
Nutrient

Biomass

Effluent containing

microbial cells -——_ Tl me Tl me 123



Integral method

1

Choose the growth limiting nutrient

For heterotrophs most often the carbon/energy source
because it has to be added in highest quantities

Choose the maximum amount of biomass you want to
produce in your system
Depends on cultivation system and goal (shake flask or

bioreactor; high cell density cultivation or drinking water study, etc.

Choose how much other nutrients should be in excess

Depends on safety factor you want, in biotechnological
production you do not want excess because this will be lost

Calculate for each nutrient how much you have to add
using established average growth yield factors

Yys = g biomass formed / g substrate utilized
Yy,c = g biomass formed / g substrate carbon utilized
Yys = g biomass formed / mol substrate utilized...
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Medium design

How much carbon and nitrogen source do | have to add to a
medium to obtain 10 g of dry biomass (DW)?

Gram dry biomass formed

Gram element consumed =
YXIE

Carbon: 10 gCDW /1 gDW/gC=10g C

Nitrogen: 10 gCDW /8 gDW/gN =1.25g N
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Design of a mineral medium

Design of a carbon-limited minimal medium allowing the production of 10 g L' of dry

biomass, based on elemental growth yields obtained from the composition of dry biomass.

Medium Source of, Growth yield Excess factor Mass of Mass of
constituent  function assumed assumed element constituent

(g dry bio- with respect (g/L) (g/L)

mass/g ele- to carbon

ment)
Glucose C, energy 1 1 10 25.0
NH,CI N 8 3 3.75 14.33
NaH,PO, P 33 5 152 5.88
KCl K 100 5 0.5 0.95
NaHSO, S 100 5 0.5 1.87
MgCl, Mg 200 5 0.25 0.98
CaCl, Ca 100 10 1.0 2.77
FeCl, Fe 200 10 0.5 1.13
MnCl, Mn 104 20 0.02 0.046
ZnCl, Zn 104 20 0.02 0.042
Cucl, Cu 10° 20 0.002 0.0042
CoCl, Co 10° 20 0.002 0.0044

Based on Pirt (1975) and Egli & Fiechter (1981). Elemental growth yields for C and the trace elements
Zn, Cu, Mo, and Mn were taken from Pirt (1975). Excess factors were chosen taking into account their

variation observed in dry biomass.
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Growth yields for different carbon/energy sources

Max. yield (g DW / g substrate C)

2 6 10 14 18 22
Heat of combustion (kcal / g substrate) 127



Oxygen requirements

Organism Substrate Maximum observed yield [g g']
Yxis Yxc Oy used

Candida utilis glucose 0.51 1.28 1.3
Aerobacter cloacae glucose 0.44 1.1 1.03
Candida utilis acetic acid 0.36 0.9 0.62
Candida utilis ethanol 0.68 1.3 0.58
Pseudomonas sp.  methanol 0.41 1.09 0.44
Methylococcus sp. methane 1.01 1.34 0.29

The biomass growth rate (dx/dt) is constant and the specific growth
rate is decreasing over time when oxygen is limiting growth.



Optimization of existing media for high cell density cultivations in
micro-titer plates using statistical design-of-experiments (DoE)

M17 @ ZMB1 ZMB2

1.2

1.0 T

.

o

e
b

0.8

0.6 —

0.4 +—

Maximum OD at 650 nn

] ISR TR A

U U,

w
M SOOI
|

R sl

0.2

AR

|
|

_ N

ICD172 DR ML3 MG1363 LM0230 FG2 SK11

’;,

0.0

iL14

I—
C

Diacetylactis
18-16
Laclococcus laclis strains
FIG. 4. Evaluation of the maximum OD of nine L. lactis strains cultivated in three media. The dashed and dotted line indicates the maximum
biomass of L. lactis 111403 growing in the best previously described CDM, SA. Cultures were grown in 96-well plates with a working volume of
200 pl for 20 h at set incubation temperatures (ZMB1 at 27.5°C, ZMB2 at 24.1°C, M17 at 30°C, and SA at 30°C). Optical densities were determined
at a wavelength of 650 nm.

G. Zhang, D.A. Mills, D.E. Block (2009). Development of chemically defined media supporting high-cell-density growth of Lactococci,
Entereococci, and Streopcocci. Appl. Environ. Microbiol. 75(4): 1080-1087.

(see also: ) 129
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Questions

What are the advantages and disadvantages of
following methods?

-Analogy method
-Differential method
-Integral method
-Statistical approach



Some exercises:

https://www.climbing.com/skills/training-gym-free-climbing-exercises-you-can-do-anywhere/ 131



Remember there are two types of growth limitations

log X | nutrient excess, | Kinetic stoicheiometric
unrestricted growth;  limitation limitation
cone. of
nutrient S
pu=0
—-1-'--
S, limits X
4

lime ——p
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Task 1

You have prepared a preculture (100 mL) in the same medium as the batch medium you plan to use in the bioreactor.

a) How much do you need to inoculate in the bioreactor that contains 2.5 L of sterile medium?
The final OD,,, of the preculture is 4.1.

b) What is the percentile increase of the volume in the bioreactor because of the inoculation?
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Task 2

a) What will be the OD in the inoculated reactor after 10 h assuming you have a strain that finally grows
exponentially with a p,, = 0.69 h' after a lag phase at an OD600 = 0.1 for 4 h.

b) How much glucose would you have used up until 10 h when you know that the yield coefficient Yoy 600)/61ucose 1S 1-5
gt

c) The strain produces propioniate during growth. What would be the propionate concentration when you know the
yield coefficient for propionate is Yy, ionate/Glucose = 0-1 8 877 (pp =0 g L)
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Task 3

a) What will be the specific growth rate of your strain (y,,., = 0.69 h) when you know the Ks value is 0.2 g L'! and
you measure a glucose concentration in the supernatant that is 0.35 g L'1?

b) What would be the substrate concentration when you determineapu=0.5h1?
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Task 4

Stoichiometric limitation:

a) What will be the maximum biomass (=OD600) that you can produce in a 2.5 L bioreactor with 40 g L of glucose
when you know the yields are Yp, o ionate/clucose = 0-1 8 87 and Yop600)/Glucose = 1-5 87

b) What would be the yield Yy, ionate/on(s00)
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Figure 1. Accumulation of olefinic medium-chain-length polyhydroxy-
alkanoates (mcIlPHAs) by P. putida GPol during batch growth with a mixture
of octanoate (15 mM) and 10-undecenoate (11 mM).

Hartmann, R, et al., Tailor-made olefinic medium-chain-length poly[(R)-3-hydroxyalkanoates] by
Pseudomonas putida GPo1: Batch versus chemostat production. Biotechnol. Bioeng., 2006. 93(4): p. 737-746.
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Task 6

a) What will be the cell dry weight in the inoculated reactor after 10 h assuming you have a strain that finally grows
exponentially with a p,, = 0.69 h'1i) normally and ii) after a lag phase at an x, = 0.1 g for 4 h.

b) How much glucose would you have used up until 10 h when you know that the yield coefficient Yy ¢, s 15 0.5 8 7.

c) The strain produces propioniate during growth. What would be the propionate concentration after 10 h when you
know the yield coefficient for propionate is Yo pionate/slucose = 0-1 8 8712 (pp =0 g L)
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Task 7

a) How were the data obtained for the figure to the right?
b) Determine graphically the Ks and the p_ ., values.

c) What other method could you use to determine these parameters?

0.5 2
I S
[ o ‘__.___._._.————___ |
0.4 o
f ’/; - e
RN &
i &
e
0.1} |
-
0.5 10 15

Glucose (mM)

Fig. 2. ;1 as a function of the residual substrate concentration. S.
cerevisiae was grown over a range of D values and steady-state
residual glucose concentrations were determined. The Monod
curve Is fitted through the data points.

Snoep, J.L., et al., Microbiology (2009), 155, 1699-1707
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Additional information for the medium exercises

Molecular weights and growth yields

Element [Da] Cye Element [Da] Cye
[g9 9] [9 9]

C 12 1 Cu 63.5 10°
Cl 35.5 - Co 58.9 10°
H 1 - Ca 40.1 100
N 14 8 K 39.1 100
O 16 1 Mn 54.9 104
P 31 33 Na 23 -

S 32 100 Mo 95.9 -

Mg 24.3 200 Ni 58.7 -

Fe 55.8 200 Zn 65.4 104



Task 8

How much of the nitrogen source do you have to add to a
carbon-limited growth medium when you want to reach a
maximum biomass of 50 g L' cell dry weight and the
nitrogen source (NH,CI) should only be 1.1-fold in excess?
How much nitrogen source do you have to add if you use
KNO; instead of NH,CI?



Task 9

M9 is probably the most widely used mineral medium to grow

Escherichia coli. It contains per liter:

Glucose 2 g, Na,HPO, 6 g, KH,PO, 3 g, NaCl 0.5 g, NH,CI 1
g, MgSO,-7H,0 0.25 g, CaCl, 7.6 mg. Analyse the medium
composition and comment.



Task 10

You have to treat wastewater from a fruit juice producing
factory. It contains on average 30 g L' of easily degradable
carbon compounds (mainly sugars C;H,,0;). The
concentration of easily accessible nitrogen compounds in this
wastewater is on average 0.5 g L-'. What are the conclusions
you draw from your analysis?

Suggest solutions!



Task 11

You grow an obligate aerobic bacterial strain with a water
soluble but volatile carbon source in closed glass bottles
(volume 100 mL) with a mineral medium that allows cell
densities of up to 5 g CDW L-'. The total amount of carbon
supplied is 0.5 g L-" and the total amount of growth medium in
the bottle is 20 mL. The headspace of the bottle is filled with
air. Is there sufficient oxygen in the headspace such that all

carbon will be utilized? Assume a yield factor for molecular
oxygen of 30 g CDW (mol O,)".
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