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Succinyl-CoA 

³-ketoadipyl CoA thiolase 
(EC 2.3.1.174): GK5E-5358 

3-oxoadipyl-CoA 

3-oxoadipate CoA-
transferase 

(EC 2.8.3.6): GK5E-5356/57 

3-oxoadipate 

³-ketoadipate enol-lactone 
hydrolase 

(EC 3.1.1.24): GK5E-5359 

muconolactone 

Muconolactone isomerase 
(EC 5.3.3.4): GK5E-7205 

3-oxoadipate enol 

lactone 

cis,cis-muconate 

Muconate cycloisomerase 
(EC 5.5.1.1): GK5E-7206 

Catechol 

Catechol degradation III 
(ortho-cleavage pathway) 

Catechol 1,2 dioxygenase 
(EC 1.13.11.1): 

GK5E-7204 

Toluene 

Toluene degradation I 
(aerobic via o-cresol) 

2-methylphenol 

3-methylcatechol 

Phenol hydroxylase DmpP 
(EC 1.14.13.-): GK5E-4079 

Catechol 2,3-dioxygenase 
(EC 1.13.11.2): GK5E-4085 

(EC 3.7.1.-): not found 

cis,cis-2-hydroxy-6-

oxohepta-2,4-dienoate 

Phenol hydroxylase DmpP 
(EC 1.14.13.-): GK5E-4079 

Biphenyl 

Biphenyl degradation 

cis-3-phenylcyclohexa-3,5-

diene-1,2-diol 

Biphenyl-2,3-diol 

 (EC 1.14.12.18): not found  

(EC 1.3.1.56): not found 

Phenol 

Phenol degradation I 
(aerobic) 

catechol 

Phenol hydroxylase, P4 
oxygenase component 

DmpO 

(EC 1.14.13.7): GK5E-4080 

[ + 3 isozymes] 

Acetyl-CoA 

Acetyl dehydrogenase 
(EC 1.2.1.10): GK5E-4073 

Alcohol dehydrogenase 

(EC 1.1.1.1): GK5E-6047 

 

Acetaldehyde 

4-hydroxy-2-oxovalerate 
aldolase 

(EC 4.1.3.-): GK5E-4072 

4-hydroxy-2-

oxopentanoate 

2-oxopent-4-enoate hydratase 
DmpE 

(EC 4.2.1.80): GK5E-4076 

2-oxopent-4-enoate 

4-oxalocrotonate decarboxylase 
DmpH 

(EC 4.1.1.77): GK5E-4075 

(2Z,4E)-5-

hydroxyhexa-2,4-

dienedioate Pot. 4-oxalocrotonate 
tautomerase 

(EC 5.3.2.-): GK5E-8074 

(2Z)-5-oxohex-2-

enedioate 

2-hydroxymuconate- 

6-semialdehyde 
Put. 5-carboxymethyl-2-
hydroxymuconate 

semialdehyde 

dehydrogenase 

oxidoreductase protein 

(EC 1.2.1.60): GK5E-4077 

Catechol 

Catechol degradation II 
(meta-cleavage pathway) 

Catechol 2,3 dioxygenase 
(EC 1.13.11.2): 

GK5E-4085 

Benzoate 

Benzoate degradation 
(aerobic) 

1,2-cis-

dihydroxybenzoate 

catechol 

Benzoate dioxygenase 
ferredoxin reductase 

component  

(EC 1.14.12.10): GK5E-7209 

Benzoate 1,2-dioxygenase  

(EC 1.14.12.10): GK5E-7210/11 

1,2-dihydroxycyclohexa-3,5-
diene-1-carboxylate 

dehydrogenase 

(EC 1.3.1.25): GK5E-7208 

2,6-dioxo-6-phenylhexa-3-

enoate 

2-oxopent-4-

enoate 

2,3-dihydroxybiphenyl 1,2-
dioxygenase bphC 

(EC 1.13.11.39): GK5E-5901 

2-hydroxy-6-oxo-6-
phenylhexa-2,4-dienoate 

hydrolase bphD 

(EC 3.1.7.8): GJS9-5712 

(EC 1.14.13.44): not found 
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Microbial ecosystem services

" Nutrient cycles

" Effect on animal/plant growth

" Bioremediation

" Pathogen biocontrol, source of novel 
antibiotics & enzymes

" &

Microorganisms

Pathogens

Plant

Plant-associated

microorganisms

Competition

Amensalism

Parasitism, Predation

Mechanisms



The human microbiome: pathogenesis and control

Belizario & Napolitano (2015). Front. Microbiol, doi: https://doi.org/10.3389/fmicb.2015.01050

Pathogenicity Beneficial microbes



" Greenhouse gasses of great impact&

https://www.globalcarbonproject.org

Microbes shape conditions for life&



Microbes shape conditions for life&



they dominate life&

� � � � � � � � � � � �

Proteobacteria

Mitochondrion

Gram-
positive
bacteria

Cyanobacteria

Chloroplast

Green sulfur
bacteria

EUKARYAARCHAEABACTERIA

Green nonsulfur
bacteria

Thermotoga

Thermodesulfobacterium

Aquifex

Euryarchaeota

Methanosarcina

Methano-
bacterium

Thermoplasma

Methanopyrus
Pyrolobus

Thermococcus

Thermoproteus

Pyrodictium

Nitrosopumilus

Crenarchaeota
Extreme
halophiles

Entamoebae Slime
molds

Animals

Fungi

Plants

Macroorganisms

Ciliates

Flagellates

Trichomonads

Microsporidia

Diplomonads

Brock, Biology of Microorganisms, 14th Ed. 2014



Gogarten et al. 2005, Nat Rev Microbiol, https://doi.org/10.1038/nrmicro1204

Bacteria Eukaryotes Archaea

Crenarchaeota

Other
bacteria

High GC
Gram-positive

Low GC
Gram-positive

Deep branching
bacteria

?

Other euryarchaeota

Pyrococci

Nanoarchaeota

a

b

c

& & they mess with it!!!

https://doi.org/10.1038/nrmicro1204


They outnumber all of us&

https://www.precisionbiotics.com/ie/blog/world-microbiome-day-2018-0



So& who is the <puppet-master=?

" 109 cells & 1-5*104 strains per 

temperate soil gram

" 104 strains in the human body 

(prokaryotic cells comprise 70% of the 

total cells of the human holobiome)

" 100 M more microorganisms in the 

oceans than the stars of the known 

universe

" 400 g of Clostridium botulinum

neurotoxin can eliminate mankind

Nature, E. (2011).  Nat Rev Micro 9, 628-628, http://www.nature.com/nrmicro/journal/v9/n9/suppinfo/nrmicro2644_S1.html



So& to summarize

Microorganisms
"Shape our home, Earth
" Important for our progress/health

Important traits
"Highly diverse
"High numbers
--------------------------------------------------
How do we learn more about them?



Microbiome analysis methods

"Culture-based

"Culture independent
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" Traditional
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" Traditional

Culture-based

Characterization 



" Traditional

" High throughput (robotic colony pickers)

Characterization 

Culture-based



" Traditional

" High throughput (robotic colony pickers)

Culture-based

Isolation is hampered by: 

" Common nutritional needs

" Common antibiotic resistances

" Auxotrophies (e.g. B12)

" Parasitism/predation phenomena (e.g. Saccharibacteria, BALOs)

" Competition-free single cell methods are usually 
laborious/expensive

" Yet undiscovered nutrient combinations (culturomics)



" Traditional

" High throughput (robotic colony pickers)

" Competition removal (i-Chip, micromanipulation, microbial gel droplets)

Characterization 

Culture-based

566 © 2019 Los Alamos National Laboratory 220

operational taxonomic units (OTUs). QIIME 
parameters were set to the following: read 
quality score cut-off of q29, OTU sequence 
similarity threshold of 0.96, and a minimum 
number of OTU sequences per cluster of 
two. Taxonomic assignments of each OTU 
was assigned within QIIME using the Green
genes 16S reference database [28]. Read-
based metagenomic organism identi昀؀cation 
was performed using GOTTCHA [29] using 
default settings. Sequences were deposited 
in GenBank (Table 1).

A bacterial strain isolated from the iterative 
screening process,  spp., was 
co-cultured with  1412 to 
con昀؀rm the veracity of the growth-promoting 
phenotype. Five replicates containing 100 ml 
of HS growth medium in 250-ml Erlenmeyer 
昀؀asks were inoculated with 
1412 with and without the bacterial isolate. 
All cultures were incubated in a 16 h light 
and 8 h dark cycle, under constant shaking 
at 45 rpm, for a period of 19 days.

To validate the HiSCI work昀؀ow, an environ
mentally sourced pool of bacteria was 
packaged with algae inside GMDs, which 
were then packaged in individual MDs and 
cultured for 7 days. Microcolony growth of 
the algae was observed in the GMDs via 
microscopy (e.g., Figure 3B micrograph). 
With HiSCI, cells are randomly captured in 
GMDs as a function of Poisson distribution, 
thus the average number of cells in each 
GMD is dependent on the density of the 
input cell suspension. We estimated that 
an input algal cell suspension with an OD750

>3.4 (>4.0 × 106 cells) would, on average, 
result in the capture of one algal cell per 
GMD [20]. Even under optimized conditions 
many GMDs remain empty following the 
cell encapsulation step. Thus, the 
enrichment step (Figure 1, step 3) is crucial 
to improve the e٠恩ciency of the work昀؀ow. 
Using our FACS approach for GMD 
enrichment, 330,900 potential abGMDs 
were collected prior to MD encapsulation 
(Figure 3A and Supplementary 昀؀gure 1).

To validate MD stability, two separate 
MD batches, prepared with and without a 
昀؀uorophore, were combined and monitored 
for exchange/dilution of the 昀؀uorophore 

1.

2.

3.

4. 

5.

6.

7.

8.

Initial cell population

Encapsulate cells in GMDs

Enrich GMDs of interest (FACS)

Package GMDs into MDs

Culture

Collapse emulsion,

recover GMDs

Select GMDs with desired

phenotype (FACS)

Subculture for additional

analyses or use to start

another screen

nteractions (HiSCI) pipeline work昀؀ow. 
FACS: Fluorescence-activated cell sorting; GMD: Gel microdroplet; MD: Microdroplet.



" Traditional

" High throughput (robotic colony pickers)

" Competition removal (i-Chip, micromanipulation, microbial gel droplets)

Culture-based

Despite the progress, several obstacles still 
exist
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"Culture independent
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Culture-independent

Metagenomics

<The functional and sequence-based 
analysis of  the collective environmental 
genetic content=

Aims

1) Diversity analysis

2) Functional characterization
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Handelsman J et al. 1998 Chem. & Biolog. R245-R249

1998

Culture-independent

x 32 500 freezers for storing the DNA 

derived from microorganisms of 1 g of soil

Metagenomics

<The functional and sequence-based 
analysis of  the collective environmental 
genetic content=

Aims

1) Diversity analysis

2) Functional characterization



Handelsman J et al. 1998 Chem. & Biolog. R245-R249

Leveau J H  2007 Europ. Journ. Of Plant Path. 119:279-300

Maron PA et al. 2011 C.R. Biologies 334:403-411 
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Diversity
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Metaproteomics
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RNA
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Data-driven sciences

SOIL

1998 2007 2011

Metagenomics

<The functional and sequence-based 
analysis of  the collective environmental 
genetic content=

Culture-independent
Omics

Aims

1) Diversity analysis

2) Functional characterization



DNA double helix

Nucleic acid bases

Negatively charged phosphates in 

the phosphate-sugar backbone

pyrophosphate

Phosphodiester 

bonds

Hydrogen 

bonds

The very basics: DNA (summary)



The basics: oligo probe hybridization

Page 3 of 8
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The very basics: DNA replication in vivo



BioRad: A brief history of PCR

The basics: DNA amplification in vitro (PCR)

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjy8vKrlL_zAhVchf0HHRpPBVUQFnoECBQQAQ&url=https%3A%2F%2Fwww.bio-rad.com%2Fwebroot%2Fweb%2Fsoftware%2Flse%2FDownloads%2FA_Brief_History_of_PCR.ppt&usg=AOvVaw1nLSMHwg2g9pehNXGZsskg


BioRad: A brief history of PCR

PCR Reaction 
Components

Review
" Water

" Buffer
" DNA template

" Primers
" Nucleotides

" Mg++ ions 
" DNA Polymerase

Summary:

The basics: DNA amplification in vitro (PCR)

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjy8vKrlL_zAhVchf0HHRpPBVUQFnoECBQQAQ&url=https%3A%2F%2Fwww.bio-rad.com%2Fwebroot%2Fweb%2Fsoftware%2Flse%2FDownloads%2FA_Brief_History_of_PCR.ppt&usg=AOvVaw1nLSMHwg2g9pehNXGZsskg


PCR product analysis in 
agarose gels

Gel running

BioRad: A brief history of PCR
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The basics: DNA amplification in vitro (PCR)

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjy8vKrlL_zAhVchf0HHRpPBVUQFnoECBQQAQ&url=https%3A%2F%2Fwww.bio-rad.com%2Fwebroot%2Fweb%2Fsoftware%2Flse%2FDownloads%2FA_Brief_History_of_PCR.ppt&usg=AOvVaw1nLSMHwg2g9pehNXGZsskg


The basics: cloning



Culture independent approaches (diversity)

" Hybridization (probes) e.g.:

" Microscopy (fluorescent in situ 

hybridization - FISH)

" Flow cytometry

" Microarrays (Phylochip)

" PCR amplification e.g.:

" Cloning/clone-sequencing

" DGGE

" T-RFLP, ARISA

" Next generation sequencing 
approaches

Vasileiadis, S., et al. (2013). In Omics in soil science. isbn: 978-1-908230-32-4

Hybridiza)on,based, PCR,based,

FISH,,

CARD,FISH,

Microarrays,

Traits'
Analyzed'samples'per'day'or'run' Tens,per,day, Tens,per,day, One,per,run, Tens,per,day, Hundreds,per,

day,

Hundreds,

per,day,

Hundreds,

per,run,

Signatures'simultaneously''

screened'per'sample'

Less,than,10, Less,than,10, Thousands,,to,

hundreds,of,

thousands,

Tens, hundreds, One, Hundreds,,to,

hundreds,of,

thousands,,

to,millions,

Qualita7ve'/'Quan7ta7ve' Quan)ta)ve, Quan)ta)ve, Quan)ta)ve,

**,

SemiI

quan)ta)ve,

Quan)ta)ve,

*,

Quan)ta)ve,Quan)ta)ve,

*,

Automated' No, Yes, Yes, No, Yes, Yes, Yes,

Conûrma7on'tests'

or'suggested'experimental'

valida7on'

Double,probing, Double,probing, qPCR, Cloning,and,

sequencing,

Cloning,,clone,to,

polymorphisms,

match,,clone,

sequencing,

No, No,

DGGE, TIRFLP,,

ARISA,

qPCR, HTS,

microscopy,
Flow,,

cytometry,

Method'

Category'

CTE998-1015

FL 7 Log

C
ou

nt

10
0

10
1

10
2

10
3

10
4

0

75

150

225

300

*:,careful,prepara)on,(e.g.,low,number,of,PCR,cycles),is,necessary,for,reducing,intensity,of,the,PCR,plateau,eûect,on,quan)üca)on,abili)es,

**:,the,PCR,plateau,eûect,introduced,bias,is,applicable,in,case,a,single,marker,gene,like,the,SSU,is,screened,through,mul)ple,taxa,aZer,PCR,



Culture independent approaches (diversity)

" Hybridization (probes) e.g.:

" Microscopy (fluorescent in situ 

hybridization - FISH)

" Flow cytometry

" Microarrays (Phylochip)

" PCR amplification e.g.:

" Cloning/clone-sequencing

" DGGE

" T-RFLP, ARISA

" Next generation sequencing 
approaches

Page 3 of 8
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Vasileiadis, S., et al. (2013). In Omics in soil science. isbn: 978-1-908230-32-4



Culture independent approaches (diversity)

" Hybridization (probes) e.g.:

" Microscopy (fluorescent in situ 

hybridization - FISH)

" Flow cytometry

" Microarrays (Phylochip)

" PCR amplification e.g.:

" Cloning/clone-sequencing

" DGGE

" T-RFLP, ARISA

" Next generation sequencing 
approaches

Vasileiadis, S., et al. (2013). In Omics in soil science. isbn: 978-1-908230-32-4
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Culture independent approaches (diversity)

" Hybridization (probes) e.g.:

" Microscopy (fluorescent in situ 

hybridization - FISH)

" Flow cytometry

" Microarrays (Phylochip)

" PCR amplification e.g.:

" Cloning/clone-sequencing

" DGGE

" T-RFLP, ARISA

" Next generation sequencing 
approaches

Lukumbuzya, et al (2019). Front Microbiol https://doi.org/10.3389/fmicb.2019.01383



Culture independent approaches (diversity)

" Hybridization (probes) e.g.:

" Microscopy (fluorescent in situ 

hybridization - FISH)

" Flow cytometry

" Microarrays (Phylochip)

" PCR amplification e.g.:

" Cloning/clone-sequencing

" DGGE

" T-RFLP, ARISA

" Next generation sequencing 
approaches



Culture independent approaches (diversity)

" Hybridization (probes) e.g.:

" Microscopy (fluorescent in situ 

hybridization - FISH)

" Flow cytometry

" Microarrays (Phylochip)

" PCR amplification e.g.:

" Cloning/clone-sequencing

" DGGE

" T-RFLP, ARISA

" Next generation sequencing 
approaches

Panigrahi et al (2019) https://doi.org/10.1016/B978-0-12-814849-5.00021-6



Culture independent approaches (diversity)

" Hybridization (probes) e.g.:

" Microscopy (fluorescent in situ 

hybridization - FISH)

" Flow cytometry

" Microarrays (Phylochip)

" PCR amplification e.g.:

" Cloning/clone-sequencing

" DGGE

" T-RFLP, ARISA

" Next generation sequencing 
approaches

Tsai et al (2009) https://doi.org/10.1007/978-1-4020-9031-8_15



Culture independent approaches (diversity)

" Hybridization (probes) e.g.:

" Microscopy (fluorescent in situ 

hybridization - FISH)

" Flow cytometry

" Microarrays (Phylochip)

" PCR amplification e.g.:

" Cloning/clone-sequencing

" DGGE

" T-RFLP, ARISA

" Next generation sequencing 
approaches

Turaki et al (2017) https://doi.org/10.3390/v9070181



Culture independent approaches (diversity)

" Hybridization (probes) e.g.:

" Microscopy (fluorescent in situ 

hybridization - FISH)

" Flow cytometry

" Microarrays (Phylochip)

" PCR amplification e.g.:

" Cloning/clone-sequencing

" DGGE

" T-RFLP, ARISA

" Next generation sequencing 
approaches

Hodgetts and Dickinson et al (2013) https://doi.org/ 10.1007/978-1-62703-089-2_20



Culture independent approaches (diversity)

" Hybridization (probes) e.g.:

" Microscopy (fluorescent in situ 

hybridization - FISH)

" Flow cytometry

" Microarrays (Phylochip)

" PCR amplification e.g.:

" Cloning/clone-sequencing

" DGGE

" T-RFLP, ARISA

" Next generation sequencing 
approaches

" Great& however

" Probe-based: 

" FISH: few targets at the time, 
low/intermediate throughput 

" Microarrays: plenty of targets, low 
throughput and cost ineffective

" PCR based approaches examined 
thus far: higher throughput, and 
more targets, but: 

" for achieving near ambient 
resolution they can become super 
expensive



Culture independent approaches (diversity)

" Hybridization (probes) e.g.:

" Microscopy (fluorescent in situ 

hybridization - FISH)

" Flow cytometry

" Microarrays (Phylochip)

" PCR amplification e.g.:

" Cloning/clone-sequencing

" DGGE

" T-RFLP, ARISA

" Next generation sequencing 
approaches
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In cases of highly diverse environments, we resort to

Next generation sequencing (NGS) of 
phylogenetic marker gene amplicons (PMGA)


