
Since 1997, the Croatian Society of Natural 

Sciences awards the Spiridion Brusina Medal to 

a prominent foreign or Croatian scientist with 

permanent residence abroad, who, among other 

things:

• contributed to Croatian science

• collaborated with Croatian scientists

• worked scientifically in Croatia 

• or promoted Croatian science

Spiridion Brusina Lecture

Together with Oton Kučera and Gjuro Pilar, 

Spiridion Brusina founded the Croatian 

Society of Natural Sciences in 1885.
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Genomic phylostratigraphy in bacteria: 

predicting gene functions

Protein phosphorylation and signaling in bacteria

Nanotechnology and fighting bacterial infections



Ontogeny

recapitulates

phylogeny
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GENE 

SET 3
OLD genes 

vs

NEW genes



NON-CODING DNA

CODING DNA

LUCA PRESENTtime

1

1*

2*

2 3 4

3*

4*

WHAT HAPPENED HERE?

NEW genes constantly appear and unless useful for adaptation, dissapear

Neme & Tautz (2014) Curr Biol

Mijakovic (2020) Period Biol
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Genomic phylostratigraphy

Prof. Tomislav 

Domazet-Loso



Genomic phylostratigraphy



Phylostratigraphic map



Domazet-Loso & Tautz (2010) BMC Biology

Phylostratigraphy 

can correlate

emergence of genes 

to 

macroevolutionary

adaptation 

phenomena

e.g.

Origin of cancer 

coincides with the 

origin of 

multicelularity



“Phylogeny-ontogeny correlations are 

indeed present in developmental 

transcriptomes of eukaryotic clades 

with complex multicellularity.” 

Ontogeny

recapitulates

phylogeny

Tomislav Domazet-Loso



Futo et al. (2021) Mol Biol Evol

Bacillus subtilis biofilms: is this similar to embryonal development?

THEORETICAL B. subtilis TRANSCRIPTOME B. subtilis PROTEOME

YES it is!



Can we use evolutionary age of genes to 

predict their function?

14

20-30% of genes in bacterial genomes have no assigned function

• some of them are related to infection

• some of them are undiscovered antibiotics

Lei Shi

FUNCTION



• sequence homology

• structural homology

• physical proximity to genes of known functions

• knockout phenotype

• expression profile

• …

How do we look for gene function?

15



16

SPORES are highly resistant forms of bacterial cells 

that can survive extreme conditions

Bacillus anthracis Clostoridium difficile

So, WHEN did bacteria learn to make spores?

>300 differen genes are involved in sporulation



Shi et al. (2020) Mol Biol Evol

Hypothesis:

If sporulation was ”invented” in 

phylostratum 8, and expanded in 

phylostrata 9-10-13, then genes of 

unknown function in those phylostrata 

have a higher probability of being

involved in sporulation.



phylostratigraphy PREDICTS a 

gene involved in sporulation

bacterial cell

genes

… …

cell can sporulate

predicted gene inactivated

… …X
sporulation affected

PREDICTION confirmed

18Shi et al. (2020) Mol Biol Evol



WT

19Shi et al. (2020) Mol Biol Evol
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REGULATORY roles

STRUCTURAL roles

NEW spo genes

Shi et al. (2020) Mol Biol Evol



Phylostratigraphy accurately predicted genes involved in sporulation

prediction

success rate 

approx 43%

very few

false

negatives 

21Shi et al. (2020) Mol Biol Evol



Can evolutionary age be used to find new infection-

related genes or new drug targets?

22

Will this work for any developmental phenomenon?

MOST PROBABLY YES

Will this work for any enzyme of unknown function?

NOT LIKELY



NON-CODING DNA

CODING DNA

LUCA PRESENTtime

1

1*

2*

2 3 4

3*

4*

WHAT HAPPENED HERE?

Phylostratigraphy should become a part of genome mining tools

Mijakovic (2020) Period Biol



How can phylostratigraphy be integrated in genome mining?

Mijakovic (2020) Period Biol

• Pathways involved in pathogenicity

• Biosynthetic clusters



Genomic phylostratigraphy in bacteria: 

predicting gene functions

Protein phosphorylation and signaling in bacteria

Nanotechnology and fighting bacterial infections



Protein PHOSPHORYLATION

in bacterial signaling and regulation

P
kinase

phosphatase

SIGNAL

26

RESPONSE



27Macek et al. (2019) Nat Rev Microbiol
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TkmA

PtkA UgD

TuaD

EpsE

EPS production

UDP-Glc

UDP-GlcA

precursors

2003

Protein-tyrosine phosphorylation in B. subtilis

Dr. Josef Deutscher

AKA

The King 

of protein phosphorylation



YvyG

YnfE

Ldh

YjoA

Eno
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Asd

YorK

EpsE

EPS production

UDP-Glc

UDP-GlcA

precursors

replication competence

exonuclease

fatty acid

oxidation

Asp-semialdehyde

Asp-P 

localization

MinD

SalA DnaK

2021

Protein-tyrosine phosphorylation in B. subtilis



TkmA

PtkA

substrate

set 3

MinD

SalA

DefA

PtkA
PtkA

PtkA

substrate

set 1

substrate

set 2

Lei Shi

Is B. subtilis protein-tyrosine kinase PtkA regulated 

like a cyclin dependent kinase?



Genomic phylostratigraphy in bacteria: 

predicting gene functions

Protein phosphorylation and signaling in bacteria

Nanotechnology and fighting bacterial infections
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The Graphene Flagship is a Future and Emerging Technology Flagship 

Established by the European Commission

With a budget of €1 billion, the Graphene Flagship represents a new form of joint, 

coordinated research on an unprecedented scale, forming Europe's biggest ever

research initiative. 

Coordinated by Chalmers

Flagship Director
Professor Jari Kinaret

34



How did graphene and bacteria meet at Chalmers?

MC2           BIO

35

Profs. Jens Nielsen  
& Dina Petranovic



Idea: vertically grown graphene might disrupt 

attachment of bacteria to surfaces

We expect that graphene sharp edges will act as a “knife” and 
will cut bacterial cell envelope

36

Santosh Pandit



Jie Sun & Ivan Mijakovic
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38
Pandit et al. (2018) Adv Mater Interfaces



Bacteria ”cut up” on vertically aligned graphene

without graphene with graphene

39
Pandit et al. (2018) Adv Mater Interfaces



SiO2
SiO2- monolayer SiO2- vertical 20% ethanol (killing control)

Human fibroblasts are not harmed by vertical

graphene coating

After many generations, bacteria do not become

resistant to graphene!

They can evolve resistance to an antibiotic, but not 
to a sharp knife ☺

40
Pandit et al. (2018) Adv Mater Interfaces

2 patents with



99.9999% of bacteria 

are killed

>1000-fold 

improvement on the 

current benchmark

41
Pandit et al. (2020) Small

Mixing ORIENTED graphene flakes with

polymers for biomedical applications
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biodegradable polymer 
with graphene flakes

nanoparticles with
graphene flakes

loading of 
DRUG

penetration of biofilm and 
release of drug

MRSA biofilm

Biofilm TERMINATOR: 
seek & destroy

1.5 M€ interdisciplinary project GRAMI



4.2 M€ EU 

ITN project on 

new antibacterial

strategies

• Diagnostics

• Drug targets

• Antibacterial surfaces

https://www.sysbio.se/pest-bin_eu/



electrical conductivity of graphene due to 

delocalized 4th electron

44



Can we sense bacterial cells

glucose levels, tumor markers…?

45



Receptor = CRISPR/Cas9 

Yes we can!

Receptor = synhtetic

organic molecule ”clicked” 

to graphene

binds circulating tumor DNA binds protein tumor markers



blood 

samples

protein and 

DNA 

extracts

functionalized graphene chip for 

simultaneous detection of many 

cancer markers instant signal readout 

on connected devices

CRISPR-enhanced graphene chip enables cancer detection

HOSPITALS 

with complex 
instruments and 

trained personnel

smaller 
healthcare 

centers

general 
practitioners

more accessible cancer diagnostics

PATIENTS

during treatment 
and after therapy



GO 

GO-Cas9 

nanocarrier

Plant cells

GENOME EDITING

Graphene oxide flakes functionalized with CRISPR-Cas9 for plant 
transformation

Shadi Rahimi



Pandit et al. (2021) under review at Nanoscale

Metallic nanoparticles axially coated with graphene can extract lipids 
(biofules, oleochemicals) from yeast cell factories

Santosh Pandit
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Graphene and other 2D metarials have the capacity to profoundly
transform biomedicine and biotechnology
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Chalmers SysBio is among the global leaders in Systems & Synthetic Biology

You can visit us at www.sysbio.se
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development of cell factories, and drive the change towards biosustainability.
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Greetings from Zagreb!


