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“What is the typical cultivation behavior of your strain?”

The answer may be simple for strains with robust fermentation behavior with little dynamic

variations. But what if the strain shows heterogeneous phenotypes that you need to pinpoint from

multiple cultivation experiments? In this work, a clustering method of fermentation data is

presented that analyses multiple cultivation datasets based on the two hypotheses: first,

stationary cellular phenotypic behavior can be described as a vector consisting of specific rates;

second, similar vectors can be clustered as a representative phenotypic group surrounding a

centroid.

As a field of unsupervised learning, clustering can be utilized as a potent tool that can pinpoint

different types of phenotypic behavior as clusters. Conditional triggers of specific phenotypes as

well as differentiation of cellular behaviors can be outlined. For its demonstration, fermentation

data of Clostridium pasteurianum strains were used.

Introduction

The used fermentation data were generated from 44 small scale cultivations (≥ 50 mL) and 46

controlled fermentation processes (≤ 3 L) of different C. pasteurianum strains. MATLAB 2020b

was used for the calculative process (Fig. 1). Briefly, cultivation data were used to interpolate

inter-sample data points via Piecewise Cubic Hermite Interpolating Polynomial (PCHIP). After

estimation of the time-derivatives of concentration data, specific consumption or production rates

were calculated. Followed by outlier removal (1.6 percentiles), the number of clusters were

estimated using the silhouette evaluation with cosine distance metric and z-score normalization.

The resulting clusters were calculated as medians from clustered data.

For the demonstrated case, 14 clusters as characteristic phenotypes were found (Fig. 2). Analysis of conditionality of phenotypic manifestations

showed potential trends (e.g. initial FeSO4∙7H2O concentration) or unique factors (e.g. distribution of strains for a specific cluster).
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Abbreviations for specific 

production / consumption rate

µ: Growth

Glc: Glucose

Gly: Glycerol

PDO: 1,3-propanediol

EtOH: Ethanol

BuOH: Butanol

LaAc: Lactate

FoAc: Formate

AcAc: Acetate

BuAc: Butyrate

2-OB: 2-oxobutyrate

BES: Bioelectrochemical system

Glucose as preferred carbon sourceGlucose and glycerol as preferred carbon source Glycerol as preferred carbon source

Highest PDO production rate found 

for mixed substrate fermentation cluster

Higher glucose to glycerol consumption 

ratio for higher growth rate

Low variation for glucose consuming

phenotype cluster with predominant 

acidogenesis as product profile

High solventogenic clusters with

EtOH and BuOH as major products

High acidogenic clusters with

formate, acetate, butyrate and lactate 

as major products

Clusters without outweighing 

production of metabolites; 

minor contrast for PDO and BuOH

Cluster with almost no 

metabolic activity

Clusters without outweighing 

production of metabolites but 

highest growth rate

Sole cluster with 2-OB biosynthesis
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Distribution of the different strains in specific clusters (initially, not included as input data for cluster formation algorithm)Cultivation condition data for specific clusters (initially, not included as input data for cluster formation algorithm)

Fig. 1: Data preparation and clustering.

Fig. 2: Found phenotypic clusters and potential conditional triggers.

Feature of 2-OB secretion

only observed for GCSY1 strain FeSO4∙7H2O [mg L-1]

>90% increase of GCSY1 and PC 

strains to total dataset for cluster 10 

with most efficient ATP generation 

with acetate biosynthesis

Highest proportion of R525 strain

for cluster 8 without outweighing 

production of specific metabolite; 

potential candidate as basal behavior 

of this strain

High dimensionality of the datasets coupled to heterogeneity of vector densities leads to

unsatisfactory results using density-based clustering (DBSCAN). Additional data treatment leads to

‘weighted’ calculation of distances for k-means clustering.

Characteristic phenotypical behavior in 14 different clusters were captured. However, data

treatment and clustering parameter optimization are required for distinction between characteristic

behavior and data noise. Potential cause and effect relations can be analyzed via inclusion of

additional information that was not used for clustering.

Besides from analysis for conditional triggers, superposition of the identified clusters can be used

to analyze cultivation process (here calculated as nonnegative linear least-squares problem).

Dynamic shifts of predominant clusters or shifts of superposition-based cluster distribution for

different steady state conditions (e.g. ORP control via anodic BES) can be used as additional tool

to capture minor differences (Fig. 3). Further tuning and optimization is currently in progress.

Material and Methods

Results

Discussion and Conclusion

Fig. 3: Superposition-based analysis.

Batch fermentation (R525) on glycerol Anodic ORP-control in a continuous BES (D = 0.2 h-1)

Fermentation 

data

PCHIP

K-means 

clustering

Silhouette 

evaluation

0 1 2

0

1

2
180°90°0°

180°

90°

0°

D
is

ta
n

c
e

 t
o

 m
e

d
ia

n
 f
ro

m
 z

-s
c
o

re
 

n
o

rm
a

liz
e

d
 s

p
e

c
if
ic

 r
a

te
s
 [
-]

Distance to median from z-score 

normalized specific rates [-]

𝑑𝐶𝐷 𝛼𝑗,𝑝
∗ , 𝜁∗ = 1 −

𝑎𝑗,𝑝
∗ ∙ 𝜁∗

𝑎𝑗,𝑝
∗

2
𝜁∗

2

Specific growth rate [h-1]

Specific production / 

consumption rate [mmol g-1 h-1]

𝑎𝑗,𝑝 =  𝜇 𝑟𝐶=2 𝑟𝐶=3 … 𝑟𝐶=𝑚
′

𝑡𝑗,𝑐𝑒𝑝

Sampling data 

(concentrations)

𝑘

C
lu

s
te

r

Cluster

0.00 0.13 0.26 0.39 -5.4 -3.6 -1.8 0.0 -92 -46 0 46 -8.7 0.0 8.7 17.4 -4 0 4 8-2.5 0.0 2.5 5.0 -1.2 0.0 1.2 2.4 -5.3 0.0 5.3 10.6 -2.8 0.0 2.8 5.6-3.9 0.0 3.9 7.8 -0.39 0.00 0.39 0.78

0.0

2.4

4.8

7.2

0.00

0.13

0.26

0.39

μ

μ

0.00

0.13

0.26

0.39

-5.4

-3.6

-1.8

0.0

G
lc

Glc

-5.4

-3.6

-1.8

0.0

-92

-46

0

46

G
ly

Gly

-92

-46

0

46

-8.7

0.0

8.7

17.4

P
D

O

PDO

-8.7

0.0

8.7

17.4

-4

0

4

8

E
tO

H

EtOH

-4

0

4

8

-2.5

0.0

2.5

5.0

B
u

O
H

BuOH

-2.5

0.0

2.5

5.0

-1.2

0.0

1.2

2.4

L
a

A
c

LaAc

-1.2

0.0

1.2

2.4

-5.3

0.0

5.3

10.6

F
o

A
c

FoAc

-5.3

0.0

5.3

10.6

-2.8

0.0

2.8

5.6

A
c
A

c

AcAc

-2.8

0.0

2.8

5.6

-3.9

0.0

3.9

7.8

B
u

A
c

BuAc

-3.9

0.0

3.9

7.8

0.0 2.4 4.8 7.2

-0.39

0.00

0.39

0.78

2
-O

B

Cluster

0.00 0.13 0.26 0.39

μ

-5.4 -3.6 -1.8 0.0

Glc

-92 -46 0 46

Gly

-8.7 0.0 8.7 17.4

PDO

-4 0 4 8

EtOH

-2.5 0.0 2.5 5.0

BuOH

-1.2 0.0 1.2 2.4

LaAc

-5.3 0.0 5.3 10.6

FoAc

-2.8 0.0 2.8 5.6

AcAc

-3.9 0.0 3.9 7.8

BuAc

2-OB

2-OB

Outlier removal, 

z-score 

𝜁1

𝜁2

𝜁3

Cosine distance

𝑟𝐶,𝑡=𝑡𝑗
=

1

𝑐𝐵𝑀 𝑡𝑗

𝑑𝑐𝐶 𝑡

𝑑𝑡

Specific production / 

consumption rate

Centroids representing the 

cluster behavior


