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Abstract
Motivation: High-throughput biological data, thanks to technological advances, have become cheaper to
collect, leading to the availability of vast amounts of omic data of different types. In parallel, the in silico
reconstruction and modelling of metabolic systems is now acknowledged as a key tool to complement
experimental data on a large scale. The integration of these model- and data-driven information is therefore emerging as a new challenge in systems biology, with no clear guidance on how to better take
advantage of the inherent multi-source and multi-omic nature of these data types while preserving mechanistic interpretation.
Results: Here we investigate different regularisation techniques for high-dimensional data derived from
the integration of gene expression profiles with metabolic flux data, extracted from strain-specific metabolic models, to improve cellular growth rate predictions. To this end, we propose ad-hoc extensions of
previous regularisation frameworks including group, view-specific and principal component regularisation,
and experimentally compare them using data from 1,143 Saccharomyces cerevisiae strains. We observe
a divergence between methods in terms of regression accuracy and integration effectiveness based on
the type of regularisation employed. In multi-omic regression tasks, when learning from experimental and
model-generated omic data, our results demonstrate the competitiveness and ease of interpretation of
multimodal regularised linear models compared to data-hungry methods based on neural networks.
Availability: All data, models, and code produced in this work are available on GitHub at https:
//github.com/Angione-Lab/HybridGroupIPFLasso_pc2Lasso.
Contact: C.Angione@tees.ac.uk
Supplementary information: Supplementary data are available at Bioinformatics online.
Keywords: Machine learning, flux balance analysis, multi-omics, regularisation, Lasso, regression

1 Introduction
In the past two decades, technological advances have led to the production
of enormous amounts of biological data of different types, named omics.
Each of these data types represents a different facet of an organism and its
functioning. Recently, fuelled by the increasing availability of biological

information, machine learning and deep learning have proven to be capable
of revealing hidden relationships and patterns (Libbrecht and Noble, 2015),
otherwise impossible to highlight by human operators, due to the vast
dimensionality of the data and the complexity of its inner relationships.
Owing to the great heterogeneity of these data, the development of multiview learning methods in a biological setting has been promoted (Li et al.,
2016). Thanks to the flexibility of machine learning approaches (especially
deep learning), this subfield of research has been applied to several tasks:
1

© The Author 2021. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

2
transfer learning (Mignone et al., 2020), integrative clustering (Liang et al.,
2014) and drug response prediction (Sharifi-Noghabi et al., 2019) (among
the many).
Although the most recent machine learning methods can disclose some
relationships among the omics data, important limitations remain. These
technologies are mainly used as black boxes and, depending on their architecture, may also not be able to produce new knowledge on the underlying
biological mechanisms. Moreover, limited computing resources or data
availability may hamper the application of advanced machine learning
methods. In many situations, the use of appropriate linear models for
high-dimensional data can hence be a preferable option.
To compensate for these limitations, the reconstruction of genomescale models of metabolic systems is opening new avenues for injecting
biological knowledge into data-driven models (Zampieri et al., 2019).
Constraint-based modelling (CBM) can be used to simulate metabolism
on a cellular scale, providing further insights into the biological mechanisms underlying cell operation. Metabolic flux data generated in silico
have been previously used within machine learning models (Shaked et al.,
2016; Kim et al., 2016; Yaneske and Angione, 2018; Yang et al., 2019;
Vijayakumar et al., 2020).
In this work, we compare multi-view regression frameworks that utilise
both transcriptomics data and strain-specific metabolic models to predict
cellular growth of Saccharomyces cerevisiae, one of the main eukaryotic
platforms for bio-industrial production (Castillo et al., 2019). Understanding and controlling cellular growth is important in biotechnology for the
development of efficient cell factories (Dikicioglu et al., 2013; Lian et al.,
2018). Due to the common problem of interpretability encountered when
using machine learning algorithms, here we focus primarily on those algorithms that are directly interpretable in terms of feature importance, thus
being able to provide immediate biological clues to be further investigated.
Mathematical modelling techniques such as CBM have been developed
to simulate the possible outcomes from organisms in different environmental conditions and genetic characteristics. All the models devised so far
offer quantitative mechanistic representations of biomolecular processes,
but to achieve accurate estimates they often require detailed knowledge on
uptake rates from the environment. On the other hand, it is also possible
to find correlations between gene expression and cell growth using only
data-driven machine learning methods. Previous research focused on building linear predictive models for yeast growth (Airoldi et al., 2009), and
more recently machine learning both for E. coli and S. cerevisiae (Wytock
and Motter, 2019). The metabolic activity of S. cerevisiae in combination
with machine learning techniques was evaluated only lately (Culley et al.,
2020).
Here, we combine regularised statistical learning methods with flux
balance analysis (FBA) for omic data integration, in a regression setting
designed to exploit the partial information present in the two different
views. To this end, we use a compendium of 1,143 single gene knock-out
yeast strain expression profiles to predict cell doubling rates. Fluxomics
data are obtained through a parsimonious implementation of flux balance
analysis (pFBA) using the transcriptomics data to generate strain-specific
genome-scale metabolic models. The metabolic model-generated reaction
flux rates are then added to the gene expression profiles as additional
features (Figure 1).
Our goal is to reveal which characteristics a machine learning model
should have to take advantage of this heterogeneous information. Despite
superior prediction accuracy recently observed for multimodal neural
networks (Culley et al., 2020), as noted above there may be several factors
hindering their utilisation in some case studies. Moreover, the interest in
combining regularised linear methods with fluxomics data could also be
motivated by the enhancement of model interpretation in biological terms.
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Therefore, we here investigate a range of regularisation techniques, proposing expansions of previous frameworks and empirically evaluating them
on a common benchmark.
We show that, in our setting, group and view-specific regularisation
achieve higher performance than principal component regularisation, outperforming multimodal neural networks. On the other hand, the latter
obtains a larger performance improvement when integrating transcriptomic
and fluxomic data. Overall, our results demonstrate the competitiveness
of multimodal regularised linear models compared to data-hungry neural
network methods in a multi-omic task using experimental and modelgenerated omic data. At the same time, we highlight the lack of a clearly
superior method for effective and transparent omic data integration, further underlying the importance of a bespoke selection of both features and
machine learning models for each case study.

2 Methods
2.1 Dataset
We used a transcriptomics dataset generated in a previous study (Kemmeren et al., 2014), which contains two-channel microarray profiles for
1,484 single-gene deletion strains of S. cerevisiae during mid-log phase.
The data were downloaded from the supplementary materials of a second
study providing relative growth rates compared to the wild type for 1,312 of
the same strains, expressed as log2 of the doubling times ratio (O’Duibhir
et al., 2014). The final gene expression dataset was composed of those
strains for which the pFBA formulation described below provided feasible
solutions (1,143 samples), and is here denoted as TRSC. Pre-processing
was applied separately on the fluxomics data (denoted as FLUX) and the
gene expression profiles. For the fluxomics data, all the reaction fluxes for
which the value was < 10−7 for all the samples were discarded (negligible fluxes in all samples). All data were standardised by subtracting the
mean from each feature and dividing by the standard deviation, which
yielded better results following a preliminary exploration of normalisation
techniques. Finally, in addition to these two datasets, a third one was built
by joining the previous two (TRSC + FLUX).

2.2 Genome-scale metabolic modelling
Genome-scale metabolic models (GSMMs) are mathematical models,
representing almost all the known biochemical reactions and transmembrane transporters present in an organism. The reaction network is
described by a stoichiometric matrix S, whose entries are the stoichiometric coefficients that characterise every biochemical transformation.
The reaction rates (i.e. the fluxes) are mass- and energy-balanced assuming metabolic steady-state (no change in metabolite concentration). We
utilised the iSce926 yeast GSMM, which includes 926 genes, 3494 reactions and 2223 metabolites (Chowdhury et al., 2015). Among all the genes
in the TRSC data, a total of 908 (98%) are present in our transcriptomics
dataset.
Parsimonious flux balance analysis (pFBA).
We used pFBA to control the global metabolic activity through an L1regularisation for maximising our objective, at the same time making the
solution as sparse as possible. The complete optimisation problem with
constraints is
min kvk1
v

subject to w> v = gmax ,
Sv = 0,

(1)

vlb Θ ≤ v ≤ vub Θ .

where v is the vector of reaction fluxes in the network, whereas vlb and
vub represent their lower and upper bounds respectively. These constraints
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Fig. 1. Pipeline adopted in this study. From 1,143 S. cerevisiae strains, the gene expression was used as a starting point (Kemmeren et al., 2014). A genome-scale metabolic model (GSMM)
was then used (panel 1) to generate strain-specific GSMM models. From these GSMMs, metabolic fluxes were generated via parsimonious flux balance analysis (panel 2, see Subsection
2.2). The machine learning methods were applied in two different settings: single-view and multi-view regression. In the former case, transcriptomics and fluxomics data were used separately
as input for regularised linear models and artificial neural networks, while in the latter the two omics were integrated to let the two classes of methods leverage the different information of
both sources (panel 3).

are the mathematical representation of the several genetic or environmental factors under which the cell has to operate, and give a context-specific
metabolic model that is consistent with experimental data. w is a one-hot
encoding vector identifying the biomass pseudo-reaction as the unique
objective, whereas Θ is a function mapping the gene expression levels to
the reaction rates (Angione, 2018) (see details in Supplementary Material). Finally, gmax is the maximal growth rate achievable under these
conditions. To perform the optimisation of Equation 1, the COBRA toolbox 3.0 (Heirendt et al., 2019) was used with the PDCO solver. The
solutions provide steady-state flux levels v for each yeast strain and every
reaction in the iSce926 GSMM.

2.3 Regularised linear models for omic data
The models that were investigated here belong to two different categories
of machine learning techniques: statistical learning algorithms and neural
networks. From the former group, we decided to consider only regularised
linear models (RLMs) due to their inherent interpretability. The following
multi-view approaches on the original omic profiles were employed:
IPF-Lasso L1. Integrative Lasso with Penalty Factors (Boulesteix
et al., 2017) is a variation of Lasso (Tibshirani, 1996) that accounts for
different modalities being used. Specifically, it uses penalty factors λm
to weigh the L1 penalty applied to the m-th modality. The objective to
minimise is thus
n 
X
i=1

yi −

pm
M X
X
m=1 j=1

(m) (m)

xij βj

2
+

M
X

λm kβ (m) k1 ,

(2)

m=1

where M is the number of modalities, pm the number of covariates of
the m-th modality, β the regression coefficients and n the total number of samples. The rationale behind this approach is that each modality
has, in general, a different proportion of relevant variables, hence each
contribution is weighted differently.
IPF-Lasso L2. We extended the originally proposed IPF-Lasso algorithm, replacing the L1 norm with an L2 norm, which was not tested in
the original paper.
pcLasso. Principal component Lasso is a variation of elastic net that
biases the solution coefficient vector towards the leading singular vectors
of the feature matrix (or, in case of grouped features, towards the leading
singular vector of each matrix associated with a group) (Tay et al., 2018). In

other words, the solution is pushed towards the most important/identified
pattern to improve prediction accuracy. The objective to minimise is
P

X
1
Y −
Xp β p
2
p=1

2

+ λkβk1 +

θX T
β (Vk Dd2 −d2 VkT )βk ,
k1
kj
2 k k

(3)
where k is a non-overlapping group (fluxomics or transcriptomics data
in this study) whose columns have rank mk , βk is the subvector of β
corresponding to group k, Vk are the right singular vectors of the columns
of X corresponding to group k, and D is a diagonal matrix with entries
d2k1 − d2k , which are the singular values of the columns of X related to
j
group k (the former associated with the leading singular vector, the latter
with j = 1, 2, . . . , mk ).
pc2Lasso. We also modified pcLasso and tested a new version, which
shrinks the vector of coefficients towards the first and the second singular
vectors associated with the two largest singular values. In our implementation, the entries d2k1 − d2k are substituted with α1 d2k1 + α2 d2k2 − 2d2k ,
j

j

where d2k2 is the second-largest singular value, while α1 and α2 represent the quantity of variance explained by the first and the second largest
singular values respectively.
Group Lasso. Group Lasso is a variation of Lasso regression in which
the model is forced to include or disregard entire groups of variables defined by the user (Yuan and Lin, 2006). Notwithstanding the similarity with
IPF-Lasso, there are two main differences: first, the groups are defined by
the user without necessarily following a strict logic such as the one regarding the modalities; second, the algorithm makes a binary choice for each
group, i.e. whether to include it or disregard it. In biological applications,
this strategy can be justified based on the relationships among genes (e.g.
whether they code the same protein, or regulate the same genes). In this
study, the groups were defined looking at the correlation among the data
in both views separately (TRSC and FLUX), while the number of groups
was chosen to encourage a larger granularity. This was set to 50 groups
for the fluxes, already fairly correlated, and 500 for the transcriptomics
data. We tested different values of these two parameters, but a greater
number of groups would lead to non-significant clusters, while a smaller
number would lose information about the potential aggregations. We conducted hierarchical clustering by using the R function hclust with default
parameters. When using both data sources, we used the same groups we
had already defined when using the sources separately. The minimisation
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problem we solved is
J

X
1
Y −
Xj βj
2
j=1

J
X

2

+λ

kβj kKj ,

(4)

j=1

the number of iterations exceeded 100. Finally, the best combination of
hyperparameters was used to train the final model to make predictions on
the unseen test set.
The explored machine learning models were evaluated over several
metrics: the mean squared error (MSE)

1

where kβkKj = (β −1 Kj β) 2 , while Xj and Kj are respectively a
design matrix identifying a group of covariates and an associated kernel.
We chose Kj as the identity matrix multiplied by the square root of the
size of the group, as suggested in the original paper, thus obtaining an L2
penalty.
Hybrid Group-IPF Lasso. We developed a hybrid method to take
into account both the two modalities and the possible relationships within
each of them. To this end, we combined the L1 penalty of IPF-Lasso and
the L2 penalty of Group Lasso on the two different omic levels. We chose
the same groups chosen for the Group Lasso algorithm to make a fair
comparison of the methods. The objective to minimise is therefore
n 
X

pm
M X
X

yi −

i=1

m=1 j=1

M
X

(m)

(m) (m)

xij βj

2
+
(5)

λm kβ

k1 +

m=1

J
X

λj kβj kKj ,

j=1

MSE =

n
1X
(ŷi − yi )2 ,
n i=1

(6)

where model predictions yˆi are compared with observed growth rates yi
across all the n samples of the test set; the mean absolute error (MAE)
MAE =

n
1X
|ŷi − yi | ;
n i=1

the coefficient of determination (R2 )
Pn
(yi − ŷ)2
,
R2 = 1 − Pi=1
n
2
i=1 (yi − ȳ)

(7)

(8)

1 Pn
where ȳ = n
i=1 yi . We also computed for each method the standard
deviation of the error distribution as a further metric:
sP
n
2
i=1 (ei − ē)
σe =
,
(9)
n−1

where λj = 1 for i = 1, 2, 3, ..., J to reduce the computational burden.
Artificial Neural Networks. Artificial Neural Networks (ANNs) are
models capable of approximating any function, provided they are endowed with enough layers and/or neurons. An ANN is composed of an input
layer, an output layer and one or more hidden layers in between. Each
layer is made up of neurons, which are linked to the neurons assembling
the other layers of the network. When a neural network has more than one
hidden layer it is defined as a Deep Neural Network (DNN). Numerous
architectures were devised and studied, optimising several hyperparameters (e.g. number of layers, learning rate, optimisation strategy) to choose
the best neural network architecture among the possible ones. Additional
information can be found in Supplementary Material. We used a naive
neural network as a regressor, defining its architecture via hyperparameter optimisation (described in Subsection 2.4). We also explored feature
selection techniques prior to applying ANN models, but we did not proceed further as we obtained a performance decrease in all cases, as also
observed before (Culley et al., 2020).
Multi-Modal Artificial Neural Networks. Multi-Modal artificial
Neural Networks (MMNN) are a particular type of ANNs devised for
learning from different sources of information, in general involving the
use of an independent network for processing each modality and then a
further network for integrating the gathered information and producing
an output. To ensure a fair comparison between the RLMs and the neural networks, we trained the architecture devised in (Culley et al., 2020),
which inherently works in our scenario. This network is composed of two
individual networks (one for the fluxomics data and one for the transcriptomics data) whose outputs are then concatenated and further processed
by a further network.

where ei is the difference between the prediction and the ground truth and
1 Pn
ē = n
i=1 ei .
For the neural network models, the computations of the metrics were
repeated 10 times each to ensure result consistency (Tables S1 - S2 in
Supplementary Material). Moreover, as further robustness analyses, we
conducted an RROC analysis (Hernández-Orallo, 2013) with all the algorithms (Figure 2(c)), a Wilcoxon signed-rank test on the absolute error for
each pair of the RLMs and MMNN, and a Spearman ranking correlation
for the weights in Figure 2 (b) (Figures S1 - S3 and S6).

2.4 Training and testing pipeline

The aim of our study was to explore the predictive ability of multimodal
RLMs integrating experimental and simulated omics data for predicting
phenotypes, expanding the current landscape of methods (Figure 1). As
a case study, we focussed on predicting the growth rate of S. cerevisiae
over a range of gene deletion strains. We used constraint-based modelling
(CBM) of metabolism to extract metabolic information of yeast mutants in
the exponential growth phase, employing transcriptomics information. We
then evaluated how well different RLMs perform on a set of 343 strains,
and how accurately they recapitulate the findings previously known from
biological experiments.

We split the dataset into a training set and a test set, with an 80:20 ratio.
Then, we defined a subset of the training set as the validation set, we trained
only on the training set, and we optimised the hyperparameters based on the
performance of the model on the validation set. All methods and models,
when applicable, were optimised applying extensive grid-search over the
hyperparameters (details can be found in Supplementary Material). In
case a grid-search would be too computationally expensive we applied a
consistent number of random-search iterations. For the neural networks,

2.5 Feature relevance analysis
We used enrichment analysis, which is a statistical testing technique that
computes the probability that a class of fluxes/genes is over-represented in
a large set, to analyse and interpret our results. For the fluxes, we performed
hypergeometric tests through the hygecdf MATLAB function, and applied
it to those fluxes to which the algorithms had attributed relevant weights
(the threshold was chosen so as to reduce the number of fluxes to an easily
interpretable amount). For the genes, we resorted to a different type of
analysis since the lack of annotations for the transcriptomics data did not
lead to meaningful results. The findings of these analyses are presented in
Subsection 3.3.
We also examined the final models by inspecting directly the weights attributed to the input features. While this is straightforward with the
RLMs, with the neural network we developed a specific method in order
to quantify the relevance that each feature has to the final prediction (see
Supplementary Material for details).

3 Results

Multimodal regularised linear models with flux balance analysis for mechanistic integration of omics data
MSE

0.10
0.09
0.08
0.07 Group
0.06 Lasso
0.05
0.04

0.016
0.012 Group
Lasso
0.008

pcLasso

0.004
pc2Lasso

MMNN

ANN

R

Hybrid
Group−IPF−Lasso

IPF−Lasso
L1

pc2Lasso

ANN

IPF−Lasso
L2

Hybrid
Group−IPF−Lasso

IPF−Lasso
L1

0.225

IPF−Lasso
L2

0.200
Group
Lasso

0.175 Group
Lasso
0.150

pcLasso

pcLasso

0.125
MMNN

MMNN

pc2Lasso

ANN

Hybrid
Group−IPF Lasso

Fluxomics

Transcriptomics

e

0.75

Mean |ρ|

0.00

Hybrid
Group−IPF Lasso

Transcriptomics and fluxomics

d

−0.10

pc2Lasso

ANN

c

2-oxoglutarate

0.50

L-phenylalanine

0.25

L-glutamate

−0.010

0.00

ipfLassoL2
hybrid
ipfLassoL1
MMNN
groupLasso
pc2Lasso
pcLasso
ANN

0.00

0.05
0.10

0.07
0.15

0.20

Gly

0.03
0.05

ino

−0.030

−0.20

RROC underestimation sum

pcLasso

σe

0.2

−0.30

IPF−Lasso
L2

cin SInos
e, ta ito
se rch l p
su
rin a ho M
ga
e a nd sp e
ra
nd su hateios
nd
th cro m is −
nu
cle reon se meta yea
oti Fo ine etaboli st
de late m b sm
su b eta oli
On
e c Sugar iosy bolism
arb lfu me nth sm
o r ta e
Py Pu n pometaboli sis
F rim rine ol bo sm
Glyatty idine meby folism
c ac m ta la
Ma
Ca eroli id bioetaboliste
nn
p
b m
os
r
e ty bapeBiotiid m syntholism
pe H ne n meta es
Oth
Mo O−gistid m bioetabolis is
er
no lyc ine sy boli m
typ
ba a m n s
e
Ses of N−G ctamn bioetabthesm
le O
c b sy olis is
Po M Aminnoc −gly
Se
rph AP o om lycaan biosynnthesm
sq
io
K a
uit
erp yrin sig cyl−pou n biosynthesis
a n tR nd s th is
en
oid nd chaling NA me ynthesis
lor pa bio tab esis
an
d tr Rib op thw syn olis
ite ofl hyll ay the m
Bio
rpe av m − sis
in e
syn
Stenoid metabyoeas
the
sis V Thia roid biostabolismt
of itam min bio ynthlism
Ph
un in e sy e
os
sa B me nth sis
ph
tur 6 m ta es
ati
dy
A a
etaboli is
lino Fa utopted fa
b sm
tt
Sp sito y achag tty oalism
hin l sig id y − cid
e
g
Nit olip nalinlongyeass
rog id m g s ati t
e
e
F
n ta ysteon
O
ruc
Pe
nto
tos xidati Glu metabolism
e a G ve co Gly bo m
se
an
nd ala ph ne co lism
dg
ma cto osp oge lys
Va
luc
line Pa
nn se ho ne is
os me ryla sis
, le nto Pe uro
e
Ala C5− ucinthenntosnateRNA metabo tion
Bra e ate e p in de tab lis
nin
nc and an hosterc gra olism
e,
he is d ph on da m
as
d d ole Co ate ve tio
pa
r ta
iba uc A b p rsio n
te
in
an Fasic a e biosy athwns
Bio
syn Biosd glutty acid iosynthe ay
the B ynth tam cid metanthesis
sis ios es ate me bo sis
of ynth is o m tab lism
se e f a eta oli
co sis m bo sm
Argnda of ino lis
in ry a a m
Pro Ly ine mentibiocids
Ph
pa sin bio tab tic
Cy
en
ste
yla Va
Py noae biosyn olites
ru te s th s
in
lan lin
Ca vate me ynthesis
ine e, le e an
, ty uc
d m L rbo m tab esis
ros ine
e y n e o
in a Glu thiosine metabolism
A e a nd ta nin de tab lism
Te rginnd trisolethione m gradolism
2−rpenine aypto ucin e metab atio
Ox oid nd ph e d eta oli n
Gly oc b pr an eg bo sm
ce arb ack olin bio rad lism
rop ox bo e sy ati
ho ylic ne me nth on
s a bio tab es
Gly
s o is
Fapholi cid m
ox
Ub
tty pid e ynthlism
yla
iqu
ac m tab esis
C
te
ino
an Titrate id deetabolism
ne
d d ry c
g o
a
ica pto ycle Per radalism
Sy nd o
p
r
o ti
b
(
h
nth th
Bu oxy an TCAxisomon
es er te
tan late me cy e
is a rp P
nd en hen Tyrooate metabo cle)
de oid yla sin m tab lism
gra −q lan e meta olis
u
da ino ine etaboli m
tio ne m b sm
n o b eta oli
f k ios bo sm
eto yn lis
ne the m
bo sis
die
s

0.4

IPF−Lasso
L1

MMNN

2

0.8
0.6

b

MAE
IPF−Lasso
L2

IPF−Lasso
L1

0.020

0.25

RROC overestimation sum

0.30

Am

a

5

H+
carbon dioxide
NADH
H+
Aldehyde
dehydrogenase

2-phenylethanol
NAD

Phenylalanine
transaminase
keto-phenylpyruvate
Phenylpyruvate
decarboxylase

phenylacetaldehyde

NAD

Aldehyde
dehydrogenase
H+

phenylacetic acid

NADH
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and σe , and the better for R2 . The fluxomics data alone does not perform well for all the metrics (except for σe ). On the other hand, for some methods, combined learning with both
transcriptomics and fluxomics data leads to better performance. (b) Average weight attributed to each of the related pathways according to the associated metabolic fluxes (left) and genes
(right) for the regularised linear models. For better visualisation, we reported even the non-statistically significant pathways, and scaled the weights for each method separately. The
statistically significant pathways are indicated by p-values (only for the metabolic fluxes). (c) RROC curves for the tested methods in the integration setting. Our IPF-Lasso and Group-IPF
Lasso showed higher robustness than the other algorithms. (d) Mean Pearson correlation along the pathways in the fluxomics dataset. The coefficients were computed by calculating the
absolute values of the Pearson correlation between each metabolic flux and the growth rate, and then averaging them within each pathway. (e) Ehrlich pathway for the catabolism of
phenylalanine. The reaction in red is amongst the ones selected by IPF-Lasso with L2-norm as a penalty. The main metabolites are represented by bigger circles.

3.1 Multi-omics prediction of cellular growth
We started from three state-of-the-art RLMs that were previously proposed
for biological data analysis: Integrative Lasso with Penalty Factors (IPFLasso) (Boulesteix et al., 2017), Group Lasso (Yuan and Lin, 2006) and
Principal Component Lasso (pcLasso) (Tay et al., 2018). As described in
Section 2, we then introduced Hybrid Group-IPF Lasso, which accounts
both for different omic domains and intra-domain biological modules.
Moreover, we considered the use of a modified regularisation term for
IPF-Lasso and pcLasso (Section 2). Overall, we therefore tested the following RLMs: (i) IPF-Lasso, both L1 and L2, (ii) pcLasso, (iii) pc2Lasso,
(iv) Group Lasso, (v) Hybrid Group-IPF Lasso. Together, they comprise
different variants of group, view-specific and principal component regularisation (Figure 1). As a benchmark, we used artificial neural networks
(ANN) and multi-modal artificial neural networks (MMNN) to better
understand the advantages and drawbacks of using a less interpretable
method with high predictive potential.
All the above methods (apart from the hybrid method) were tested
over datasets containing three different types of information: (i) only

fluxomics data; (ii) only transcriptomics data; (iii) fluxomics and transcriptomics data (in the latter case, the integration was accomplished through
concatenation).

3.2 Comparison of multi-omics models of growth
Only the models with the best combination of hyperparameters were compared on the test set. Figure 2 and Table 1 provide a detailed overview of
the results. It can be noted that the performance based only on reaction
fluxes is considerably lower than the performance based on gene expression, consistently with previous results (Culley et al., 2020). This is likely
to indicate that fluxes, when used in isolation, have a smaller amount of
relevant information compared to transcriptomics data, thus fluxes were
only compared in a multi-view setting.
Amongst all the presented methods, only our proposed pc2Lasso managed to achieve an improvement in the performance when using more than
one view, together with the original pcLasso, the MMNN and the ANN.
Conversely, IPF-Lasso L1 fails to learn from the fluxes and the gene expression jointly. Specifically, its error scores remain unchanged when moving
from one view to two, and a Wilcoxon signed-rank test run on the predicted and experimentally-measured growth rate distributions confirmed the
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Data

MSE (×10−2 ) MAE (×10−2 )

Method

R2

σe

6.32
5.76
5.61
5.75
6.70
6.29
5.65
5.76
5.61
7.25
6.68
9.70
9.74
9.75
9.74
9.72

0.78
0.81
0.82
0.81
0.73
0.77
0.82
0.81
0.82
0.67
0.72
0.43
0.42
0.42
0.43
0.43

0.214
0.212
0.215
0.213
0.206
0.209
0.219
0.212
0.216
0.205
0.207
0.206
0.207
0.207
0.191
0.191

6.20
6.02
6.98
6.18
11.8
9.23

0.65
0.70
0.72
0.64
-0.33
0.13

0.209
0.214
0.182
0.212
0.176
0.205

Regularised Linear Models
TRSC + FLUX Group Lasso
IPF-Lasso L1
IPF-Lasso L2
Hybrid Group
pcLasso∗
pc2Lasso∗
TRSC
Group Lasso
IPF-Lasso L1
IPF-Lasso L2
pcLasso
pc2Lasso
FLUX
Group Lasso
IPF-Lasso L1
IPF-Lasso L2
pcLasso
pc2Lasso

0.680
0.577
0.551
0.570
0.812
0.702
0.558
0.577
0.544
1.00
0.837
1.74
1.76
1.76
1.73
1.72

Artificial Neural Networks
TRSC + FLUX ANN
MMNN
TRSC
ANN
MMNN
FLUX
ANN
MMNN

0.675
0.640
8.48
0.679
4.02
1.70

Table 1. Multi-view results across all dataset-algorithm combinations. Values
in bold represent the scores of the methods proposed in this work. Asterisks
indicate a statistically significant improvement for methods using TRSC and
FLUX data over TRSC only, showing that some methods benefit more than
others when fluxomics data is added to transcriptomics data as predictive features. The methods highlighted are the ones showing the best performance in
each learning setting. The best performance is held by our modified version of
IPF-Lasso with L2 penalty, which outperforms the other algorithms over almost
all the comparison metrics.

overlap between their error distributions over the test set (p = 0.19). Moreover, a further confirmation of this is given by the weights that IPF-Lasso
L1 attributes to the fluxes, which are all zeros.
Likewise, it is possible to gain some interesting insights by inspecting
the weights that IPF-Lasso L2 gives the fluxes and the transcriptomics
data, albeit the method does not show actual improvement. While the
weights of the fluxes are all zeros, the weights of the genes are significantly
different from the weights the algorithm attributes when trained only on
transcriptomics, and an even smaller amount of them is selected. This could
be interpreted as a particular indirect form of regularisation that reaction
fluxes apply over the gene expression with this algorithm, which suggests
that this multi-modal approach utilises profitably metabolic modelling to
gain information that cannot be acquired from the transcriptomics alone.
In general, the best-performing methods in the integration case (TRSC
+ FLUX), which adopt group and view-specific regularisation, do not
display improved metrics over the TRSC case. On the other hand, methods employing principal component regularisation clearly display such
improvement but remain with worse scores.

to the metabolic fluxes by the algorithms and to conduct an enrichment
analysis over the two different data types.
Thanks to their transparent structure, RLMs can be interpreted immediately, as they directly assign a weight to each input feature. Since a
typical characteristic of Lasso is the inner feature selection due to the
fact that some input features are given zero as weight (which means that
they are not used to make any prediction), all the RLMs share a similar
property. Our analysis on the relevance of certain features takes thus into
account solely the features that are not disregarded by the methods (i.e.
with a non-zero weight). Figure 2b illustrates the outcome for the most
common pathways that were found enriched for the RLMs. In the case
of the genes, the pathways most present in the pool of the selected genes
were considered.
Looking exclusively at the metabolic fluxes that were given the highest
weights by each method, it is possible to cross-compare the algorithms.
All the algorithms, except IPF-Lasso L1, Group Lasso and our hybrid
Group-IPF Lasso, select phenylalanine-involving reactions. Furthermore,
all the algorithms except Group Lasso select tyrosine transaminase as a key
reaction. It is widely known that in yeast these two compounds take part in
the Ehrlich Pathway, which is directly related to fermentation. Moreover,
different types of Lasso variations are capable of finding similar but not
identical reactions, since while the two pcLasso versions find only one
of the two PS decarboxylases reactions in the model, the two IPF-Lasso
methods find the other one. Both these reactions have been found to support growth in S. cerevisiae (Griac, 1997). Finally, phosphatidyl-L-serine
and phosphatidylethanolamine are once again, like tyrosine transaminase,
common to all but IPF-Lasso L1, Group Lasso and the hybrid method. The
former is essential for cell growth (Kuge et al., 1986), while the latter, under
certain conditions, takes on crucial importance for yeast growth (Kodaki
and Yamashita, 1989). However, widespread differences were also found
in terms of weight distribution across regularisation approaches.
To statistically evaluate such heterogeneity, we conducted pathway
enrichment analyses on RLM weights, which indeed confirm a varying use
of biological information by individual regularisation strategies. Due to the
diverse nature of the two types of data, the analyses were performed in different ways based on the dataset considered. As regards the reaction fluxes,
in addition to the importance of phenylalanine, tyrosine and tryptophan,
the enrichment highlighted the relevance of cysteine and methionine as previously known (Sutter et al., 2013; Yoshida et al., 2011), 2-oxocarboxylic
acid and lysine when considering IPF-Lasso and aminoacyl-tRNA synthesis, arginine, alanine aspartate and glutamate when looking at the results
from pcLasso and pc2Lasso. Finally, we compared the fluxes and the related genes, i.e. the genes associated with the enzymes that catalyse each
reaction selected by the algorithms, to evaluate whether there was a correspondence between them. Specifically, the genes associated with the
reactions with the largest weights were considered and compared with the
genes selected directly by the same method. The results showed that the
genes associated with the selected reactions are not significantly present in
the set of genes selected directly. This further strengthens our hypothesis
that fluxes and genes carry qualitatively different information, increasing
the accuracy of a multimodal method compared to a single-view one.

4 Discussion
3.3 Interpretation of biological predictors
One of the purposes of adding a second view such as the metabolic fluxes
was to improve the biological understanding and thus the interpretability
of the input features, and consequently of the predicted output. The notion
of interpretability we adopt here refers to the use of feature weights to
establish which pathways/genes are important for growth among the input
features. From this perspective, we decided to look at the weights attributed

In this work, we proposed and tested approaches for multimodal learning, integrating information from metabolic models and experimentally
obtained gene expression data. We showed that the metabolic information represented by model-derived flux rates is relevant for interpreting the
predictions from machine learning models, and for better understanding
the interplay among genes, metabolism and growth. More specifically, we
found that that multi-omics data integration through principal component

Multimodal regularised linear models with flux balance analysis for mechanistic integration of omics data

regularisation leads to predictive improvements in our setting, while other
forms of regularisation appear less effective in such task. While the metabolic fluxes were calculated through pFBA, it must be noted that several
methods can be used to compute flux rates, which can hence better exploit
it and further improve predictive results.
Finally, we found that regularised linear models can perform better
than neural networks (albeit with no statistically significant difference
at significance threshold = 0.05), even after extensive fine-tuning of the
hyperparameters. This suggests that powerful methods such as neural
networks cannot be regarded as off-the-shelf methods to which to resort
for any task indiscriminately, and other simpler methods should also be
considered.

5 Conclusion
We investigated the predictive power of existing and novel multimodal
regularised linear models in predicting S. cerevisiae growth using experimental and metabolic model-derived multi-omics data. Our experiments
included state-of-the-art regularisation methods such as group-based,
view-specific and principal component regularisations. These were applied
to a combination of genome-wide gene expression data and modelgenerated metabolic information. In our task, we found that linear
interpretable methods such as variations of Lasso can perform better
than artificial neural networks even on a relatively large dataset, with a
maximum R2 improvement (statistically non-significant) close to 4%.
We also observed that accurate state-of-the-art regularisation methods
conceived for data integration fail in achieving accuracy improvements
in our multi-omics setting, and that they inconsistently point to different
sets of relevant biological variables. These findings highlight the need for
new solutions that can exploit the cross-modal information, in addition to
the information held in the individual modalities. Albeit still at the beginning of the exploration of this field, we believe that our results constitute
a valuable benchmark for future investigation into multi-omics integration, again stressing the validity of linear regression methods in scenarios
characterised by complex and high-dimensional data such as molecular
biology.
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Genome-scale metabolic modelling

Context-specific metabolic modelling. Each of the metabolic reactions is controlled by a
specific combination of genes, named gene sets. In a GSMM, the gene sets are represented using
AND/OR operators. For example, if a reaction can be equally catalysed by two enzymes (namely, the
two enzymes are isozymes), this relationship will be encoded through an OR operator between the two
corresponding genes. Conversely, an AND relation identifies enzymatic complexes where both genes
are necessary for the reaction to occur. GEMsplice [1] changes the reaction bounds of a genome-scale
model by assigning a gene expression value to each gene set, which then affects the lower and upper
bound of the corresponding reactions. Such expression value is obtained by converting the logical
operations into maximum/minimum rules, according to the following map:
Θ(g1 ∧ g2 ) = min{θ(g1 ), θ(g2 )}
Θ(g1 ∨ g2 ) = max{θ(g1 ), θ(g2 )},

(1)

where θ(g) represents the expression level of gene g and Θ represents the effective expression level
of the gene set {g1 , g2 }. GEMsplice thus works as a further constraint inside the FBA optimisation.
Following [2] and unlike its original version [3], we opted for the following map from gene set expressions
Θ to reaction bounds vub and vlb :
vub ← vub Θγ
(2)
vlb ← vlb Θγ ,
where γ is a hyperparameter expressing the relevance of the gene expression in influencing the reaction
bounds. We set γ = 1 according to [2], as this value minimises the linear correlation between predicted
biomass accumulation rates and experimentally-available relative doubling times over all strains.
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2

Interpretation of weights in neural networks and hyperparameter choice

Let us consider a neural network with one-dimensional output and three hidden layers. Each node
has a weight and a bias term, meaning that we can describe each layer in matrix notation with two
matrices (W and B, the matrices of the weights and the biases respectively). If we indicate the input
data as X and the output as o, then it is possible to describe it mathematically in the following way:
o = f (f (f (f (XW1 + B1 )W2 + B2 )W3 + B3 )W4 + Bo ).

(3)

where f is the non-linear activation function. Being almost all the activation functions currently used
in research monotonic (included the ones used in the networks of interest in this study), and in view
of the fact that only the relative importance of the features is of relevance for us, it is reasonable to
ignore the functions and consider only the following expression
o = (((XW1 + B1 )W2 + B2 )W3 + B3 )W4 + Bo ,

(4)

from which, generalising, we can obtain that
o=X

I
Y
i=1

Wi +

I−1
X
j=1

Bj

I
Y

Wk .

(5)

k=j+1

It is hence evident the fact that the weight influencing the input features is just the product of the
weights that each linked neuron possesses.
The following hyperparameters were selected as the best combinations for the neural network
models:
TRSC ANN. Selected hyperparameters: batch size = 32, epochs = 2400, learning rate = 10−2 ,
neurons first layer = 3500, neurons second layer = 4000, optimiser = RP ROP, dropout =
0.6, loss = Smooth L1.
FLUX ANN. Selected hyperparameters: batch size = 32, epochs = 400, learning rate =
10−5 , neurons first layer = 1200, neurons second layer = 1800, optimiser = SGD, dropout =
0.6, loss = Smooth L1.
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Supplementary Figures and Tables
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Figure S1: p-values from the Wilcoxon signed-rank test conducted for each couple of Regularised Linear
Model and MMNN on the absolute error distribution, when using both the views.
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Figure S2: p-values from the Wilcoxon signed-rank test conducted for each couple of Regularised Linear
Model and MMNN on the absolute error distribution, when using only fluxomic data.
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Figure S3: p-values from the Wilcoxon signed-rank test conducted for each couple of Regularised Linear
Model and MMNN on the absolute error distribution, when using only gene expression.

Figure S4: t-SNE plots of the gene expression and fluxomic datasets (perplexity = 5). We conducted a postmortem analysis to understand whether the two distributions of the training and test set were
identical or not (here the split 70:30 is reported), which is the necessary condition so that our
machine learning regression models could effectively generalise to unseen data. As shown, there
is no significant distinction among the two distributions, thus reaffirming the legitimacy of our
workflow.
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Dataset
70:30 split
TRSC + FLUX
TRSC
FLUX
80:20 split
TRSC + FLUX
TRSC
FLUX
90:10 split
TRSC + FLUX
TRSC
FLUX

Average MSE (×10−2 )

Average MAE (×10−2 )

Average R2

0.675
0.848
4.02

6.20
6.98
11.8

0.65
0.72
-0.33

0.688
0.854
4.68

6.21
6.83
12.4

0.71
0.76
-0.34

0.731
0.785
4.26

6.34
6.90
12.5

0.56
0.76
-0.31

Table S1: Robustness analyses for the ANN models with respect to the size of the dataset split. For each
combination model/dataset, we ran 10 training-testing runs varying the split size (70:30, 80:20,
90:10), for a total of 30 runs for each model. The results are the averaged final scores.

Dataset
70:30 split
TRSC + FLUX
TRSC
FLUX
80:20 split
TRSC + FLUX
TRSC
FLUX
90:10 split
TRSC + FLUX
TRSC
FLUX

Average MSE (×10−2 )

Average MAE (×10−2 )

Average R2

0.640
0.679
1.70

6.02
6.18
9.23

0.70
0.64
0.13

0.658
0.702
2.00

6.03
6.28
9.97

0.75
0.70
0.24

0.707
0.786
2.12

6.24
6.52
10.4

0.60
0.54
-0.11

Table S2: Robustness analyses for the MMNN models with respect to the size of the dataset split. For each
combination model/dataset, we ran 10 training-testing runs varying the split size (70:30, 80:20,
90:10), for a total of 30 runs for each model. The results are the averaged final scores.
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Medium component

Exchange reaction name

Exchange reaction ID

ammonium
sulphate
biotin
(R)-pantothenate
folic acid
myo-inositol
nicotinate
4-aminobenzoate
pyridoxine
H+
riboflavin
thiamine(1+)
sulphate
potassium
phosphate
sulphate
sodium
L-alanine
L-arginine
L-asparagine
L-aspartate
L-cysteine
L-glutamate
L-glutamine
glycine
L-histidine
L-isoleucine
L-leucine
L-lysine
L-methionine
L-phenylalanine
L-proline
L-serine
L-threonine
L-tryptophan
L-tyrosine
L-valine
oxygen
adenine
uracil

ammonium exchange
sulphate exchange
biotin exchange
(R)-pantothenate exchange
folic acid exchange
myo-inositol exchange
nicotinate exchange
4-aminobenzoate exchange
pyridoxine exchange
H+ exchange
riboflavin exchange
thiamine(1+) exchange
sulphate exchange
potassium exchange
phosphate exchange
sulphate exchange
sodium exchange
L-alanine exchange
L-arginine exchange
L-asparagine exchange
L-aspartate exchange
L-cysteine exchange
L-glutamate exchange
L-glutamine exchange
glycine exchange
L-histidine exchange
L-isoleucine exchange
L-leucine exchange
L-lysine exchange
L-methionine exchange
L-phenylalanine exchange
L-proline exchange
L-serine exchange
L-threonine exchange
L-tryptophan exchange
L-tyrosine exchange
L-valine exchange
oxygen exchange
adenine exchange
uracil exchange

r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r

1654
2060
1671
1548
1792
1947
1967
1604
2028
1832
2038
2067
2060
2020
2005
2060
2049
1873
1879
1880
1881
1883
1889
1891
1810
1893
1897
1899
1900
1902
1903
1904
1906
1911
1912
1913
1914
1992
1639
2090

Table S3: List of nutrients allowed to be imported when performing flux balance analysis, together with
their corresponding exchange reactions in the iSce926 metabolic model [4]. These correspond to
commonly used media [5, 6].
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Hyperparameter

Hyperparameter search space

batch size
epochs
learning rate
neurons first layer
neurons second layer
optimiser
dropout
loss

{32, 64, 128}
{400, 800, 1200, 1600, 2000, 2400}
{10−2 , 10−3 , 10−4 , 10−5 }
range depending on the input data
range depending on the input data
{ADAM, SGD, RP ROP, ADADELT A}
{0, 0.3, 0.6}
{L1, M SE, Smooth L1}

Table S4: Hyperparameters spaces for the ANN explored during Random Search. For not mentioned parameters, default values were used.
Pathway
Phenylalanine, tyrosine and tryptophan biosynthesis
Phenylalanine metabolism
Tyrosine metabolism
Biosynthesis of amino acids
Biosynthesis of antibiotics
Biosynthesis of secondary metabolites
Cysteine and methionine metabolism
Aminoacyl-t RNA biosynthesis
2-Oxocarboxylic acid metabolism
Lysine biosynthesis

IPF-Lasso L1

IPF-Lasso L2

pc2Lasso

Group Lasso

1.33 · 10−5

1.52 · 10−4

9.30 · 10−3

1.79 · 10−12

1.79 · 10−2
4.71 · 10−2
9.68 · 10−4
3.90 · 10−3
3.90 · 10−3
1.44 · 10−2

8.21 · 10−8
1.52 · 10−4

9.30 · 10−3
9.30 · 10−3

2.74 · 10−2
1.62 · 10−7
1.62 · 10−7
1.58 · 10−4

9.30 · 10−3
1.45 · 10−2
1.45 · 10−2

Table S5: Flux Enrichment Analyses for all the regularised linear models. For each method we display the
p-value associated to the pathway found (when present). As it can be noticed, phenylalanine- and
tyrosine-related pathways are common to almost all the methods. All the p-values are below the
defined threshold of 0.05. The results for pcLasso and the hybrid Group-IPF Lasso are not shown
since the only enriched pathway for the former was the Aminoacyl-t RNA biosynthesis, with a
p-value of 1.50 · 10−2 , while the latter was enriched in Valine, leucine and isoleucine biosynthesis
with a p-value of 2.06 · 10−2 .
Methods

p-value

Fluxomic data
pcLasso & pc2Lasso
Transcriptomic data
Hybrid Group-IPF Lasso & IPF-Lasso L2
Hybrid Group-IPF Lasso & IPF-Lasso L1
IPF-Lasso L1 & IPF-Lasso L2
IPF-Lasso L2 & pcLasso
IPF-Lasso L2 & Group Lasso
IPF-Lasso L1 & pc2Lasso
pc2Lasso & Group Lasso

1.09 · 10−2
3.40 · 10−2
1.79 · 10−4
1.84 · 10−6
7.03 · 10−5
1.86 · 10−2
7.26 · 10−3
1.53 · 10−2

Table S6: Spearman correlation among the methods reported in Figure 2 (b), computed for the average
pathway weights. Only the statistically significant results were reported.
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