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Abstract. The regulation of organelle abundance sustains critical bio-
logical processes, such as metabolism and energy production. Biochem-
ical models mathematically express these temporal changes in terms of
reactions, and their rates. The rate parameters are critical components
of the models, and must be experimentally inferred. However, the exist-
ing methods for rate inference are limited, and not directly applicable to
organelle dynamics.

This manuscript introduces a novel approach that integrates mod-
eling, inference and experimentation, and incorporates biological repli-
cates, to accurately infer the rates. The approach relies on a biochemical
model in form of a stochastic differential equation, and on a parallel
implementation of inference with particle filter. It also relies on a novel
microscopy workflow that monitors organelles over long periods of time in
cell culture. Evaluations on simulated datasets demonstrated the advan-
tages of this approach in terms of increased accuracy and shortened com-
putation time. An application to imaging of peroxisomes determined that
fission, rather than de novo generation, is predominant in maintaining
the organelle level under basal conditions. This biological insight serves
as a starting point for a system view of organelle regulation in cells.

Keywords: Bayesian inference - Stochastic differential equation
Stochastic process + Particle filter - Organelles - Replicate
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1 Introduction

Eukaryotic cells are organized into subcellular membrane-bound structures, such
as the mitochondria, peroxisomes, and endosomes, known as organelles (Fig. 1).
Dynamic control of organelle abundance is fundamental for cellular homeostasis,
allowing cells to adapt to their environmental, metabolic, and energetic needs
[1-4]. Genetic mutations that affect organelle dynamics are known to cause severe
diseases in humans [5].
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The understanding of organelle dynamics has been central in basic cell biol-
ogy research. The processes inducing changes in organelle abundance are well-
known. These include organelle production by fission and/or de novo biogenesis,
as well as organelle destruction by fusion and/or degradation [6-8].

However, the integration of these individual processes into the overall con-
trol of organelle abundance remains unclear. Although genetic mutations and
pharmacological interventions have provided insight into individual mechanisms,
the uncovered pathways shared components, thus complicating the integration
[1,3,4]. Development of a biochemical model of organelle dynamics is therefore
a valuable approach for gaining biological insight into organelle regulation.

Biochemical models express temporal changes in organelle abundance in
terms of basic mechanistic processes called reactions. Since organelle abundances
are typically low (tens to hundreds), a stochastic biochemical model [9] is best
suited to model their temporal evolution [10].

Stochastic biochemical models characterize reactions with rate parameters,
which relate the speed of occurrence of the reaction to organelle counts. In
complex biological systems, the rate parameters cannot be determined from first
principles, and have to be inferred from experimental measurements collected
over time. Here, we propose an integrated microscopy and computational method
to infer the rates that regulate organelle abundance from time course organelle
counts in cell culture, as we demonstrate for peroxisomes.

Peroxisomes are critical organelles required for cell detoxification and lipid
metabolism [3]. Fluorescence microscopy allows us to simultaneously count per-
oxisomes from multiple cells in the course of time in a minimally invasive manner.
However, technological limitations restrict the experiments to less than 100 time
points per cell, which for inference purposes is considered sparse. The counts are
furthermore contaminated by biological and technological variation [11].

Here we argue that, similarly to any other area of data-driven research, rate
inference in sparse settings is improved by conducting experiments with mul-
tiple cell replicates. Although extending the biochemical models of organelle
regulation to replicated experiments is straightforward in theory, it is challeng-
ing in practice. First, the replicates complicate modeling and inference of rate
parameters, as expressing cellular heterogeneity dramatically increases the com-
putational cost. Second, long-term imaging of organelles (for over 8 h) is required
to observe consistent changes in counts across cells. This is difficult to do for a
single cell, and even more so for multiple cells. To our knowledge, there are no
reports of peroxisome imaging for this length of time. As a result, previous stud-
ies are limited, focused on simulated data [12] or on transcription [13]. They are
not applicable to studies of organelle dynamics.

To overcome the limitations above, we describe an algorithm for inferring
rate parameters in biochemical models from replicated experiments, and an
imaging method that supports the inference by long-term monitoring of per-
oxisome counts in multiple live cells. This algorithm takes as input peroxisome
counts, acquired from fluorescent microscopy images by a commercial software.
We demonstrate that this approach provides new biological insight into the mech-
anisms of peroxisome regulation.
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Fig. 1. Illustration of organelles in Fig. 2. The biochemical model that governs

a eukaryotic cell. peroxisome count in a cell. Peroxisomes are cre-
ated de novo at rate kg or via fission at a rate
ks, and degraded at rate 7.

2 Background

2.1 Organelle Dynamics via Fluorescence Microscopy

Organelle dynamics is defined as the process that regulates organelle shape and
numbers. Studies of organelle dynamics commonly use fluorescent probes and
microscopy (abbreviated to fluorescence microscopy). The technology induces
cells to produce a fluorescent protein fusion that is targeted to the organelle.
Using fluorescent probes as markers, organelle structures are identified [2] and
used to count organelle numbers [14].

Peroxisomes are particularly well suited for studies of dynamics, as their
round punctate structure (Fig.1) facilitates counting from microscopy images
[3]. In addition, peroxisomes do not undergo fusion. The biochemical model that
governs peroxisome counts in a cell is simplified to only three stochastic pro-
cesses, each with its own rate parameter, as in Fig. 2. For example, an increase
in peroxisome counts implies that the joint rate of processes that control bio-
genesis (i.e., de novo generation and fission) exceeded the rate of degradation.
This sheds light into their involvement in cellular events that require changes in
peroxisome numbers, such as during cell growth in human cells or in response
to different nutrient conditions in yeast [10,14].

For accurate rate inference, important data considerations include the avail-
ability of accurate counts, multiple replicates, and time lapse acquisition. How-
ever, live peroxisome imaging is commonly performed over small periods of time
(a few minutes) [15], and high-throughput peroxisome imaging has been limited
to the use of fixed cells [16]. Moreover, high magnification objectives (60X or
higher) used to resolve peroxisomes (0.5 — 1x m in size) [14] limit imaging to
individual cells. This manuscript addresses these challenges by developing a ded-
icated experimental approach that allows imaging of 100 time points per cell
and up to 20 replicate cells per experiment over a time period of over 8 h. This
in turn enables the accurate inference of the rates.
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2.2 Modeling and Inference of Organelle Dynamics

Modeling. Mukherji and O’Shea have proposed a stochastic model of organelle
dynamics in yeast [10], which we review in this section in the case of peroxisomes.
We denote by z (¢) € N the count of peroxisomes in a cell at time ¢ € RT. Given
the joint effect of the three stochastic processes, the probability p (x,t) that the
count equals x at time t is governed by

@Y gy kg (@ D] p (e — L)ty @+ D] p (e + 10— [ka + (ks + ) 2] p (2. 1)

dt
(1)
where p(20,0) = 1, and p (z # x¢,0) = 0. The equation describes the Markov
jump process [17], and is used in many areas of research, e.g. to describe a birth-
death immigration process [17] in ecological systems [18]. The rate parameter
kg4 is in units of time™!, while k¢ and v are in units of peroxisome ~'time~!. In
Eq. (1) kq, ks and « are unknown and must be inferred from the data.
The data D = Uthl (t:,y¢) are time points t1 < to < -+ < tr and organelle
counts ¥i,...,yr observed in a same cell. In presence of measurement error,
the observed counts differ from the true (hidden) counts z; governed by Eq. (1).

The Normally distributed measurement error is frequently assumed p (y; |z ) =
N (24, 0?) [12,19].

Inference. To infer the rate parameters in Eq. (1), traditional inference meth-
ods, such as those based on a particle filter [20], simulate many different trajec-
tories from the equation via an exact simulation method, e.g. the Gillespie algo-
rithm [21]. Unfortunately, these methods are computationally expensive. In this
manuscript we propose to reformulate Eq. (1) in terms of an equivalent stochas-
tic differential equation, which leads to Bayesian formulation and to inference
with parallelization. It reduces the computational by a large fraction (~30), thus
enabling rapid feedback for follow-up biological investigations.

2.3 Bayesian Rate Inference in Unreplicated Systems

Inference of stochastic biochemical systems is challenging because the likelihood
p (D |0) is usually unavailable in closed form. Although frequentist modeling and
inference has been proposed [22-24], it is less suited to experiments with sparse
time-course measurements where the inferred rates are subject to relatively high
uncertainty. Frequentist inference is therefore rarely used.

To our knowledge, the Bayesian formulation of Eq. (1) has never been consid-
ered. However, similar equations modeling other stochastic biochemical systems
have received a great deal of attention in, e.g. [19,25]. We briefly overview the
approaches developed in these other contexts, as they form the basis of the
proposed method for systems with multiple replicates.

Modeling. The Bayesian formulation of Eq. (1) requires the specification of a
joint prior distribution of § = (kg, kf,7,0), and the posterior

p(0|D) xp(D6)p(0) (2)
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Assuming a memoryless process where the increments x;11 — z; are statistically
independent, and an error model where the measured count only depends on the
hidden count, Eq. (2) becomes [19]

T
p@1D) o [ T]p i lor,6)p (aeler-1.0)p(6) da (3)
t=1
The integration is over all the possible hidden states at each time point.

Inference. Since the likelihood is unavailable in closed form, Bayesian infer-
ence is performed by numerically sampling from the posterior distribution. Most
approaches are based on a Metropolis Hastings (MH) algorithm, but vary in
methods that approximate the likelihood and update the parameters. For exam-
ple, the exact stochastic process approximates the likelihood and an update
scheme in [26]. A similar approach with the moment closure approximation is in
[27]. However, these methods are inapplicable in presence of measurement error.

In presence of measurement error, the posterior distribution is most often
sampled using a particle filter [20], which combines a Markov chain Monte Carlo
(MCMC) sampler with a sequential Monte Carlo. It relies on the sequential
propagation and reweighing of N computational particles p;<;<n. Each particle
has a weight p; (w) and a value p; () along the time points. The particle filter
method propagates and reweighs the particles along the time course, such that
the likelihood at time ¢ in Eq. (3) is the product of particle weight sums over all
time points.

Several variants of particle filter aim to improve its computational efficiency.
For example, the Particle Marginal Metropolis Hastings (PMMH) [28,29] simul-
taneously targets both the parameters and the hidden counts, i.e. p (z,6|D).
This manuscript takes an approach similar to PMMH. However, since we are
not interested in inference for the hidden counts, we target p (6 |D).

Particle filter is computationally expensive, particularly when used for com-
plex equations such as Eq.(1). As such, they are often parallelized and run
on distributed memory systems [30] (although, to the best of our knowledge,
never for stochastic biochemical models). Most implementations split the com-
putational particles between multiple processes, and iteratively propagate and
reweigh the particles locally within each process [31]. Particles (or other informa-
tion) is exchanged between the processes to avoid infrequent or local weight nor-
malization. Different such schemes have been proposed, e.g. distributed resam-
pling with non-proportional allocation (DRNA) [32] or local selection (LS) [33].

2.4 Bayesian Rate Inference in Replicated Systems

To the best of our knowledge, replicated experiments have not been previously
used to infer rate parameters of organelle dynamics. Here we briefly discuss
related methods proposed in the context of other stochastic biochemical systems.
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Modeling. In experiments with replicate time courses, the data are a collection
of time points and organelle counts across k£ = 1,..., K cells. In the notation
of this manuscript, D = Ule D*, where D* = tTi1 (t,’f,yf) The time steps
th 1= t¥ can vary between the cells.

Zechner et al. model transcriptional and post-transcriptional processes in het-
erogeneous cell populations, where rates vary between cells [13,34,35]. Assuming
that the replicate cells are governed by the same rates (homogeneous rates) and
are statistically independent, the posterior in Eq. (3) becomes [13]:

mm /Hp ok 0)p (atfef s 0)p@ et @)

Since no information about rate values is known a priori, p (0) is a weakly infor-
mative prior (e.g. a Lognormal distribution). Unfortunately, the method cannot
handle situations where numbers of data points or measurement time steps dif-
fer between the cells. Therefore, this approach is unsuitable for inference of rate
parameters of peroxisome dynamics from microscopy data. The likelihood of
Eq. (4) can also be extended [13,36] to a situations where the rates vary between
cells (i.e., are heterogeneous) and statistically independent. In such case, the vari-
ation of rates between cells (i.e. the int¢rinsic biological variation) is described in
terms of distribution p (f|a) with hyperparameters a. Expressing the posterior
of Eq. (4) in terms of «, we obtain:

K Tk
aip)x [T [TIp 6k lek0)p (ot st 1.0) pOle)p(@)dst ao (5)
k=1 t=1

The rates are often assumed to follow a gamma distribution [36] which ensures
their positivity and can well approximate the Normal distribution.

Inference. Zechner et al. [13] aimed to reconstruct promoter activation and
transcription. Therefore, they were interested in the distribution over hidden
counts (x%, R TR U ,x?) They jointly inferred the hidden counts
and the rate parameters by sampling from p (x, 0 |D). Since targeting this distri-
bution via Metropolis Hastings was intractable, the authors introduced a recur-
sive Bayesian procedure where (ignoring cell to cell variations for the rates) the
posterior distribution at time t; was computed from the posterior distribution

at time t;_1

p ('r%:tv o 77}{%,9 |y%:ta o 7y{:(t) X
T (9 [of,0) p (af [21,0) | p (adcss o sl 0wk i)

until all the T time points of the K cell replicates have been used.

In contrast, studies of peroxisome dynamics are not interested in the hidden
counts, and only need to sample p (6 |D) or p(«a|D). This reduced dimension-
ality allows us to directly sample from Egs. (4) or (5), without resorting to the
complications of Eq. (6).
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3 Methods

3.1 Expressing the Biochemical Model of Peroxisome Dynamics as
a Stochastic Differential Equation

We propose to reformulate the model in Eq. (1) in terms of an equivalent stochas-
tic differential equation (SDE) [37]

da (t) = [kq + (ky — ) @ (t)] dt + [ka + (kf +v) 2 ()] dW (t) with 2 (0) = xo
(6)
were W (t) is Brownian motion, and x (t) € R is the continuous approximation
of the discrete peroxisome count x (t) € N. Obtained by the diffusion approxi-
mation, this equation has the same solution as Eq. (1) [38], but is less expensive
to solve.
We solve this equation with the Euler-Maruyama method [39]. The solution
advances with time step At = t;41 — t; following:

Tip1 = [ka + (kp — ) 2] At 4 [ka + (kf +7) 2] VALZ with Z ~ N (0,1) (7)

to obtain x4 from z;. In the following, the numerical solution of the SDE from
ty to tyy1 is abbreviated @41 ~ py, .., (Te41]2¢,0). Since the solution is not
deterministic, solving the equation between two time step amounts to sampling
from the transition density between the steps.

Our experience indicates limited rate variation between the cells. We there-
fore first assume that all replicate cells in an experiment are homogeneous, i.e.
have the same peroxisome regulation rates. We further assume no prior informa-
tion about the rates, and specify a flat, uninformative prior p (#) = 1. In a second
time, we relax the homogeneous rate assumption by considering heterogenous
rates, this time assuming a flat prior for the hyperparameters p (o) = 1.

In fluorescence microscopy a variety of experimental factors, e.g. the luminos-
ity of the fluorescent tag or the topology of each cell, impact the measurement
error. We express this with a Normal measurement error, i.e.:

k |k 1 ‘W(yf—fff
Pe (yt ‘xtve) = \/%O'ke (8)

where the standard deviation o* depends on the cell replicate k, but is constant
in time.

Considering both the SDE model and the measurement error, and marginal-
izing the hidden states, the posterior analogous to Eq. (4) becomes:

p(0]D) o H/H pg yt ‘xm )pt’fﬂtf_'_l (xf|1’i€7179)} dat (9)

while in the case of heterogeneous rates, the posterior analogous to Eq. (5) is:

(a|D) /H/Hp (0]cv) ps (yt |5Eta )ptfﬂtﬁ‘“ (xf |xf_1,9)} dacf do

(10)
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Algorithm 1. Metropolis Hastings Sampler
Inputs: data D
Params:  # of MCMC samples S

# of burn in samples Sy

initial values 6°

random walk parameter oy
Functions: Algorithm 2
Output:  samples {65, ... §971}

1: procedure MCMCs(D)
2 forsin0:S5—1do
3 Process Procy does:
4: » Generate proposal parameter
5: 0* ~ Lognormal (log 0°, o1 )
6 All processes of P* collectively do:
7 9*,k — 0*
8: » Calculate replicate log-likelihood
9: LogLik,, (") < PPF (§**, D" P*)
10: Process Procy does:
11: » Sum all replicate log-likelihoods
12: LogLik (§*) «— Y+, LogLik, (6**)
13: » Calculate MH acceptance ratio
14: LogA — LogLik (6*) — LogLik (6°)
15: LogA «— LogA + log llj[i f’i:
16: » Accept/reject proposal
17: r < min(0, LogA)
18: u~U(0,1)
19: if logu < r then
20: o5t — 0"
21: else
22: 5t — °

3.2 Parallel Inference for Replicated Experiments
with Homogeneous Rates

MCMC Sampling. The reformulation of the model in Eq.(1) in terms
of a SDE in Eq.(6) reduces the computational cost of parameter estima-
tion. Specifically, we propose to sample the posterior distribution p(6|D) =
P (k:d, kf,y,ob, - o |D) in Eq. (9) with the Metropolis Hastings algorithm.
The algorithm requires us to calculate the log likelihood LogLik, =
log [p (6 |Dy )] = log[p (Dy |0)] for each cell replicate k, and the overall log like-
lihood LogLik = ZkK:l LogLik,. The advantage of the algorithm is its abil-
ity to carry out the inference in a distributed memory multicore environment,
and in a parallel manner. While traditional implementations of particle filter
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approximate each LogLik, in a single core, here we propose to simultaneously
calculate LogLik, using multiple computing cores or CPUs (called processes
in what follows). The parallelization along each replicate is fairly natural and
straightforward for the calculation of the overall log likelihood. The parallel cal-
culation of each replicate log likelihood with a particle filter is, however, more
involved due to the need to exchange particle between processes. This will reduce
the computation time of each MCMC step, and in turn drastically reduce the
overall computation time.

The proposed sampling is a modification of a standard Metropolis Hastings
algorithm, as detailed in Algorithm 1. Global operations involving all cell repli-
cates, such as the generation/acceptance of MH samples (lines 5 and 15), or
the sum of LogLik;, (line 12) are standard, and performed by the master process
Proc’. A Lognormal proposal distribution (lines 5 and 15) enforces the positivity
condition for 6. The magnitude of each rate step (line 5) is proportional to the
value of the rate.

Parallel Particle Filter. The calculation of LogLik, with parallel particle
filter (Algorithm 2) is the core of the proposed algorithm. It is an instance of
distributed resampling with non-proportional allocation (DRNA), with global
reweighing at each step [32,40,41]. Unlike the existing algorithms, we distribute
the particles of a LogLik;, between multiple processes, and allow each process
to resample its own particles. To facilitate mixing, a fraction of particles are
exchanged between a process and its neighbors. We describe this in more detail
below.

The algorithm partitions all the available processes (except the master Proco)

} is dedicated
to calculating LogLik,. Proclg is the master process used for global group oper-
ations, while the rest Npyoc i Processes are slave processes.

Each slave process Proc? stores N particles of the filter related to cell repli-

into K groups. Every group P* = {Proc’é,Proc’f, e ,Procﬂcvpm .

cate k, denoted by p? ’k7 1 <1 < N. Each particle has a weight, which character-
izes the plausibility of its representation of the hidden state. The particle values
p. ok (z) are initialized from a Poisson distribution centered around the observed
organelle counts at t1, and the particle weights pfk (w) from a Uniform distri-
bution (lines 5-6). At each observed time point ¢ the particles are propagated
to t + 1 according to the Euler scheme (line 11 and Eq. (7)). This is the most
computationally expensive part, due to the large number of particles considered.
After the update, each particle is re-weighted following the Normal error
model (line 13 and Eq. (8)). Finally, the algorithm sums all the particle weights
into the quantity SW (line 14), and increments the LogLik; of cell k (line 18).
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Algorithm 2. Parallel Particle Filter
Inputs: parameters 6

data DF and processes P* for cell k
Params: # of particles per process NV
Output:  LogLiky, of cell &

1: procedure PPF (4, D", P¥)
2: Each Proc? 1 < j < Nproc,kx does:

3: » Initialize particle values and weights
4: foriin 1to N do
5: p?* (z) ~ Poiss (yY)
. i,k 1
6: P (W) — NNpoew
LogLik, <0
7 for t in 0 to 7% — 1 do
8: Each Proc? 1 < j < Nproc,r, does:
9: foriin 1to N do
10: » Propagate particles, Eq. (7)
11: pg,k (1:) ~ Pty—teqq ('|pi’k (3:) 70)
12: » Calculate particle weights, Eq. (8)
13; Pl (w)  p- (via Pl (2),0)
14: Send 3, pI* (w) to Prock
15: Process Proc§ does:
16: » Increment LogLik,,
Nproc,k—1 iy
17: SW — Zj:pl DDA g (w)
18: LogLik, < LogLik, +log (STW)
19: Each Procf 1< j < Npoc,k does:
20: » Ezchange particles between processes
VN S N/2
21: {pi*} o {psm il
i=N/2+1 i=1
22 N L
i=1 i=N/2+1
23: » Normalize weights for each process
24: foriin 1 to N do
25: 3 () o BED
' P P (w)
26: » Resample particles by weight
21 Sample p?* ~ p?* (w) N times

28: return LogLik,
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To prevent the loss of

k k
accuracy, the slave processes Procj_, Procg Procj,
exchange particles in a circular )
manner, as illustrated in Fig. 3 prk (w)

(lines 21-22). For each process _ '

j of cell replicate k, N /2 par- p£f17...,N/2 = Pfill,'f‘._w/z
ticles are sent to the process P Proc; o
Proc?_1 to its left, while the PieN/2t1,- N Pi=n/2t1, N

remaining half are sent to the

. . . k .
process Proc§+1 to its right. The Fig. 3. Communication between Proc; and its

neighbors, at one time step, for cell replicate
b b ¢ the 1 k. Procf sends the sum of particle weights
as the neighbor of the last >, p?F (w) to the master node. Half of the parti-

k . .
process Pr_OC_Np_mc,k' This ring cles are then exchanged between the neighboring
topology minimizes the commu-  glave processes.

nication between the processes,

and maximizes the efficiency of parallelization. Finally, after within-process
weight normalization (line 25), the particles are sampled according to their
weights using stochastic universal sampling [42] (line 27). This ensures that only
highly plausible particles are retained for the next time step.

Since the calculation of each replicate likelihood is independent of the others,
replicates with different number of data points and time discretization are triv-
ially handled. If one cell replicate is acquired in a longer time course than the
rest, it receives more processes to minimize the idle time of the other replicates
waiting for the calculation.

first process Proct is viewed

Model-Based Conclusions. The inferred distribution of the rates are obtained
from the output samples (6°,---,6%) of Algorithm 1. Since the samples are
highly correlated, they are thinned by a factor (determined from their autocor-
relation spectrum) before estimating the posterior distributions.

The units of k¢ and -y differ from the units of k4, and the values of the rates
are not comparable directly. On the other hand, the ratios kq: kyN: yN (where
N is the average number of peroxisomes per cell) are the relative prevalence of
each reaction in numbers of reaction per unit time. Therefore, to facilitate the

interpretation, we report the results in terms of kg, k fﬁ and vN in what follows.

3.3 Inference of Cell to Cell Rate Variations

The method presented in the previous section can readily be extended to
account for cell to cell variations in the rates. We assume that kg, k¢ and vy
each follow a Gamma distribution with its own shape and rate parameters:
ie. kg ~ Gamma (o, Ok,) , kf ~ Gamma (akﬁﬁk‘f) and v ~ Gamma (o, ).
Instead of directly sampling the shape and scale of the Gamma distributions,
we sample their mean p and standard deviation o. This approach is equivalent
(since e.g. for kg, ar, = pj, /ot and By, = o} /pk,) but it allows a better inter-
pretation of the inferred parameters, and reduces sampling variation. We propose
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to sample a = (ukd,akd,,ukf,akf,uv,awal, e ,UK) from the posterior distri-
bution p («|D) in Eq. (10) with the Metropolis Hastings algorithm detailed in
the previous section. We approximate the integral over all § parameters by using
a single importance sample 6% ~ p (f|a) (which provides an unbiased estimator
of the integral) so that:

K T,
peD) X ] /thl {pa (wt' [, 0% ) pog—p, | (f s, 9k)} def  (11)
k=1
We use the exact same particle filer detailed in Algorithm 2 while the difference
in the MCMC sampler resides in that we sample « instead of # and need to
integrate the likelihood over . As such, in Algorithm 1, 8%, 8°,95t! are replaced
by a*, a®, a**! respectively while line 7 (the generation of rates from hyperpa-
rameters) becomes 0*% ~ p (0]a).

3.4 Implementation

We implemented the procedure in C++ for speed, and parallelized it using the
MPI-2.2 (Message Passing Interface) [43] libraries. The source code and docu-
mentation is available at github.com/cyrilgalitzine/Organelle.

3.5 Imaging and Counting Peroxisomes by Confocal Microscopy

First, peroxisomes in human liver cells (HepG2) were labeled by expression of
the fluorescent protein, EGFP, tagged with the peroxisome targeting sequence,
PTS1, as in [44]. Transfection conditions were optimized to avoid enlarged aber-
rant peroxisomes from overexpression, as well as reduce background cytosolic
fluorescence while maintaining peroxisome-specific fluorescent signals. At 24 h
following transfection, live cells were imaged with a 60X objective using a Nikon
Ti-E confocal microscope. Z-stacks were acquired with 0.2 um steps for 22 pm
at 50 ms exposure per step to limit laser exposure to <10s per cell. Image acqui-
sition was automated for sequential imaging of individual cells (Fig.4). Over-
all, this workflow maintained instrument use to a reasonable timeframe, and
improved cell viability by avoiding continuous laser exposure. It maximized data
collection at time intervals that allow detection of changes in peroxisome counts
without oversampling. Using this instrumentation, we could image 20 cells with
6 min data point intervals for a total of 10 h.

To count peroxisomes, images were processed using the Nikon NIS-Elements
AR v5.0. Image Z-stacks were deconvolved [45,46], and individual peroxisomes
were detected semi-automatically using the 3D Spot Detection feature (Fig.5).
Organelle abundance was quantified as the number of objects detected per cell
and per time point.
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Fig. 4. Schematic representation of peroxisome imaging and counting in live human
cells.

Fig. 5. A: peroxisome fluorescence signal from a cell. B: Output of the 3D spot detection
algorithm for the same cell. Each colored sphere indicates a peroxisome. C, D: same as
A, B, for another cell with fewer peroxisomes. (Color figure online)

4 Datasets

4.1 Experimental Datasets

We acquired a total of three experimental datasets, called Day 1, Day 2, and
Day 3. The final datasets consisted of 13 replicate cells for Day 1, 10 replicate
cells for Day 2, and 20 replicate cells for Day 3. The count results for two of
these experiments are shown in Fig. 6. Between-cell and between-day variability
was observed for both the average number of peroxisomes in a cell and the slope
of the trace throughout the experiments. The number of cells per experiment
and time points per cell varied as some cells moved out of focus or died before
completion of the experiment. The cell heterogeneity and incomplete data were
important considerations of the rate parameter inference.

4.2 Simulated Datasets

To evaluate the proposed approach in the case of homogeneous rates we simu-
lated three additional datasets SIM A, SIM B and SIM C. The datasets were
simulated with the Gillespie algorithm, with K = 14 and also with K = 1 cell
replicates. Each cell replicate was initialized with a different count y% (taken
to be identical to the experimental counts of the first 14 cells on Day 3), but
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Fig. 6. Peroxisome counts in the time course experiments. Colors indicate cell repli-
cates. (Color figure online)

simulated with the same duration T* = 33936, frequency (336s~!) and stan-
dard deviation of the measurement error o. At the inference stage, the standard
deviation of the measurement error o* were inferred separately for each replicate.

The values of the rate parameters were inspired from those the experimental
datasets, and reported in Table 1. In SIM A and SIM B the values of k4 were low,
corresponding to a realistic situation where the de novo process is less prevalent
than the fission or degradation, making it hard to detect. In SIM C k; was
relatively high, and the three reactions occurred relatively often. The values of
k¢ and v were identical in SIM A, but differed slightly in SIM B and SIM C. The
datasets were used to evaluate the ability of the proposed approach to estimate
these different parameter configurations.

Table 1. Experimental design and parameter estimation in simulated datasets. True
parameter values in each simulation are in bold. Table entries report parameter esti-
mates, standard deviation of the posterior distribution (in parentheses), and the %
error. kq is expressed in second™!, while k; and v in peroxisome ™ 'second ™.

SIM | Dataset | kg x 10% kg x 105 ~ x 10° ol
A |True |7.75 4 4 6
14 cells | 29% 10 (7.65) 8% 4.32 (0.85) | 12% 4.47 (0.85) | 0.7% 5.95 (0.79)
Tcell |1700% 140 (148) |4% 4.18 (3.05) |80% 7.17 (3.96) | —5% 5.68 (0.91)
B |True |[2.75 3 4 7.5
14 cells | 224% 8.92 (5.50) | —9% 2.71 (0.93) | —1% 4.90 (0.91) | 4% 7.8 (0.92)
1cell |758% 23.60 (26.5) | 8% 3.01 (3.00) |13% 5.65 (3.20) | 3% 7.70 (0.87)
C |True |50 1 5 6
14 cells | —5% 47.2 (1.14) | 30% 1.29 (0.63) | —4% 3.30 (0.58)% | —4% 5.77 (0.92)
1cell |8% 53.80 (51.6) |198% 2.98 (2.27) | 73% 5.19 (2.34) | —10% 5.44 (0.71)
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5 Results

5.1 DParallel Inference Shortened Computation Time

We inferred the rates in the experimental and the simulated datasets using 4800
particles and oy = 0.04, resulting in a MH acceptance rate between 0.2 and 0.3.
We set Nproc,k = 2, and thinned the original 500,000 MCMC sampling iterations
to every 500. Each iteration lasted on average 0.17s (wall clock time) for Day
1 (13 replicates on 40 CPUs), 0.14s for Day 2 (11 replicates on 34 CPUs) and
0.2s for Day 3 (20 replicates on 61 CPUs). The overall inference took around 1
day.

In contrast, the existing modeling and inference procedures required substan-
tially longer computation time. For example, the use of the original stochastic
model in Eq. (1) with Gillespie algorithm increased the time per iteration by
about 30% with identical inference results. In the case of Day 1, this results in
each iteration taking 0.2 seconds.

Similarly, the use of the SDE model in Eq. (6) with serial inference per cell
increased the time per iteration by a factor of K (Nproc,x — 1) (the parallel over-
head is negligible as compared to the particle movement). In the case of Day
1, representative iterations lasted 195s, estimating the overall inference time of
270 days. Therefore, the biological insights from multiple replicates were out of
reach without the proposed parallel procedure.

5.2 The Approach Accurately Inferred the Rates

Figure 7 shows the posterior distributions, and Table 1 summarizes the properties
of the inferred rates in the simulated datasets. Since the inferred o were similar
across replicates, the table only reports the value for the first replicate o'. The
proposed approach accurately inferred the rates in experiments with 14 cell
replicates. SIM A and SIM B with low k4 challenged the estimation of this rate,
as evidenced by its skewed and variable posterior distribution. A larger de novo
rate in SIM C led to more accurate estimates. Table 1 shows that the inferred
posterior distributions of Nk ¢ and N+~ had little variance. Their relatively large
breadth in Fig.7 was due to the multiplication by N. We obtained identical
inference results with the SDE model of Eq. (6) as with the Gillespie algorithm
applied to Eq. (1) as shown in the case of SIM B (1 replicate) in Fig.7. This,
combined with the fact that simulation results were generated using Eq. (1),
demonstrates that the SDE approximation reduced computational cost without
compromising the accuracy of the results.

5.3 Replicate Cells Improved Inference of the Rates

Figure 7 compares the inferred posterior distributions with one versus 14 cell
replicates in the simulated datasets, and Table 1 summarizes the results. Infer-
ence from unreplicated experiments had high uncertainty in all the experiments,
and led to broader posterior distributions. In particular, rates associated with
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Fig. 7. Posterior distributions of the rates in the simulated datasets. To make the rates
comparable, ks and + are multiplied by the average peroxisome count N in each dataset.
Vertical lines are the true parameter values. A dotted line denotes rate distributions
obtained with Eq. (1) and the Gillespie algorithm instead of the SDE (solid line)

Table 2. Results for the experimental datasets with the homogeneous rate model.
The reports parameter estimates, standard deviation of the posterior distribution (in
parentheses). kq is expressed in second ! and ks and v in peroxisome ~second .

Dataset | kg x 10* | ks x 10° |y x 10°

Day 1 | 2.51 (3.66) 10.0 (1.36) | 10.5 (1.38)
Day 2 |6.45 (5.60) | 5.57 (1.12) | 6.02 (1.11)
Day 3 |1.05 (1.72) | 1.19 (0.37) | 1.43 (0.32)

rare events (such as de novo in SIM A and SIM B) could not be accurately
estimated with only one replicate, and had an ~10-fold error for the mean. The
uncertainty diminished in experiments with 14 cell replicates, and the standard
deviation of the posterior distributions of ky and v was reduced by a factor of 3
to 4. This result emphasized the importance of incorporating replicate cells into
the rate inference procedure.
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Fig. 8. As in Fig. 7, for the experimental datasets.

5.4 Inference from Replicate Cells Revealed Maintenance of
Peroxisome Counts by Prominent Fission, Compared to Low
de novo generation rates

Figure 8 compares the posterior distribution for the three experimental datasets,
and Table 2 summarizes the results. We consistently observed similar values of
rate parameters of peroxisomes degradation and fission. Moreover, we consis-
tently observed a 5 to 100 times smaller value of the rate of de novo generation.
The results indicate that de novo peroxisome generation in mammalian cells is
a relatively rare event, occurring approximately 8 to 45 times per day.

5.5 Rates Varied Little Between Cells

We obtained in Sect.5.4 fairly narrow inferred distribution for the rates which
allowed us to make important biological conclusions. We would, however, like to
distinguish how much of the variance of inferred rates is caused by possible rate
heterogeneity between cells and how much is caused by statistical uncertainty
(i.e. a too low number of replicates or data points). This is achieved by using
the heterogeneous rate model which models rate cell to cell variations. Figure9
shows the posterior hyperparameter distributions obtained with the heteroge-
neous rate model, and Table3 summarizes the results. On average, for k; and
~, the intrinsic rate standard deviation was about 5-10%, indicating relatively
small intrinsic biological variations as compared to the rate values. The intrinsic
variance of rates ky and 7, i.e. o3, and o, reported in Table3 were less than
30% of the variance of the rate mean (in parentheses next to the mean value).
This indicates that most of the variance obtained with the homogeneous rate
model reported in Table 2 arised from statistical uncertainty (i.e. a too low num-
ber of replicate) instead of biological variation. In contrast, for days 1 and 3, oy,
was relatively large (about twice the rate mean standard deviation). This shows
that, for some conditions, the uncertainty associated with cell to cell variation
was more important than the statistical uncertainty in the de novo rate value.



Statistical Inference of Peroxisome Dynamics 71
DAY 1 DAY 2 DAY 3
o
g 3
[ Hig 8 N
- <
o o
2z “ 2z 28
2 2o 2™
g ok @
o3 o @ 53
= z 20
8 ]S ‘o
Qo o Qo
Co [<] 3=
oo o o
<
8 8
- 0
o o o
0.000 0.001 0.002 0.000 0.002 0.004 0.0000 0.0004 0.0008
seconds™ seconds™ seconds™’
DAY 1 DAY 2 DAY 3
— ) §
g
& o
z 28 28
2 Kf 2 8 2 g
[cg=} 5] [J]
o3 S ©
28 28 23
= =5 =
3 is) 238
§ iR g o| :
<O o =
o3 oo og
2| . 8 5]
: 2 8
- 5 -
0.0000 0.0001 B 0.0002 0.00000 0.00005 0.00010 0.00000 0.0000271 0.00004
seconds seconds™ seconds

Fig.9. As in Fig. 8, with the heterogeneous rate model. The rate standard deviations
for k¢ and « (dotted lines) are multiplied by 10 to plot their distributions on the same
plots as the rate means.

Table 3. Results for the experimental datasets for the heterogeneous rate model.
The reports parameter estimates, standard deviation of the posterior distribution (in
parentheses).

Dataset | pg, x 10 | ox, x 10* | px, X 10° | o, x 10° | py X 10° | x 10°
Day 1 | 7.6 (48) 89 (89) 899 (L4 |0.39(0.2) |9.75 (1.4) | 0.49 (0.3)
Day 2 | 11.3 (10.5) 12.2 (10.9)  4.99 (1.03) 0.39 (0.16) 5.61 (1.06) 0.38 (0.18)
Day 3 4.6 (32) 3.5 (3.5) |1.21(0.38) 0.12 (0.07) | 1.55 (0.38) 0.096 (0.08)

6 Discussion

In contrast to other organelles, peroxisome are constantly recycled in healthy
cell populations, and degraded to remove old or damaged peroxisomes [47,48].
Defining the predominant process of peroxisome production is a current topic
of debate [49-52]. The stochastic model proposed by Mukherji and O’Shea was
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tested in yeast cells [10]. The authors observed a switch from the predominance
of de novo generation to fission, occurring under conditions that increase perox-
isome numbers. While yeast cells only have 5-20 peroxisomes per cell, humans
and other mammals need larger number of peroxisomes (100-500). It is there-
fore possible that mammals evolved to use fission as a primary mechanism for
peroxisome proliferation [14,47].

Here, we used experimental data to directly infer the rates governing peroxi-
some abundance. While the inferred rates for fission and degradation were simi-
lar, de novo generation was less frequent. The infrequent de novo generation is in
line with previous studies estimating low numbers (30) of new peroxisomes per
day [50]. The inference of peroxisome rates helps us reconcile previous conflict-
ing evidence. It leads to a new model, where peroxisome population undergoes
recycling via two opposing processes, fission and degradation, in addition to a
basal de novo generation rate.

The results indicated that accuracy of rate inference depends on the value of
the rates. In particular, rates associated with rare events, such as the de novo
rate, are difficult to infer. This can be mitigated by imaging more cell replicates,
or by extending the imaging time.

The inferred rates varied between instances of experiments repeated on mul-
tiple days. The variation in the rates across days could be explained as biological
effects of the cell batch analyzed, such as confluency and age, which are known
to affect the mechanisms of peroxisome biogenesis [53].

The cell to cell variation for the rates was limited in the case of the fission
and degradation rates but more pronounced for the de novo rate which further
compounded the uncertainty in its estimation.

The overall rate inference, and the assessment of the uncertainty, may be
improved by analyzing the combined data from all the days. This will require
extending the model to include inter-day variation, and accommodating the extra
computational cost. Since the proposed SDE-based modeling is flexible, and
since the inference algorithm supports parallelization, the proposed approach is
in principle extendable to such situations. However, measurements on more days
will be required to establish a model of inter-day variation.

This proposed inference procedure can also be extended to other organelles.
Imaging tools for other organelles are available and widely used [44]. The mod-
eling and inference procedure can include additional reactions, such as fusion.

Organelle dynamics are subject to alteration and regulation upon extracellu-
lar and intracellular cues. For example, peroxisomes increase in numbers when
cells grow to undergo division. This occurs by either increasing the rate param-
eters of one of the production processes, or by decreasing the rate parameter of
the degradation. The proposed approach can be used to assess this process of cell
adaptation. Therefore, this work serves as a starting point for achieving a sys-
tem view of the biophysical properties, used by the cell to regulate its organelle
content.



Statistical Inference of Peroxisome Dynamics 73

Acknowledgements. This work was supported in part by a Burroughs Wellcome
travel grant (to C.G.), a Dodds Fellowship (to P.M.J.B.), NIH grants GM114141,
HL127640, Mallinckrodt Scholar Award (to I.M.C.), and Sy and Laurie Sternberg award

(to O.V.).
References

1. Huotari, J., Helenius, A.: EMBO J. 30, 3481 (2011)

2. Jean Beltran, P.M., Mathias, R.A., Cristea, . M.: Cell Syst. 3, 361 (2016)

3. Smith, J.J., Aitchison, J.D.: Nat. Rev. Mol. Cell Biol. 14, 803 (2013)

4. Wai, T., Langer, T.: Trends Endocrinol. Metab. 27, 105 (2016)

5. Steinberg, S.J., et al.: Peroxisome biogenesis disorders. Biochimica et Biophysica

® o

11.
12.
13.
14.
15.
16.
17.

18.

19.

20.

21.
22.
23.
24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

Acta (BBA)-Molecular Cell Research 1763(12), 1733-1748 (2006)

Denesvre, C., Malhotra, V.: Curr. Opin. Cell Biol. 8, 519 (1996)

Lowe, M., Barr, F.A.: Nat. Rev. Mol. Cell Biol. 8, 429 (2007)

Sica, V., et al.: Mol. Cell 59, 522 (2015)

Wilkinson, D.J.: Nat. Rev. Genet. 10, 122 (2009)

Mukherji, S., O’Shea, E.K.: eLife 3, e02678 (2014)

Waters, J.C.: J. Cell Biol. 185, 1135 (2009)

Amrein, M., Kiinsch, H.R.: Stat. Comput. 22, 513 (2011)

Zechner, C., et al.: Nat. Methods 11, 197 (2014)

Jauregui, M., Kim, P.K.: Curr. Protoc. Cell Biol. 62, 21 (2014)

Costello, J.L., et al.: J. Cell Biol. 216, 331 (2017)

Sexton, J.Z., et al.: Int. J. High Throughput Screen 2010, 127 (2010)

Gillespie, D.T.: Markov Processes: An Introducation for Physical Scientists. Else-
vier, Amsterdam (1991)

Hallam, T.G., Levin, S.A. (eds.): Mathematical Ecology: An Introduction.
Springer, Heidelberg (2012). https://doi.org/10.1007/978-3-642-69888-0
Wilkinson, D.J.: Stochastic Modelling for Systems Biology. CRC Press, Boca Raton
(2011)

Doucet, A., Freitas, N.D., Gordon, N.: Sequential Monte Carlo Methods in Prac-
tice. Springer, New York (2001). https://doi.org/10.1007/978-1-4757-3437-9
Gillespie, D.T.: J. Comput. Phys. 22, 403 (1976)

Breté, C., He, D., Ionides, E.L., King, A.A.: Ann. Appl. Stat. 3, 319 (2009)
Ionides, E.L., Breté, C., King, A.A.: Proc. Natl. Acad. Sci. 103, 18438 (2006)
Wang, Y., et al.: BMC Syst. Biol. 4, 1 (2010)

Fuchs, C.: Inference for Diffusion Processes. Springer, Heidelberg (2013). https://
doi.org/10.1007/978-3-642-25969-2

Boys, R.J., Wilkinson, D.J., Kirkwood, T.B.L.: Stat. Comput. 18, 125 (2007)
Milner, P., Gillespie, C.S., Wilkinson, D.J.: Stat. Comput. 23, 287 (2012)
Andrieu, C., Doucet, A., Holenstein, R.: J. R. Stat. Soc. Ser. B 72, 269 (2010)
Golightly, A., Wilkinson, D.J.: Interface Focus 1, 807 (2011)

Rosén, O., et al.: IEEE CCA Proceedings, p. 440. IEEE (2010)

Strid, I.: Technical report, Society for Computational Economics (2006)

Bolic, M., Djuric, P.M., Hong, S.: IEEE Trans. Signal Process. 53, 2442 (2005)
Miguez, J., et al.: EURASIP J. Adv. Signal Process. 2004, 303619 (2004)
Koeppl, H., et al.: Int. J. Robust Nonlin. 22, 1103 (2012)

Zechner, C., et al.: Proc. Natl. Acad. Sci. 109, 8340 (2012)

Bronstein, L., Zechner, C., Koeppl, H.: Methods 85, 22 (2015)


https://doi.org/10.1007/978-3-642-69888-0
https://doi.org/10.1007/978-1-4757-3437-9
https://doi.org/10.1007/978-3-642-25969-2
https://doi.org/10.1007/978-3-642-25969-2

74

37.

38.
39.

40.
41.
42.

43.

44.

45.
46.
47.
48.
49.

50.
51.
52.
53.

C. Galitzine et al.

(Oksendal, B.: Stochastic Differential Equations. Springer, Heidelberg (2014).
https://doi.org/10.1007/978-3-642-14394-6

Gillespie, D.T.: J. Chem. Phys. 113, 297 (2000)

Kloeden, P.E., Platen, E.: Numerical Solution of Stochastic Differential Equations
(SDEs). Springer, Heidelberg (1992). https://doi.org/10.1007/978-3-662-12616-5
Miguez, J.: Signal Process. 87, 3155 (2007)

Zenker, S.: J. Clin. Monit. Comput. 24, 319 (2010)

Baker, J.E.: Proceedings of the 2nd International Conference on Genetic Algo-
rithms, p. 14 (1987)

Pacheco, P.S.: Parallel Programming with MPI. Morgan Kaufmann, Burlington
(1997)

Rizzo, M.A., et al.: Cold Spring Harbor Protoc. 4 (2009). http://cshprotocols.
cshlp.org/content/2009/12/pdb.top63.short

Vonesch, C., Unser, M.: IEEE Trans. Image Process. 17, 539 (2008)
Guerquin-Kern, M., et al.: IEEE Trans. Med. Imaging 30, 1649 (2011)
Huybrechts, S.J., et al.: Traffic 10, 1722 (2009)

Poole, B., Higashi, T., de Duve, C.: J. Cell Biol. 45, 408 (1970)

Fujiki, Y., et al.: Peroxisome biogenesis in mammalian cells. Front Physiol. 5, 307
(2014)

Kim, P.K., et al.: J. Cell Biol. 173, 521 (2006)

Motley, A.M., Hettema, E.H.: J. Cell Biol. 178, 399 (2007)

van der Zand, A., et al.: Cell 149, 397 (2012)

Legakis, J.E.: Mol. Biol. Cell 13(12), 4243 (2002)


https://doi.org/10.1007/978-3-642-14394-6
https://doi.org/10.1007/978-3-662-12616-5
http://cshprotocols.cshlp.org/content/2009/12/pdb.top63.short
http://cshprotocols.cshlp.org/content/2009/12/pdb.top63.short

	Statistical Inference of Peroxisome Dynamics
	1 Introduction
	2 Background
	2.1 Organelle Dynamics via Fluorescence Microscopy
	2.2 Modeling and Inference of Organelle Dynamics
	2.3 Bayesian Rate Inference in Unreplicated Systems
	2.4 Bayesian Rate Inference in Replicated Systems

	3 Methods
	3.1 Expressing the Biochemical Model of Peroxisome Dynamics as a Stochastic Differential Equation
	3.2 Parallel Inference for Replicated Experiments with Homogeneous Rates
	3.3 Inference of Cell to Cell Rate Variations
	3.4 Implementation
	3.5 Imaging and Counting Peroxisomes by Confocal Microscopy

	4 Datasets
	4.1 Experimental Datasets
	4.2 Simulated Datasets

	5 Results
	5.1 Parallel Inference Shortened Computation Time
	5.2 The Approach Accurately Inferred the Rates
	5.3 Replicate Cells Improved Inference of the Rates
	5.4 Inference from Replicate Cells Revealed Maintenance of Peroxisome Counts by Prominent Fission, Compared to Low de novo generation rates
	5.5 Rates Varied Little Between Cells

	6 Discussion
	References




