
Limnol. Oceanogr.: Methods 2020
© 2020 The Authors. Limnology and Oceanography: Methods published by

Wiley Periodicals LLC on behalf of Association for the Sciences of
Limnology and Oceanography

doi: 10.1002/lom3.10371

Optimization of a subcellular metal fractionation method for fish liver:
Homogenization, subcellular separation, and trial isolation of nuclear
materials

Nastassia Urien ,*a Antoine Caron, Marc Lerquet, Patrice Couture, Peter G.C. Campbell
Institut National de la Recherche Scientifique, Centre Eau Terre Environnement (INRS-ETE), Québec, Québec, Canada

Abstract
The subcellular compartmentalization of metals within aquatic organisms reflects their internal behavior

after metal uptake and can provide important information about their potential toxicity. Commonly, the frac-
tionation protocol used to determine subcellular metal partitioning in aquatic organisms consists of mechani-
cally homogenizing the tissue, separating subcellular components into fractions by differential centrifugation
and heat-denaturation steps, and determining the amount of metals associated with each fraction. However, the
accurate separation of subcellular cell components is challenging and the nature and purity of the operationally
defined subcellular fractions are rarely assessed. In the absence of this type of validation, however, the interpre-
tation of subcellular metal fractionation results could be compromised. The aim of the present study was to
adjust a subcellular fractionation protocol for the liver of field-collected fish and to test the adjusted protocol
using fraction-specific enzyme markers. Overall, our results illustrate the need to optimize fractionation proce-
dures when studying a new species or organ. In the course of this study, the categorization of some fractions
was revised in accordance with the enzymatic results obtained, in order to yield a more credible subcellular frac-
tion distribution scheme. In addition, trial assays aimed at isolating nuclear materials from the cellular debris
were conducted, using DNA as a marker for nuclear material. Tested protocols failed to isolate the nuclei and
results suggested that nuclei were probably trapped by disrupted cellular membranes. Recommendations on
how to improve future subcellular fractionation studies on freshwater fish are discussed.

Investigations into the subcellular partitioning of metals
within aquatic organisms are of major interest for ecotoxicolog-
ical research. The results of such studies reflect how metals are
handled within the cell (e.g., associated with sensitive target
organelles or regulated/detoxified by binding to meta-
llothioneins) and yield important information about potential
metal toxicity or tolerance, and also are of possible relevance to
metal trophic transfer (Wallace et al. 2003; Wallace and
Luoma 2003). Typical subcellular partitioning protocols involve
homogenization of the tissue of interest (disruption of cell
membranes), the separation of the subcellular components into

operationally defined fractions, and finally, the determination
of the amount of metals associated with each fraction.

Homogenization is a crucial step because one must be care-
ful to homogenize the sample strongly enough to ensure a
high degree of breakage of cell membranes, but as gently as
possible to avoid disrupting membrane-bound cellular organ-
elles (e.g., mitochondria, lysosomes) which would cause leak-
age of their contents into other subcellular fractions
(De Duve 1975; Graham 1997). Different approaches have
been described in the literature to disrupt cell membranes
(both mechanical and chemical; Klein et al. (1983); Simon
et al. (2005); Lavoie et al. (2009)), nevertheless, for metal sub-
cellular distribution studies, mechanical treatments are often
favored as they avoid the addition of reagents that may intro-
duce undesirable sources of metal contamination into samples
and/or perturb metal speciation in the subcellular fractions
(Rosabal et al. 2014; Cardon et al. 2018; Urien et al. 2018a).

After cell components are freed, their separation into sub-
cellular fractions is usually achieved by successive differential
centrifugation steps, a separation technique based on the set-
tling velocities of the subcellular components, and heating
steps (Kamunde and MacPhail 2008; Urien et al. 2018a). This
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is the most commonly used approach for metal partitioning
studies, given its simplicity and minimal introduction of
chemical reagents. However, using a differential centrifugation
approach can be challenging as it can lead to various potential
artifacts such as overlap among nominal subcellular fractions,
since the size and density of the cell components may vary
among organs and species (De Duve 1975).

Given the abovementioned artifacts that can be encountered
during the fractionation protocol, existing subcellular fraction-
ation procedures could clearly benefit from adjustments
designed to maximize the separation of the subcellular frac-
tions. Such adjustments would help improve the interpretation
of the partitioning results (Cardon et al. 2018). However, in the
literature, studies assessing the performance of fractionation
protocols are surprisingly scarce. Among them, studies using
enzymatic biomarkers specific to particular subcellular fractions
(e.g., cytochrome c oxidase (CCO), specific to mitochondria;
lactate dehydrogenase (LDH), a cytosolic enzyme) have yielded
promising results (Hinton andMullock 1997; Cardon et al. 2018;
Khadra et al. 2019). In such studies, the activity of enzymatic
markers is determined in each fraction in order to determine
the relative contribution of each fraction to the total enzyme
activity; the goal is to find the highest proportion of a marker
in the subcellular fraction to which it is specific.

Fractionation protocols used in ecotoxicology studies typically
yield up to six operationally defined subcellular fractions, consid-
ered either as sensitive to metals (mitochondria; lysosomes and
microsomes; cytosolic enzymes) or detoxified (NaOH-resistant
granules; cytosolic heat-stable proteins and peptides). The sixth
fraction, often termed “cellular debris,” contains cell membranes,
unbroken cells and connective tissue, and nuclear materials. The
presence of metals in this fraction is particularly difficult to inter-
pret, notably because of its heterogeneous nature and our igno-
rance of the relative importance of the contributions of nuclei
and debris to metal-binding in the fraction. A dominant associa-
tion of the metals with the nuclei would clearly make this frac-
tion fall into the metal-sensitive category. Given its ambiguous
nature, most authors simply ignore this fraction (Cain et al. 2004)
but there is a clear need to improve this branch of the fraction-
ation protocol. To the best of our knowledge, no ecotoxicity
studies have tackled this challenge to date.

In this context, the overall objective of the present study
was to optimize the subcellular fractionation protocol for the
liver of a freshwater fish species widespread in Canada, the
white sucker (Catostomus commersonii), commonly used in bio-
monitoring studies. The specific objectives were: (1) to assess
the efficiency of different homogenization methods; (2) to
compare different subcellular separation protocols; and (3) to
initiate trial assays to separate the nuclear materials from the
cellular debris in the debris fraction. For objectives (1) and (2),
LDH, citrate synthase (CS), CCO, and acid phosphatase
(APHO) were used as specific enzymatic biomarkers of subcel-
lular fractions. For objective (3), nuclei isolation involved

filtration steps and separation efficiency was evaluated using
DNA as a nuclear marker.

Materials and procedures
Collection and preservation of white sucker liver tissue

As described in one of our previous studies (Urien
et al. 2018b), mature white suckers were caught in summer
2016 from two sites: a lake that was located downstream from
a metal mining discharge and that exhibited a polymetallic
contamination (As, Cd, Cu, Ni, Pb, Se, and Zn), and at a refer-
ence site (for details about the metal exposure gradient, see
Urien et al. (2018a)). Briefly, upon capture (using gill nets),
fish were immediately sacrificed by concussion and dissected
to collect different organs, including the liver, and sex was
determined. Organs were then placed in acid-washed 50-mL
polypropylene tubes and put on dry ice until the return to the
laboratory where they were immediately stored at −80�C until
analysis. The capture and sampling protocols were approved
by the INRS animal-care committee and the relevant govern-
mental authorities issued scientific collector permits. For the
purpose of the present study, only females from the reference
lake were used (except for the “effect of tissue : buffer ratio”
preliminary test where only females from the exposed lake
were available). Fish of the same sex were chosen to avoid
introducing confounding factors when interpreting enzymatic
activity results.

Generic flowchart of the subcellular fractionation protocol
In the present study, various subcellular fractionation pro-

tocols were tested, with successive changes being based on the
results of the previous modification. Thus, in this section, the
generic fractionation protocol, based on the protocol used for
white sucker by Urien et al. (2018a), is presented in order to
help the reader to understand the procedures and to better
identify the changes made to the different protocols
tested (Fig. 1).

With respect to the homogenization step, frozen liver ali-
quots (≈ 0.5 g) were thawed on ice and ground in a Pyrex®

Potter-Elvehjem tissue grinder with a motorized Teflon pestle
in a cold isotonic buffer (Tris 25 mM, sucrose 250 mM) at a
given tissue : buffer ratio (wet weight : volume of buffer). In
the present study, the effects of changing the tissue : buffer
ratio were examined and the efficiency of a two-step homoge-
nization was tested.

After the homogenization, the sample (“homogenate”,
Fig. 1) was centrifuged at 1500 × g for 15 min at 4�C (centrifu-
gation #1). The resulting supernatant (S1) was centrifuged at
15,000 × g for 45 min at 4�C (centrifugation #2) to collect the
mitochondria (P2). The resulting supernatant (S2) was then
centrifuged at 180,000 × g for 60 min at 4�C (centrifugation
#3) to collect the lysosomes and microsomes in the pellet (P3),
and the cytosol in the supernatant (S3). To assess cytosolic
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metal speciation, separation of the heat-denaturable proteins
(HDP) and the heat-stable proteins (HSP) was performed by
heating the cytosol at 85�C for 30 min. The cytosol was then
cooled on ice for 60 min and centrifuged at 50,000 × g for
10 min at 4�C (centrifugation #4). The heat-stable proteins
(HSP) report to the supernatant (S4), whereas the pellet
(P4) includes the heat-denaturable proteins (HDP).

The pellet from the original homogenization step (P1) was
suspended in ultrapure water, heated at 96�C for 5 min and
digested with NaOH (1 M) at 80�C for 60 min. The digestate
was then centrifuged (#5) at 10,000 × g for 30 min at room
temperature (≈ 20�C) to recover the NaOH-resistant granules
(P5). The supernatant (S5) contained the solubilized cellular
debris and nuclear materials.

All centrifugation parameters were candidates for change
during the protocol optimization.

In this study, centrifugations lower than 25,000 × g were
performed using an IEC Micromax microcentrifuge (Thermo
Fisher Scientific). Centrifugations higher than 25,000 × g were

performed with a Sorvall™ WX Ultra 100 ultracentrifuge
(Thermo Fisher Scientific) with a F50L-24x1.5 rotor (FIBERLite,
Piramoon Technologies, USA) using 1.5 mL conical micro-
tubes. All the protocols tested in the present study are detailed
in Table 1.

Subcellular fractionation protocols tested
To refine the subcellular fractionation protocol, including

evaluation of homogenization success, organelle integrity and
subcellular fraction purity, we used enzyme markers specific to
particular subcellular fractions: CCO, an enzyme specific to
the mitochondrial membrane; CS, a mitochondrial biomarker
located in the mitochondrial matrix; APHO, a lysosomal
marker; and LDH, a cytosolic biomarker. For each tested con-
dition, hepatic samples from two to three fish were tested. For
each sample, enzyme reactions were performed in triplicate.
The details of the enzyme analyses are described in the
Supporting Information.

Fig. 1. Flowchart of the generic subcellular fractionation protocol for metal distribution studies. The letter P indicates pellet and S is for supernatant. The
acronyms HSP and HDP mean, respectively, “heat-stable proteins” and “heat-denaturable proteins.” The mention of “enzyme assays” indicates that
marker enzymes can be measured in these fractions to validate the protocols. Fractions in gray and below the dotted lines were not subjected to enzyme
assays as they had undergone heat treatments.
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Note that fractions subjected to heat-treatment (HDP, HSP,
debris+nuclei, and NaOH-resistant granules; in gray in Fig. 1)
were not subjected to enzyme assays since heat-treatment and
NaOH-digestion denature enzymes.

Effect of tissue : buffer ratio
Before starting the complete subcellular fractionation pro-

tocol, we performed preliminary assays to adjust the wet tissue
weight : buffer volume ratio to be used for the homogeniza-
tion. We hypothesized that the ratio might influence cell
breakage efficiency since some tests did show that the suction
force created in the tissue grinder (between the pestle and the
glass) was more pronounced in more dilute solutions. There-
fore, cell disruption efficiency was tested for ratios (A) 1 : 3
and (B) 1 : 8, using LDH assays on the livers of two exposed
females (≈ 0.5 g of wet tissue, n = 2).

For these tests, limited protocols were applied, i.e., after
homogenization only centrifugation #1 (1500 × g for 15 min
at 4�C, Fig. 1) was performed to separate the pellet containing
cellular debris from the supernatant containing the cytosol
and the organelles (P1 and S1, respectively, in Fig. 1). LDH
activity was then measured in these two fractions and in the
homogenate. For tests A and B, the same homogenization pro-
tocol was used and consisted of three series of three back and
forth movements with a glass Potter-Elvehjem tissue grinder
(8 mL capacity in our case) equipped with a motorized Teflon
pestle (570 rpm), with 30 s intervals on ice.

Effect of a two-step homogenization protocol
The efficiency of a two-step homogenization procedure was

tested on two reference female liver samples (n = 2). First, a
single-step homogenization was tested with two series of three
(2 × 3) back and forth movements with the glass Potter-
Elvehjem tissue grinder, with 30 s intervals on ice. The homoge-
nate was centrifuged (centrifugation #1) to collect the pellet and
supernatant. Second, a two-step homogenization was performed
by applying the previous single-step homogenization and centri-
fugation, followed by resuspension of the resulting pellet with
300 μL of Tris-sucrose buffer and an additional homogenization
step with 2 × 3 back and forth movements with the Teflon
micropestle mounted on a stainless steel shaft driven by a cord-
less motor mixer (for use with 2.0 mL-capacity microtubes). The
new homogenate was centrifuged again (#1) and the resulting
supernatant was added to the previous supernatant obtained
from the first centrifugation. LDH activity was measured in the
supernatant (cytosol and organelles), the pellet (debris) and the
homogenate. For these tests, about 0.5 g of wet tissue was used,
and the tissue : buffer ratio was of 1 : 6.

Complete subcellular fractionation protocols.
It has been recently observed in the literature that a subcel-

lular protocol that works for on species or organ does not nec-
essarily fit for another (Rosabal et al. 2014; Cardon et al. 2018;
Urien et al. 2018a; Khadra et al. 2019). Consequently, in the
present study we chose to test different tools (Potter-Elvehjem

tissue grinder, cordless motor mixer, sonication, etc.) in a
“trial and error” mode, in order to best refine final subcellular
fractionation protocol.

Once the tissue : buffer ratio had been chosen, five differ-
ent subcellular fractionation protocols were successively tested
(Table 1). To assess the influence of the modifications to the
subcellular fractionation protocol and to compare results, the
tested subcellular fractionation protocols and associated assays
were performed on the liver of the same three individuals
(n = 3, reference females). To avoid cycles of thawing/freezing
each test day, several aliquots of liver tissue (≈ 0.5 g) were
precut and preserved in microtubes at −80�C. Note that for
the last test (#V), only ≈ 0.3 g of tissue was left but this portion
was still used because it was important to keep the same indi-
viduals for robust comparison. This difference in mass is not
expected to produce any effect on the results as the same tissue:
buffer ratio was applied. However, to verify this assumption, we
tested the effect of using different masses in the homogeniza-
tion step and no difference was observed (the protocol and
results are presented in the Supporting Information).

Quality control
As a quality control procedure, after each subcellular frac-

tionation test, we carried out a test for loss of biological mate-
rial during the partitioning of the homogenate. The original
homogenate suspension was weighed accurately (Sartorius
rc210 analytical scale �0.01 mg), as was each of the fractions
that were produced during the fractionation protocol. Addi-
tional buffer introduced for resuspension, if any, was consid-
ered. Average mass recovery, comparing the sum of the mass
of each fraction with the original homogenate, fell in the
96–99% range.

To assess the quality of the enzyme activity measurements,
activity recovery calculation was carried out by comparing
total enzyme activity, estimated from aliquots of the whole
tissue homogenate, with the sum of enzyme activities mea-
sured in the various subcellular fractions, as follows: [sum of
enzyme activity in all the fractions/enzyme activity in the
whole liver homogenate aliquot] × 100 (Cardon et al. 2018;
Khadra et al. 2019): a percentage recovery between 70% and
130% was considered to be acceptable.

In order to extract the total enzyme activity from the frac-
tions and homogenates, before measurements, samples were
treated with a Triton X-100 buffer (1%; Molecular Grade,
Fisher Scientific, in Tris buffer [25 mM, pH = 7.4]) and then
mixed for 5 s with a vortex mixer (power = 10 W) and sub-
jected to sonication (30 s pulse; duty cycle = 20%,
power = 22 W, on ice). This step was sufficient to treat and
resuspend pellet fractions for further enzymatic activity mea-
surements (details of the enzyme analyses are given in the SI).

Attempted separation of nuclei from cellular debris
In the present study, we explored an approach based on

the protocol proposed by Rickwood et al. (1997) to isolate
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possible nuclear materials, with modifications. This approach
relies on the use of differential centrifugation and filtration
steps. First, ≈ 0.025 g of liver tissue was homogenized using
the Teflon micropestle mounted on a stainless steel shaft
driven by a cordless motor mixer for 3 s, five times, with 10-s
intervals, in the homogenization buffer (Tris 25 mM, sucrose
250 mM, at a tissue : buffer ratio of 1 : 10). The resulting
homogenate was centrifuged at 1200 × g (and at 1500 × g for
the last test) for 10 min to separate the cytosol and organelles
(supernatant) from the pellet that we considered to consist
mainly of cellular debris, granules and nuclear materials. The
pellet was then resuspended in 600 μL of Tris-sucrose buffer
and filtered using a syringe filter to retain the debris and let
nuclear materials go through (filtrate). Two types of filters
were tested: a fiberglass mat of indeterminate porosity (not
known but used as proposed in Rickwood et al. (1997)) and a
nylon net filter with a nominal mesh size of 11 μm (nuclear
material size expected to be around 5–7 μm diameter [Alberts
et al. 2002]). The resulting filtrate was directly centrifuged at
1200 × g (and at 1500 × g for the last test) for 10 min in order
to pellet the nuclei and any remaining debris. Finally, the
resulting pellet was resuspended in 200 μL of dense sucrose
buffer (2.2 M) and centrifuged at 70,000 × g for 80 min to sep-
arate the nuclei (pellet) from remaining cellular debris
(supernatant).

DNA was used as a marker for nuclei to evaluate the effi-
ciency of the tested protocols. The DNA was extracted and
measured using the DNeasy® Blood & Tissue kit (QIAGEN,
Germany), following the instructions given by the manufac-
turer for DNA purification with a DNeasy Mini spin column.
Briefly, samples were lysed by heat-treatment at 56�C for a
minimum of 4 h with the detergent buffer provided with the
kit in order to free the DNA. The resulting lysate was then
loaded onto the spin column for purification and centrifuged
to selectively bind the DNA to the column and let the rest of
the sample pass through. The spin column containing the
DNA was then washed to improve the purification and DNA
was eluted with buffer (10 mM Tris-Cl, 0.5 mM EDTA, pH 9.0,
to guarantee optimal recovery and stability of eluted DNA) for
quantification by measuring the absorbance at 260 nm (Cary
Bio 300 UV–visible spectrophotometer, Agilent). To increase
DNA purity and avoid interference with RNA, RNAse A was
added to the sample as instructed in the protocol, i.e., directly
after the incubation at 56�C. DNA purity of the samples was
checked by calculating a purity index as follows:

A260−Bg320
A280−Bg320

where A260 is the absorbance for DNA, A280 is the absorbance
for RNA and Bg320 is the background absorbance for proteins.
An index ranging from 1.7 to 1.9 indicates that the sample
DNA purity is satisfactory. It is considered that one absorbance
unit (U) at 260 nm is equivalent to 50 μg DNA/mL.

In the present study, DNA was first measured in an aliquot
of the homogenate in order to estimate the total amount of
DNA found in the homogenate aliquot that underwent the
nuclei separation protocol described above. DNA was also
measured in the resulting pellet (P1) that theoretically con-
tained nuclear material as well as in the different supernatants
resulting from the protocol, in order to express the quantity of
DNA in a fraction as a percentage (%) of the total DNA in the
homogenate. Unfortunately, it was not possible to measure
the amount of DNA retained on the filter used to separate
nuclei from cellular debris, as it proved to be extremely diffi-
cult to extract the residue on the filter once it had interacted
with the latter. To circumvent this difficulty and estimate
nuclear material loss during filtration, the separation protocol
was performed with and without the filtration step and
compared.

Three protocols were tested: (1) the protocol described
above without the filtration step, (2) the protocol described
above with a filtration step using the fiberglass mat described
above (a 1.5-mL syringe filled with glass fiber to the 0.25 mL
graduation), and (3) the protocol described above with a filtra-
tion step using the nylon net filter (11 μm) and a Swinnex Fil-
ter Holder system (EMD Millipore, Merck, Germany) and a
centrifugation force of 1500 × g instead of 1200 × g (used in
tests 1 and 2). To compare among the tests, the protocols were
applied to the same three liver tissues of white sucker (n = 3).

Statistical analyses
Data for the tissue : buffer ratio and two-step homogeniza-

tion tests are presented individually as two liver samples were
used (no statistics). For the other tests, data are expressed as
mean � standard deviation (n = 3). For comparisons of per-
centage data, we applied arcsine transformation and nonpara-
metric tests (Kruskal Wallis with a pairwise comparison post
hoc test) were used as normal distribution and homoscedastic-
ity could not be tested because of the low number of
replicates.

Results
Effects of the buffer ratio on cell disruption

In this test, we used two tissue : buffer ratios (1 : 3, A; 1 : 8,
B) and compared the cell membrane disruption efficacy by
monitoring the relative proportions of LDH activity, a cyto-
solic enzyme, in the supernatant containing cytosol and the
pellet with the cellular debris and unbroken cells. A high pro-
portion of LDH in the pellet would indicate a high degree of
unbroken cells, thus a low homogenization efficiency,
whereas high proportions of LDH in the supernatant would
indicate a better homogenization efficiency. Results are pres-
ented per individual in Fig. 2 (Ind. 1 and Ind. 2). They showed
that, although interindividual variability was noteworthy, for
a given individual, no changes between treatments A and B
were detected, with proportions of LDH in the supernatant
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equal to 65% and 69%, and to 85% and 86%, for individuals
1 and 2, respectively. These results indicate that changing the
tissue : buffer ratios within the range that we tested had no
influence on the homogenization efficiency of white sucker
liver tissue.

For the subsequent experiments, the buffer ratio of 1 : 3
was selected as it enabled us to reduce reagent consumption
and to limit tissue grinder volume (high volumes are likely to
add practical difficulties in terms of container availability and
compatibility with the centrifuge).

Effects of a two-step homogenization protocol
Two homogenization methods were tested and compared,

the first using a single-step homogenization and the second
introducing an additional step of resuspension and homogeni-
zation of the pellet resulting from the first centrifugation. To
evaluate the effects on cell disruption, we measured LDH
activity in the resulting final pellet (containing cellular debris
and unbroken cells) and supernatant (containing the cytosol
and organelles). The results, presented in Fig. 3, show that
with the single-step homogenization protocol approximately
half of the LDH activity was located in the supernatant (50%
and 58%, respectively for individuals 1 and 2). The LDH pro-
portions in the supernatant increased from 50% to 74% and
58% to 83%, for individuals 1 and 2, respectively, with the
two-step homogenization protocol; this result clearly demon-
strates that a two-step homogenization protocol improved cell
disruption efficiency.

Evaluation of the complete subcellular fractionation
protocols

In the following assessment, we measured and compared
the enzyme activity results for LDH, CCO, CS, and APHO in
each isolated fraction for all tested protocols. In fine, the goal
was to select the protocol that allowed an optimal trade-off
between an efficient cell disruption and clear fraction

separation. The presented protocols (Table 1) were gradually
adapted as a function of the results of the previous protocol
tested. To assess our protocol efficiency, we selected several
criteria. First, with respect to cell disruption during homogeni-
zation, we attempted to achieve maximum LDH activity in
the cytosol fractions with a minimum in the debris fraction;
minimum CCO and CS activity in the debris fraction was also
desirable. Secondly, our goal for the fractionation of the sub-
cellular components was to have the highest CCO and CS
activity in the mitochondrial fraction (CCO, a mitochondrial
membrane enzyme, as a marker of mitochondrial presence
and CS, a matrix enzyme, as a marker of mitochondrial integ-
rity), and the highest APHO activity in the lysosomes and
microsomes fraction. The proportions of enzyme activities in
each fraction are given in Fig. 4 for protocols # I to # V and
are also available in detail in Table S1 of the Supporting
Information.

Homogenization procedure
Based on the preceding results (Fig. 3), we adopted the two-

step homogenization method for all tested protocols (# I to
V); the parameters chosen for the homogenization step varied
according to the protocol (see Table 1). With respect to cell
breakage efficiency, the procedure combining the use of the
Potter-Elvehjem tissue grinder equipped with a motorized Tef-
lon pestle and sonication (# III to V) yielded better results
than the protocols # I to II where sonication was not used.
Indeed, comparison of the proportions of LDH, CCO and CS
activities in the debris fraction for protocols # I and # V
showed a dramatic decrease of activity, from 34% � 8% to
10% � 2% for LDH, from 38% to 6% � 1% for CCO and from
15% � 1% to 4% � 1% for CS (Fig. 4 and Table S1). Results
also suggest that with protocols # III to V, only a small propor-
tion of white sucker liver cells remained intact following
homogenization. However, regardless of the protocol, the pro-
portions of the LDH activity in the cytosolic fraction remained

Treatment A (1 : 3) Treatment B (1 : 8)

Fig. 2. Distribution of LDH enzymatic activities (in percentage of the
total activity) between the cellular debris fraction (pellet) and the cytosol
(supernatant) of white sucker liver, for two individual fish.

Fig. 3. Proportions of LDH enzyme activities (in percentage of the total
activity) in the cellular debris fraction (pellet) and the cytosol (superna-
tant) of two white sucker liver samples, without (“one-step homogeniza-
tion”) and with the additional resuspension/homogenization step
(“two-step homogenization”).
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quite low, ranging from 32% to 42%. In comparison, in rainbow
trout, Cardon et al. (2018) achieved proportions of the LDH
activity in the cytosol greater than 70%. The rest of the LDH
activity was found in the fraction containing mitochondria
(Fig. 4), suggesting that some of the cytosol may have been
trapped in this fraction (this observation is further addressed
later). Finally, the best protocol regarding cell disruption was
# V, combining three series of five back and forth movements
with a Potter-Elvehjem tissue grinder equipped with the motor-
ized Teflon pestle and 10 sonication pulses. Note that the dura-
tion and intensity of the sonication should be carefully
controlled, as this step may cause damage to the samples
through inadvertent heating, leading to enzyme denaturation
that would affect enzyme activity measurements.

Fraction separation
During preliminary assays, we noticed the formation of var-

iable amounts of a whitish intermediate layer between the
mitochondrial pellet and the supernatant after centrifugation
#2 (Fig. 1). This layer, likely of lipidic nature, was also
observed and characterized by Cardon et al. (2018) in their
study of rainbow trout; they reported that this layer contained

a mix of mitochondrial matrix and cytosol. In our case, this
layer was not fully homogenous and seemed to contain cyto-
sol pockets. To yield a better mitochondrial fraction, we
decided to apply a two-step mitochondrial pelleting for each
tested protocol. After centrifugation #2 (Fig. 1 and Table 1),
the mitochondrial pellet obtained, with the intermediate layer
on top (we assumed that it was better to collect less superna-
tant to avoid contaminating it with the intermediate layer),
was resuspended with the Tris-sucrose buffer, mixed with a
vortex mixer and then subjected to a second centrifugation #2
(Table 1). In this manner, the mitochondrial pellet was cleanly
separated and collection of the supernatant was facilitated.

With respect to the operationally defined mitochondrial
fraction, the increase of the centrifugal force for centrifugation
#2 (protocols # I to III; 15,000 × g ➔ 25,000 × g, Table 1) led to
improved mitochondrial pelleting with, for CCO, an increase
of its partitioning into the mitochondrial fraction (27–70%,
Fig. 4 and Table S1). A reasonable proportion of CCO activity
was present in the lysosome and cytosol fractions. However,
regardless of the protocol, roughly half of the CS activity sys-
tematically reported to the cytosol fraction, indicating that
mitochondrial integrity had been compromised. Even with

Fig. 4. Mean proportion of enzymatic activities (in percentage, n = 3) recovered in each fraction for each subcellular fractionation protocol tested for
white sucker liver (protocols #I to V, n = 3, except for CCO activity for treatments I and III, n = 2. For more details, see Table S1 in the Supporting Informa-
tion). Deb., debris and nuclei; Mito., mitochondria; Lyso., lysosomes and microsomes; Cyto., cytosol; org., organelles. Pie slice legend: Black = mitochon-
dria for protocols # I to # III and organelles for protocols # IV to # V; hatching = cytosol; dense stippling = lysosomes and microsomes; light
stippling = debris and nuclei.
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protocol # I, which had the gentlest homogenization method,
54% � 8% of the CS activity was found in the cytosol fraction
(Fig. 4 and Table S1). Similarly, almost 50% of APHO activity
was concentrated in the cytosol, regardless of the protocol
applied, indicating that lysosomes were also damaged even
with the gentlest homogenization procedure.

These results raised questions about the significance and
credibility of the lysosomes and microsomes fraction. There-
fore, in protocols # IV and V, we combined the “lysosomes
and microsomes” and “mitochondria” fractions by directly
applying ultracentrifugation (centrifugation #3 in Fig. 1) to
the supernatant S1 resulting from centrifugation #1. The com-
bined fraction was designated as “organelles.” In addition, this
choice was reinforced by the fact that in our previous study
(Urien et al. 2018a), the contribution from the lysosome and
microsome fraction to the total metal(loid) burden was negli-
gible compared to that observed in the mitochondria. In prin-
ciple, this combination should not affect the interpretation of
the subcellular metal partitioning data.

The proportion of CCO activity in the organelle fraction
was higher than that obtained with protocols # I to III in the
fraction “mitochondria” (Fig. 4 and Table S1). By including
organelle pellet resuspension (in protocol # V), the CCO activ-
ity proportion reached 91% � 1% in the organelle fraction.
Concerning CS activity, the proportion found in the organ-
elles was greater than the proportion found in the previous
“mitochondria” fraction (up to 50% with protocol # IV com-
pared to a maximum of 21% with protocol # III, Fig. 4 and
Table S1). Nevertheless, half of the CS activity was still found
in the cytosol, indicating the leakage of mitochondrial

content. The activity of the lysosomal marker, APHO, was
equally distributed between the cytosol and the organelles.

Trial isolation of the nuclei from the debris fraction
In the present study, we tried to separate nuclear materials

from the debris with a protocol based on filtration and centri-
fugation steps and we used DNA as the nuclei marker. The
proportions of DNA found in the isolated nuclei and the per-
centage loss of DNA during the procedure are presented in
Table 2. Results showed that the protocol applied without the
filtration step (test (1)) resulted in an average DNA loss of
47% � 16%, which suggests that roughly half of the nuclear
material was lost during the procedure, likely because of
adsorptive losses to the tube walls during successive tube
changes. Note, however, that with test 1, the major part of
remaining DNA was found in the nuclei + debris fraction
(88% � 4% of the DNA that had not been lost to this assumed
adsorption).

In comparison, the addition of a filtration step (with the
fiberglass mat, test (2); with a nylon net, test (3)) showed a
constant and much greater loss of DNA, 93% loss in both
cases. Given the difference in DNA recovery between test
(1) on one hand and tests (2) and (3) on the other hand, these
results suggest that DNA was probably retained on the filter
(nevertheless, it was not possible to extract DNA from the fil-
ter to measure it). Finally, DNA found in the nuclei + debris
fraction after tests (2) and (3) was very low (between 39% and
30% when compared to the sum of DNA found in each frac-
tion and less than 5% when considering estimated total DNA
from the original homogenate). The relative comparison of

Table 2 Estimated amount of DNA in the homogenate used for tests (1) to (3) (in μg of DNA), sum of DNA measured in each fraction
after applying the procedures for tests (1) to (3) (μg of DNA), percentage loss of DNA during the procedures (in %), and proportion of
DNA found in the putative nuclei fraction with respect to the sum of DNA in each fraction (in %).

Estimated total
DNA (μg)

Σ DNA in each
fraction (μg)

% loss of
DNA

% DNA in “nuclei”
related to the sum of DNA

in each fraction

Test (1)—without filtration Ind. 1 58.3 20.8 64.3% 92%

Ind. 2 41.0 22.9 44.1% 84%

Ind. 3 35.5 23.9 32.8% 90%

Mean 47% 88%

SD 16% 4%

Test (2)—with filtration (fiberglass) Ind. 1 51.7 5.0 90.3% 62%

Ind. 2 94.6 3.8 96.0% 28%

Ind. 3 46.0 3.6 92.2% 27%

Mean 93% 39%

SD 3% 20%

Test (3)—with filtration (nylon net) Ind. 1 139.4 9.57 93.1% 37%

Ind. 2 77.4 5.49 92.9% 22%

Ind. 3 91.7 NA

Mean 93% 30%

SD 0% 11%
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the three protocols (Table 2) showed that even if the poros-
ity of the filter was theoretically large enough to allow
nuclei to pass through, most of the nuclear material was
retained by the filter. These results suggest that filtration is
not appropriate for the isolation of nuclear material from
cells in this context.

Discussion
The aim of the present study was to optimize a subcellular

fractionation protocol for the liver of white suckers and in this
manner improve the interpretation of such partitioning results
in future studies of white sucker. Our results clearly demon-
strate that optimization of such protocols is a necessary step.
In the following sections, we discuss the implications of the
homogenization and fraction separation results, which
impinge on how subcellular metal partitioning results can be
interpreted. Finally, based on this work, some recommenda-
tions are proposed to guide readers who are planning to study
subcellular metal partitioning in biota.

Homogenization step
Tissue homogenization is a critical step during the subcellu-

lar fractionation process, because one must maximize cell dis-
ruption to ensure that subsequent subcellular fractionation
will be representative for the whole cell tissue, while limiting
damage to the organelles. For white sucker, a two-step

homogenization, using a glass Potter-Elvehjem tissue grinder
with additional sonication was the best option to achieve effi-
cient cell breakage. These results agree with other studies that
have reported that performing a double-step homogenization
improved cell disruption efficiency; examples of the types of
tissue that were homogenized include the liver and the gonads
for Perca flavescens and the liver for Oncorhynchus mykiss, as
well as whole organisms for Daphnia magna and Chaoborus
sp. (Cardon et al. 2018; Khadra et al. 2019). In addition, con-
cerning rainbow trout, Cardon et al. (2018) recommended use
of sonication for the second step homogenization, as in our
fish study.

The relative contribution from the debris fraction to the
total metal burden can be used as an indicator of homogeniza-
tion efficiency: a low and constant percentage contribution
indicates that the homogenization step is both effective and
reproducible (Rosabal et al. 2014). The presence of a high pro-
portion of unbroken cells in the debris fraction can bias or
hinder the interpretation of subcellular metal partitioning
results, since subsequent fractionation will not be representa-
tive of the whole tissue sample that was subjected to homoge-
nization. The corollary is that it is advisable to adjust the
homogenization step for each organ and even for each species.
In the present study, and according to the LDH activity in the
debris fraction, protocol # V enabled us to achieve ≈ 90% cell
disruption (LDH in debris = 10%), which can be considered as
satisfactory.

Fig. 5. Flowchart of the most promising subcellular fractionation protocol (# V) for white sucker livers. HSP for heat-stable proteins; HDP for heat-
denaturable proteins.
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Regardless of the homogenization protocol used (# I to V),
half (50%) of the mitochondrial and lysosomal content was
detected in the cytosol (see CS and APHO in cytosol, Fig. 4).
These results indicate that these organelles were damaged, but
as the apparent degree of damage remained approximately
constant for all protocols, even for protocol # I, considered to
be the gentlest, it is difficult to attribute this damage to the
homogenization method used. After their collection, fish tis-
sues were stored at −80�C. In a recent study, Cardon
et al. (2018) reported that using fresh samples of Chironomus
and rainbow trout decreased mitochondria leakage compared
to frozen samples (e.g., 70% of CS activity was found in the
cytosol in frozen Chironomus vs. 25% in fresh insects). There-
fore, in our study, it is reasonable to think that storage at
−80�C could have led to weakening of organelle membranes
(mitochondria and lysosomes at least). Nevertheless, studying
field-collected aquatic organisms often involves a freezing step at
−80�C or −196�C for conservation, a step that is rarely avoid-
able. Thus, before applying a subcellular fractionation protocol
to frozen samples, it is clearly advisable to assess the protocol as
we have done in the present study, to avoid misinterpretation of
the subsequent subcellular metal partitioning data.

Fraction separation
It is usually accepted that after a centrifugation at

~ 15,000 × g, mitochondria will pellet and smaller organelles
such as lysosomes and microsomes will remain in the superna-
tant and could be then pelleted by ultracentrifugation
(≥ 100,000 × g). In our study, a centrifugation force of
25,000 × g was necessary to yield the best proportion of CCO
activity (mitochondrial marker) in the operationally defined
mitochondria fraction. Nevertheless, the mitochondria separa-
tion was hindered by the presence of an intermediate layer of
variable importance located on top of the mitochondria pellet.
Similar observations were reported by Cardon et al. (2018) for
rainbow trout and by Urien et al. (2018a) for white sucker, but
not for insects (Rosabal et al. 2014; Cardon et al. 2018). To cir-
cumvent this artifact, a resuspension of the mitochondrial pel-
let was necessary.

In the course of this study, the assessment of different sub-
cellular fractionation protocols (# I to V) led us to rethink the
operationally defined subcellular fractions that are usually col-
lected in studies of subcellular metal partitioning in aquatic
organisms. We combined some fractions to yield a subcellular
fraction distribution scheme that better reflected the results
obtained with the marker enzymes. This was the case for the
“mitochondria” and the “lysosomes and microsomes” frac-
tions. For example, APHO activity (lysosomal marker) in the
operationally defined lysosomes and microsomes fraction
accounted for a maximum of only 14% of the total activity,
indicating that this fraction contained few intact lysosomes.
In contrast, 30% of the APHO activity was found in the mito-
chondria fraction and about 50% in the cytosol, which led us
to reconsider the lysosomal fraction (Fig. 4) and to collect

instead a combined “organelles” fraction (mitochondria
+ lysosomes + microsomes). Some authors consider that a cen-
trifugation force greater than 10,000 × g collects not only
mitochondria but also lysosomes in the pellet, for cuttlefish
and bivalves (Simon et al. 2005; Bustamante et al. 2006). This
overlap could explain the 30% APHO activity found in the
mitochondria in protocol # III, where a centrifugation force of
25,000 × g was used to pellet mitochondria. In a recent study
of rainbow trout, Cardon et al. (2018) also suggested that lyso-
somes and mitochondria could be combined in the same
fraction.

Regarding LDH activity (cytosol marker) in the cytosol, our
results yielded proportions of about 35% on average, which is
low with respect to the criterion of “minimum 70 % of LDH
in the cytosol fraction of rainbow trout”, as defined by Cardon
et al. (2018). Despite resuspension of the pellet and
recentrifugation, LDH activity remained important in the
mitochondria and organelle fractions. One explanation could
be that a slight amount of cytosol remained; however, trapped
in the mitochondria or organelle fractions during the process,
despite our efforts. On the other hand, a study by Brooks
et al. (1999) suggested that LDH could be a constituent part of
mitochondria in rat liver; our results suggest that this may also
be the case in white sucker livers.

Finally, the protocol that achieved the best subcellular frac-
tionation results in our study is summarized in Fig. 5. Note
that the application of the complete protocol will depend on
the number of samples to treat, but without considering
homogenization time, the whole subcellular fractionation pro-
cedure will roughly take 6–7 h. It is also possible to reduce
time by performing some steps in parallel.

Finally, compared to other studies in the literature, this
work supports the fact that subcellular fractionation protocols
should be species-specific. Note too that this protocol was
adapted for fish collected in the same seasonal period, and we
cannot exclude the possibility that variation in tissue compo-
sition (e.g., as a function of season, breeding status, nutri-
tional level, etc.) might affect the efficiency of the subcellular
fractionation protocol. In the literature, there are different
studies dealing with subcellular fractionation, in particular in
Yellow perch, caught in different lakes, at different times of
the year and under different conditions, and none of them
have identified such variations. (Campbell et al. 2005; Giguère
et al. 2006). Nevertheless, the question deserves to be asked
and further investigation into the possible influence of con-
founding factors likely to affect subcellular fractionation effi-
ciency would be of great value for ecotoxicological studies.

Trial isolation of the nuclei
Knowledge of the relative proportions of metals bound to

nuclear materials vs. cellular debris would greatly improve our
interpretation of subcellular metal distribution data. Binding
of nonessential metals to nuclear material might be expected
to lead to deleterious effects (Pierron et al. 2011; Omar
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et al. 2012; Palermo et al. 2015). However, separation of the
nuclei from the debris fraction is challenging. The results of
our trial separation of nuclear materials from the cellular
debris indicated that none of the tested protocols were suc-
cessful in concentrating the nuclear material; the relative con-
tribution of the putative nuclei fraction to the total DNA, used
as a nuclei marker, was very low. A possible explanation could
be that the nuclei were retained within the cellular debris on
the filter. We speculate that cell membranes, once disrupted,
may close upon themselves as droplets and enclose nuclear
materials. Nuclei might also be trapped within connective tis-
sue, forming large agglomerates that were retained by the fil-
ters. This hypothesis has been discussed in the recent study of
Cardon et al. (2018) and supported by scanning electron
microscopy (see details in the SI of their article).

It is also important to note that the measurement of DNA
is not specific and does not discriminate between nuclear
DNA and mitochondrial DNA. As we previously showed in the
section entitled Fraction separation, the mitochondrial matrix
tended to leak during the fractionation procedure, and it is
possible that nuclear DNA could have been contaminated
with mitochondrial DNA during our trials. This hypothesis is
reinforced by the presence of a low DNA signal in the superna-
tant following the first centrifugation, which should contain
the cytosol and organelles including mitochondria and mito-
chondrial DNA. Further development is needed to achieve an
effective isolation of nuclei, and markers other that DNA
should be tested to detect nuclear materials and allow assess-
ment of different nuclei isolation protocols.

Recommendations
The present study highlights the need to verify the effi-

ciency of different fractionation protocols and illustrates the
use of enzyme markers to validate protocols. In addition, the
use of such enzyme markers is relatively easy and not too
costly. In this last section, we put forward some recommenda-
tions regarding subcellular fractionation protocols to improve
future studies on freshwater fish.

• The fraction content should be verified for each new species
and organ for correct interpretation of subcellular metal
partitioning. Some adaptation of the procedure may be nec-
essary to avoid the collection of overtly ambiguous
fractions.

• Particular attention should be paid to fraction integrity
when working with frozen samples.

• A two-step homogenization procedure is strongly rec-
ommended to increase cell breakage efficiency.

• The resuspension and recentrifugation of the organelle pel-
let are recommended to improve fraction purity.

• In cases where an intermediate layer appears in the step
designed to collect the organelles (including mitochondria),
it is recommended that the pellet with the layer on the top
be resuspended. If this is not possible, we recommend

combining this layer with the pellet rather than the super-
natant, to limit contamination of the cytosol.
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