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Oil sands surfacemining generates vast quantities of oil sands process-affectedwater (OSPW) as a by-product of
bitumen extraction. The acid extractable organic (AEO) fraction of OSPW contains several contaminants, includ-
ing naphthenic acids (NAs).While responses of living organisms to NA and AEO exposure have been described at
the developmental, physiological, metabolic and gene expression levels, the effects of these compounds at the
cellular and subcellular level are limited. Using live cellfluorescencemicroscopy and a suite of fluorescentmarker
proteins, we studied the intracellular responses of the plant cell cytoskeleton and several membrane-bound or-
ganelles to NA and AEO treatments. A rapid disassembly of cortical microtubules and a decrease in dynamics as-
sociated with actin filaments was observed in response to these treatments. Concomitantly, the integrity and
dynamics of mitochondria, peroxisomes, Golgi stacks, and endoplasmic reticulum were also altered. AEO treat-
ments were themost toxic to cells and resulted in the accumulation reactive oxygen species. This study provides
foundational evidence for intracellular responses to NA and AEO exposure using two evolutionarily diverse
model plant cell types. This cellular assay could be used to identify the most toxic components of AEO sub-
fractions, and assist in determining the effectiveness of OSPW remediation efforts.
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1. Introduction

The oil sands region in northern Alberta, Canada contains the third
largest oil reserve in the world, covering a total area of 142,000 km2

and containing an estimated 166 billion barrels of recoverable bitumen
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(CAPP, 2015). Surfacemining of oil sands utilizes a hot water extraction
process that results in large volumes of oil sands process-affected water
(OSPW) thatmust be stored on-site due to its acute and chronic toxicity
to living organisms (Clemente and Fedorak, 2005; Giesy et al., 2010).
Clay, sand, salts, heavymetals, residual bitumen, and awide range of or-
ganic and inorganic chemical compounds are present in OSPW (Allen,
2008). The organic fraction (often isolated as acid extractable organics;
AEOs) contains a group of toxic compounds referred to as naphthenic
acids (NAs). Classically, NAs are defined as carboxylic acids that fit the
formula CnH2n+ZO2, where “n” indicates the number of carbon atoms
and “Z” is the hydrogen deficit due to ring cyclization (Whitby, 2010).
The occurrence of NAs in crude oil results from the degradation of
petroleum-based hydrocarbons, and their concentrations can range be-
tween 20 and 130 mg/L in OSPW (Holowenko et al., 2002; Allen, 2008;
Grewer et al., 2010). While the AEO fraction contains many classically
defined NA types, it also contains other organic compounds that could
contribute to its toxicity. These include, but are not limited to, oxy-
naphthenic acids (NAs containing more than two oxygen atoms),
BTEX (benzene, toluene, ethylbenzene, and xylene), sulfur- and
nitrogen-containing compounds, diluents, and other petroleum-based
hydrocarbons (Grewer et al., 2010; Bauer et al., 2015; Small et al.,
2015; Morandi et al., 2015).

A range of aquatic and terrestrial species have been examined to de-
termine how NA and AEO exposure impacts model biological systems.
These have included toxicological studies on bacteria, invertebrates,
fish, birds, amphibians and mammals (reviewed in Li et al., 2017).
Whole OSPW, organic extracts of OSPW, and purified NAs were
shown to have detrimental effects on the development, physiology, re-
production and behavior of test organisms. At the cellular level, these
compounds altered gene expression, immunological function and me-
tabolism, and were shown to induce oxidative stress (Li et al., 2017).
The toxicity of OSPW on cell proliferation and viability of cultured mac-
rophages has also provided insight into the effects of OSPW and NAs on
cell function (Fu et al., 2017). Several studies have examined the toxico-
logical effects of OSPW, NAs and the AEO fraction on aquatic and terres-
trial plant species. Freshweight gains andwater uptake of three aquatic
plant species common in Alberta (common reed, cattail, and bulrush)
were significantly reduced upon treatment of NAs in their non-ionized
form (Armstrong et al., 2009). Studies on native plant species have
shown that OSPW and commercial NAs also affect water relations and
gas exchange (Crowe et al., 2001; Kamaluddin and Zwiazek, 2002;
Apostol et al., 2004). Additionally, a study using themodel plant species
Arabidopsis thaliana (Arabidopsis) showed impaired seedling primary
root growth and seed germination after NA and AEO exposure
(Leishman et al., 2013). Plant-based mRNA profiling has also provided
insight into changes in gene expression after AEO exposure. Genes
encoding enzymes involved in xenobiotic detoxification and oxidative
stress were upregulated in both root and shoot tissue after short term
exposure to the AEO fraction (Widdup et al., 2015).

The effects of NA and AEO exposure on the intracellular organization
and dynamics of cells has not been studied in detail. Narcosis, the non-
specific disruption of membranes through insertion of hydrophobic
compounds into the lipid bilayer, has been proposed as a potential
mechanism of NA toxicity due to their lipophilic nature (Frank et al.,
2008). Evidence supporting NA induced membrane disruption has
been observed in rainbow trout hepatocytes, as indicated by a decrease
in membrane integrity after exposure to synthetic NAs (Tollefsen et al.,
2012). In plants, evidence of increased membrane permeability has
been observed in root cells after NAexposure (Pavlović et al., 2015). Dis-
ruption of the cell membrane could lead to an influx of NAs and inter-
ruption of cellular homeostasis that is essential for proper cellular
physiology and development. Here we describe the effects of NAs and
the AEO fraction on the subcellular structure, organization and dynam-
ics of plant cells. Using a suite of fluorescent organelle and cytoskeletal
markers alongwith live cell fluorescencemicroscopy,we aimed to iden-
tify the responses of the cytoskeleton and several membrane-bound
organelles to these treatments. Arabidopsis and onion epidermal layers
were used in this study, and represent model systems from two evolu-
tionarily divergent plant lineages.

2. Materials and methods

2.1. OSPW, NA, and AEO

OSPWwas collected from an oil sandsmine site located in the Atha-
basca region of northernAlberta, Canada, and extraction of theAEO frac-
tion was performed using a dichloromethane liquid-liquid acid
extraction procedure as previously described (Holowenko et al.,
2002). The resulting AEO fraction yield was approximately 70 mg of
AEO per litre of OSPW. The AEOs were resuspended in dimethyl sulfox-
ide (DMSO) at a concentration of 70mg/mL and stored at room temper-
ature in the dark.

Three NA solutions were also prepared. The first was a mixture of
three different single ring (SR) surrogate NAs. These were cyclohexane
propionic acid (3-cyclohexylpropionic acid, MW = 156), cyclohexane
butyric acid (4-cyclohexylbutanoic acid, MW= 170), and cyclohexane
pentanoic acid (3-cyclohexylpentanoic acid, MW = 184, Sigma-
Aldrich) suspended in DMSO in equal parts to produce a stock concen-
tration of 100 mg/mL. The second NA solution contained
decahydronaphthalene-2-carboxylic acid (DH, MW = 182, a gift from
Brian Keay, University of Calgary), a surrogate two-ring NA. The third
was 1-adamantanecarboxylic acid (AdCA, MW = 180, Sigma-Aldrich),
a model diamondoid NA that was empirically shown to be present in
OSPW (Rowland et al., 2011). DH and AdCA were each suspended in
DMSO at a stock concentration of 100 mg/mL. Control treatments
contained an equivalent concentration of the DMSO carrier.

Working solutions containing either NA or the AEO fraction were
prepared in ddH2O at 10, 25, 50, and 75 mg/L, buffered with 10 mM
MES, and adjusted to pH 5.0. The pH of the medium was set at 5.0 be-
cause NAs are predominantly in their non-ionized state and are most
toxic to plants at low pH (Armstrong et al., 2009; Leishman et al.,
2013), and the pH in the microenvironment of the root surface is
often lower than the surrounding soil (Rudolph-Mohr et al., 2014).
Due to the complex nature of organic species in the AEO fraction, it
was not possible to determine molar concentration of the AEO solution.
Thus, AEO (and NA) concentrations were measured as weight per vol-
ume units, as is commonly reported in NA toxicity studies. Molar con-
centration conversions (at 50 mg/L) for the purified NAs were 294 μM,
275 μMand 278 μM for SR (meanmolarity), DH and AdCA, respectively.
Solutionswerefilter sterilized usingAcrodisc 25mmsyringefilterswith
a pore size of 0.45 μm (Pall Corporation, Ann Arbor, MI) into sterilized
flasks and stored at 4 °C in the dark. The concentration of compounds
used in this study was within the range of the total AEO concentration
found in OSPW (10 to 100 mg/L).

2.2. Organelle and cytoskeletal fluorescent protein markers

Organelle and cytoskeletal fluorescent protein marker plasmids for
transient expression in onion epidermal cells were obtained for six
plant cell organelles and cytoskeletal components (summarized in Sup-
plemental Table 1). Additionally, Arabidopsis lines stably expressing the
six fluorescent protein markers for organelles and cytoskeletal compo-
nents were used (summarized in Supplemental Table 2).

2.3. Biolistic transfection of onion epidermal cells

Biolistic transfectionwasused for transient expression of fluorescent
protein fusion markers in onion (Allium cepa L.) epidermal cells (Scott
et al., 1999; Chuong et al., 2005). Plasmid DNA encoding the fluorescent
proteins was purified using a plasmid DNA Midiprep kit (Qiagen, To-
ronto, ON, Canada). Gold particles (1 μm diameter) were coated with
5–10 μg of plasmid DNA and subsequently bombarded into the abaxial
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surface of the onion bulb scale segment (1 cm2) at a pressure of
1100 psi. For the simultaneous expression of two fluorescent markers,
5–10 μg of each marker was mixed together prior to coating gold parti-
cles. Following bombardment, onion scale segments were placed abax-
ial side down on ddH2O soaked filter paper in a petri dish, sealed with
parafilm, and incubated for approximately 16 h at room temperature
in a dark environment.

2.4. Seedling growth conditions

Seedlings were grown on plates containing 0.5× Murashige and
Skoog medium, 1% sucrose and 0.7% phytoagar adjusted to pH 5.7.
Seeds were surface sterilized using two consecutive washes of 70% eth-
anol for 10 and 5min, respectively. Surface sterilized seeds were placed
linearly on the plates and stratified at 4 °C in the dark for two days. The
seeded plates were then placed vertically in a growth chamber set to
16:8 h light:dark cycle for 7–14 days.

2.5. Onion epidermal peel and Arabidopsis seedling treatments

Transiently expressing onion epidermal layers were peeled off the
adaxial surface of onion scale segments using forceps and floated on
2 mL of control, NA or AEO solution in 12-well microtitre plates. Simi-
larly, Arabidopsis seedlings were placed on the surface of these solu-
tions with the roots submerged. Mixing of the solution was achieved
by gentle orbital shaking of the plates (~40 rpm). Oryzalin (a microtu-
bule depolymerizing drug; Crescent Chemical Co., Inc., NY) was used
at a concentration of 5 or 10 μM, latrunculin B (an actin filament
depolymerizing drug; Calbiochem, Germany) was used at a concentra-
tion of 1 μM.

2.6. Microscopy

Onion epidermal peels and Arabidopsis seedlings were mounted on
microscope slides in the corresponding control, NA, or AEO solution.
Epifluorescence microscopy was performed using the GFP (480/30 ex;
535/40 em) or mCherry (540/25 ex; 605/55 em) filter sets (Leica
DMR). Images were captured using a cooled CCD camera (Retica 1350
EX, QImaging, Surrey, BC, Canada) and exported in the TIFF file format
for further processing using ImageJ (v. 1.50 g; Schindelin et al., 2012).
Laser scanning confocal microscopy (Leica, TCS-SP5) was performed
for GFP detection in Arabidopsis seedlings using an imaging beam
strength of 7–20% and gain that was adjusted to 10% (increased if the
sample fluorescence was low). The excitation filter was set at 488 nm
and the collection range was 508–530 nm.

Formicrotubule densitymeasurements, a 256 μm2 areawas selected
from two regions of each cell that contained microtubules. The sum of
microtubule lengths was divided by the measured area to determine
microtubule density. A total of 10 cells were used to calculate the
meanmicrotubule density for each treatment. Actin filament density
measurements were adapted from a previously described protocol
by Higaki et al. (2010). Two 64 μm2 areas containing actin filaments
were selected from each cell for quantification. A threshold was ap-
plied to the image, transforming all pixels representing actin fila-
ments white and all background pixels black. The binary images
were skeletonized to reduce actin filaments to one pixel in width.
Percent density was calculated by dividing the number of white
pixels (representing actin filaments) by the total number of pixels
in the area, then multiplied by 100. Data was converted to relative
values for comparison across different concentrations. A total of 10
cells were used to calculate the mean actin filament density for
each treatment.

To determine organelle velocities, image sequences were captured
at one frame per second over a 10 s period in NA and AEO treated
cells. The ImageJ plug-in MTrackJ (Meijering et al., 2012) was used to
manually track individual organelles. Paths of ten organelles that
showed the highest velocity in each cell were tracked, and a total of
ten cellswere used inmeasurements for each treatment.Meanmaximal
velocity values were calculated by averaging all instantaneous velocity
measurements over the 10 s period for each organelle type and treat-
ment. To determine whether microtubules and Golgi stacks could re-
cover to their normal state after removal of the treatment compound,
a 1 hour wash-out period was performed following a 4 h treatment by
floating the epidermal peels on 10 mMMES solution (pH 5.0).

Endoplasmic reticulum tubule length was determined by selecting
regions measuring 482.4 μm2 at random from onion epidermal cell im-
ages, and the sumof the lengths of all tubuleswithin the selected region
wasmeasured.Mean tubule lengthwas calculated by adding the tubule
lengths within the selected region and dividing by the total number of
tubules. A total of 5 cells were used to quantify mean tubule length for
each NA and AEO treatment.
2.7. Onion epidermal cell viability assays

Propidium iodide was used to quantify cell viability after NA and
AEO exposure. Onion epidermal cells were exposed to 50 mg/L NA or
AEO solution for 4 h and transferred to a solution containing 10 μg/mL
propidium iodide for 30min. The cells weremounted on a slide and im-
aged by epifluorescence microscopy with the TRITC filter set. Approxi-
mately 100 cells were imaged at random for each NA or AEO exposure
from3 to 4 onion epidermal peels, andnuclear staining of cells indicated
cell death.
2.8. Determination of H2O2 levels

Measurement of AEO-induced reactive oxygen species (ROS) pro-
duction was performed using Arabidopsis seedlings expressing the
H2O2 biosensor roGFP2-Orp1 (Scuffi et al., 2018). Seedlings were
grown on 0.5× MS (pH 5.7) plates for 10 days as described above.
Root hairs were imaged using epifluorescence microscopy directly on
the agar plate to reduce potential sources of stress. The tips of individual
root hairs were rapidly imaged at the initial moment of root hair selec-
tion and 10 min after treatment was initiated. A 63× long working dis-
tance water immersion lens was used for imaging with a UV filter set
(340–380 ex; 425 LP em) and the blue (eGFP) filter set (480/30 ex;
535/40 em). The fluorescence of the roGFP2-Orp1 biosensor was im-
aged sequentially using the UV and blue filter sets. The seedling immer-
sion solutions consisted of a DMSO control, 100 mg/L AEO, or 10 mM
H2O2 in liquid 0.5× MS medium (pH 5.7). Roots hairs from the mid-
region of the primary root were treated with a bead of liquid medium
suspended between the objective lens and the root on the surface of
the plate. The H2O2 treatment was used to induce oxidation of
roGFP2-Orp1. Grayscale and color images were captured for each time
point. Ratiometric quantification was performed using ImageJ. Mean
pixel intensities were determined from background-subtracted root
hair images, and the intensity ratio (UV excitation/blue excitation)
was calculated for each treatment from three replicated seedling
treatments.
2.9. Statistical analysis

Statistical analyseswere performed using the built-in analysis tool in
Graphpad Prism (v. 7.00). To determine if NA or AEO exposure lead to a
significantly different (p b 0.05) organelle or cytoskeletal response, a
one-way analysis of variance (ANOVA) was used. A post-hoc Dunnett
test was performed for a multiple-to-one comparison of the different
NA and AEO treatments to the control data to determine which treat-
ments were significantly different from the control data at the same
concentration.



2833M.E. Alberts et al. / Science of the Total Environment 651 (2019) 2830–2844
3. Results

We previously reported that Arabidopsis root growth was impaired
after treatment with NAs and the AEO fraction (Leishman et al., 2013).
Treatment of Arabidopsis seedling roots with a mixture of 10 mg/L sin-
gle ring NAs (3.33 mg/L of each of three single ring NAs, see Methods
and Leishman et al., 2013) revealed that cells near the root tip were
swollen and isotropic (rounded) rather than the typical elongated,
non-isotropic shape that was observed in untreated roots (Fig. 1). This
short root and isotropic cell shape phenotype was similar to that ob-
served in Arabidopsis microtubule mutants or in Arabidopsis roots
that were treated with microtubule inhibiting agents (Whittington
et al., 2001; Baskin et al., 2004). This observation prompted us to deter-
mine whether NA or AEO treatment caused microtubule disruption in
plant cells, and whether the structure, organization and dynamics of
actin filaments and membrane-bound organelles were also affected by
this treatment.

Four types of solution treatment were used to test the cytoskeleton
and organelle responses to NA and AEO exposure in epidermal cells.
These compounds represented surrogate ormodel NAs of different clas-
ses, as well as the AEO fraction. These treatments were consistent with
the those used in our previous study that reported the effects of NAs and
AEOs on Arabidopsis growth and development (Leishman et al., 2013).
The first was amixture of three different single ring (SR) surrogate NAs:
cyclohexane propionic acid, cyclohexane butyric acid, and cyclohexane
pentanoic acidmixed together in equal parts to produce a stock concen-
tration of 100 mg/mL; the second consisted of a surrogate two-ring NA,
decahydronaphthalene-2-carboxylic acid (DH); and the third was a
model diamondoid NA that was empirically shown to be present in
OSPW, 1-adamantanecarboxylic acid (AdCA). In the present study, we
treated epidermal layers of scales from onion bulbs and of roots from
Arabidopsis seedlings with these compounds. Onion epidermal cells
are an excellent model plant cell type due to the efficient transient ex-
pression of genes encoding fluorescent protein markers, limited auto-
fluorescence, dynamic subcellular movements, and ease to which the
epidermalmonolayer can be removed by peeling. Onion bulb epidermal
peels are easily treated with compounds of interest by floating peels on
solutions that contain the compound. Arabidopsis seedlings can be used
Fig. 1.Arabidopsis root growth after NA exposure. Arabidopsis seedlingswere germinated
and grown on agarmediumwithout (left panel) or with (right panel) 10mg/L SRmedium
(pH 5.0) for 14 days. Bar = 50 μm.
to visualize the cytoskeleton and organelles in cells of intact plants, as
lines that express a range of fluorescently labelled subcellular structures
are readily available.

3.1. Effects of NA and AEO treatment on microtubule and actin filament
density, organization, and dynamics

The cortical microtubule network of onion epidermal cells was
highly sensitive to all NAs and the AEO fraction. A 4 h treatment of
cells with 10 mg/L of the single ring NA mixture (SR), 1-adamantane
carboxylic acid (AdCA), and theAEO fraction resulted in a significant de-
crease in cortical microtubule density, while the lowest
decahydronaphthalene-2-carboxylic acid (DH) concentration that re-
sulted in a significant decrease was 25 mg/L (Fig. 2A). Exposure to SR
was most effective in reducing microtubule integrity, as treatment
with 50 mg/L SR eliminated most cortical microtubules from the cell
(Fig. 2B). This microtubule disassembly was similar to that observed
when onion epidermal cells were exposed to 10 μM of oryzalin (a mi-
crotubule destabilizing agent, Fig. 2B). The SR treatment often resulted
in fluorescent aggregates of tubulin throughout the cell cortex. Interest-
ingly, exposure to 50 mg/L DH resulted in short, rigid microtubules that
often formed clusters attached at a focal point (Fig. 2B). Many of these
rigid microtubules oscillated within the cell cortex (Supplemental
Movie 1C). A similar microtubule pattern was occasionally observed in
cells treated with 50 mg/L AEO for 4 h (Supplemental Movie 1E).
Short-term SR treatments (50mg/L for 15min) resulted in rapidmicro-
tubule disassembly, whereas DH, AdCA and AEO required longer-term
treatment times (up to 45 min, Supplemental Fig. 1). Similar to the mi-
crotubule responses observed in onion epidermal cells, treatment with
NA and AEO (50 mg/L) for 4 h was effective in disrupting microtubules
in Arabidopsis root epidermal cells (Fig. 3). AdCA treated cells retained
some elongated microtubules, and treatment with the AEO fraction re-
sulted in patches of GFP signal that formed in the cortical region of the
cell (Fig. 3).

Actin filament integrity was also affected in cells treated with NAs
and the AEO fraction. However, the actin filament effects required
higher concentrations of these compounds than for microtubule disas-
sembly, and unusual concentration dependent responses were ob-
served. Onion epidermal cells exposed to SR, DH, and AdCA at
concentrations of 10 or 25mg/L for 4 h resulted in no significant change
in actin filament density, while AEO exposure resulted in a decrease in
density at 10 mg/L, but showed no difference at 25 or 50 mg/L
(Fig. 4A). Treatment with 50 mg/L caused a significant decrease in
actin filament density in SR treated cells and an increase in density in
AdCA treated cells. Treatment with a higher concentration (75 mg/L)
of DH and AEO for 4 h led to significant decreases in actin filament den-
sity (Fig. 4A, B). Exposure to latrunculin B (1 μM), a potent actinfilament
depolymerizer, caused a near complete breakdown of actin filaments
(Fig. 4B). Exposure of cells to SR for 4 h at 50 mg/L resulted in actin fil-
aments that were shorter, more branched, and lacked the typical lateral
dynamicmovementswhen compared to the actinfilaments observed in
untreated cells (compare Supplemental Movie 2A with 2B). Treatment
with 50 mg/L DH and AEO also affected the lateral movement of actin
filaments, although a reduction in actin filament density was not ob-
served for these treated cells (Supplemental Movie 2C and 2E,
respectively).

The relative stability of actin filaments in onion epidermal cells after
exposure to NAs and AEO suggested that actin filaments were less sen-
sitive to these treatments when compared to cortical microtubules. To
verify this observation, co-expression of microtubule and actin filament
fluorescent markers was performed in onion epidermal cells. Cortical
microtubules in cells exposed to 50 mg/L SR, DH, and AdCA for 1 h
showed high levels of disruption, while actin networks within the
same cells remained stable (Supplemental Fig. 2). Microtubules were
not adversely affected byAEO treatment until the 4 h timepoint. The or-
ganization of actin filaments was only affected by treatment of SR at



Fig. 2. Responses of onion epidermal cell cortical microtubules to 4 h of NA and AEO treatment. A)Meanmicrotubule density after treatment with SR, DH, AdCA, the AEO fraction, and 10
μMoryzalin. Mean values± SEM are based on data from10 cells. Mean values that are significantly different from the control (p b 0.05)within each treatment concentration are indicated
(*). B) Representative images of microtubules in onion epidermal cells exposed to 50 mg/L NAs and AEO and 10 μM oryzalin. Bar = 13 μm.
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50mg/L at 2 h, whereas 4 h of DH, AdCA, and AEO exposure did not lead
to a considerable disruption of actin filaments (Supplemental Fig. 2).

Actin filaments in root epidermal cells of Arabidopsis seedlings also
showed varying levels of disorganization upon NA and AEO treatment.
Exposure to NAs and AEO (50 mg/L) for 4 h resulted in visible actin fil-
ament breakdown in Arabidopsis root epidermal cells, although not as
extensive as in cells treated with latrunculin B (Fig. 5). Roots exposed
to SR resulted in a level of actin filament disruption similar to that ob-
served in onion epidermal cells under the same conditions (Fig. 4).
While showing signs of disruption, cells exposed to DH also contained
numerous circular structures that were interlaced with actin filaments
(Fig. 5). The clusters were not dynamic, but appeared to interrupt the
actin cytoskeleton by displacing filaments from the cortex. While actin
filament density decreased after exposure to AdCA, an actin bundling ef-
fect was often visible (Fig. 5).

3.2. Effects of NA and AEO treatment on the dynamics and structure of mi-
tochondria, peroxisomes, and Golgi stacks

Onion epidermal cell exposure to NAs and AEOs resulted in signifi-
cant changes in the velocity and structure of mitochondria, peroxi-
somes, and Golgi stacks. The mean maximal velocity of the fastest
moving mitochondria, peroxisomes, and Golgi (i.e., the ten highest ve-
locities of each organelle type in an individual cell) was significantly re-
duced at 25 mg/L in SR and AEO treated cells (Fig. 6A, C, E). The average
maximal velocity of organelles in control cells were approximately 2



Fig. 3.Arabidopsis root epidermal cell corticalmicrotubule responses to 4 hNA and AEO treatments. Seedlings stably expressingGFP-MAP4were treatedwith 50mg/L NAand AEO, and 10
μM oryzalin. Bar = 10 μm.
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μm/s. Treatment with 50 mg/L of each NA or AEO solution resulted in a
significant reduction of organelle velocities in most treatments to ap-
proximately 0.2 μm/s (except AdCA, ~1 μm/s). Organelle movements
observed in the NA and AEO exposed cells were typically rapid oscilla-
tions, compared to frequent single vector movements that were ob-
served in control cells (Supplemental Movies 3, 4 and 5). Interestingly,
treatment with 10 mg/L AdCA resulted in elevated velocity of Golgi
stacks (Fig. 6E), and velocities of mitochondria also trended upward
after treatment with lower concentrations of AdCA (Fig. 6A, C).

Distinct changes in organelle shape and structure were observed in
onion epidermal cells treated with NAs and AEO fraction. Peroxisomes
andmitochondria showed a mixture of spherical and elongated shapes,
extending several microns in length (top panels in Fig. 6B, D). In con-
trast, all treatments at 50 mg/L for 4 h caused mitochondria and perox-
isomes to become spherical (Fig. 6B, D). Additionally, many of the
peroxisomes in treated cells became enlarged, particularly in cells ex-
posed to SR (Fig. 6D). The spherical response of mitochondria and per-
oxisomes was observed as early as 15 min after the initial NA and AEO
exposure, and coincided with the early signs of microtubule disruption
(Supplemental Fig. 3). Golgi stack morphology was also affected in
treated onion epidermal cells. Under control conditions, Golgi stacks
displayed a characteristic crescent shape due to the cis-trans polarity



Fig. 4. Responses of onion epidermal cell actinfilaments to 4 h NA and AEO treatments. A) Relative densitymeasurements of cortical actinfilament networks in onion epidermal cells after
4 h of treatment with SR, DH, AdCA, the AEO fraction and 1 μM latrunculin B (Lat B). Values are normalized to control roots. Mean values ± SEM are based on a data from 10 cells. Mean
values that are significantly different from the control (p b 0.05)within each treatment concentration are indicated (*). B) Representative images of actinfilaments in onion epidermal cells
exposed to 75 mg/L NAs and AEO and 1 μM latrunculin B. Bar = 8 μm.
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of the organelle (Fig. 6F inset). Normal sized and smaller, fragmented
Golgi structures that were still capable of movement were observed
after treatment with 25 mg/L of NA and AEO (data not shown). Expo-
sure to 50 mg/L of SR, DH, and AEO exacerbated Golgi stack fragmenta-
tion, whereas 50 mg/L treatment with AdCA had a lesser effect on the
structure of Golgi stacks than the other treatments (Fig. 6F). Changes
in Golgi stackmorphologywere observed as early as 15min after SR ex-
posure, whereas there was no morphological response after the same
time period when exposed to DH, AdCA, and AEO (Supplemental
Fig. 3). When onion epidermal cells were treated with oryzalin, the
loss ofmicrotubules did not have appreciable impact of themorphology
and movements of mitochondria, peroxisomes and Golgi (data not
shown). Latrunculin B treatment resulted in the cessation of
mitochondria, peroxisomes and Golgi movement, and the organelles
became tightly clustered within the cell (data not shown). These gen-
eral observations of organelle morphology and dynamics have been
made previously in other plant cell studies that used cytoskeleton
destabilizing agents (e.g., Chuong et al., 2005; Nebenführ et al., 1999;
Van Gestel et al., 2002; Satiat-Jeunemaitre et al., 1996).

Mitochondria, peroxisomes and Golgi stacks were observed in
Arabidopsis root epidermal cells to determine whether the organelle
velocity and shape effects of NA and AEO treatment were consistent
with that observed in onion epidermal cells. These organelles showed
dynamic movements in untreated Arabidopsis root epidermal cells,
with a portion of organelles moving at high velocities at any point in
time (Supplemental Movies 6 to 8). Mitochondria and peroxisomes in



Fig. 5. Arabidopsis root epidermal cell cortical actin filament responses to 4 h NA and AEO fraction treatments. Seedlings were treated with 50 mg/L NA and AEO solutions, and 1 μM
latrunculin B. Bar = 10 μm.
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untreated cells were typically a mixture of spherical and elongated
shaped structures (Supplemental Figs. 4, 5). Golgi stacks in untreated
cells appeared punctate with fluorescence uniformly distributed
throughout the organelle (Supplemental Fig. 6), unlike the crescent
shape Golgi fluorescence observed in untreated onion epidermal cells
(Fig. 6F). Exposure to 50 mg/L NAs and AEO for 4 h resulted in nearly
complete cessation of organelle movement (Supplemental Figs. 4, 5,
and 6; SupplementalMovies 6, 7 and 8). Unlike onion epidermal cell or-
ganelles thatwere capable of somemovement after AdCA treatment (~1
μm/s) (Fig. 6A, C, E), Arabidopsis root epidermal cell mitochondria, per-
oxisomes and Golgi did not exhibit movement after similar treatments
to the NAs and AEO.
In Arabidopsis root epidermal cells, treated mitochondria took on a
spherical morphology that was similar to what was observed in onion
cells (Supplemental Fig. 4). Arabidopsis peroxisomes were spherical in
shape after exposure to 50 mg/L SR, AdCA, and AEO for 4 h. However,
DH treatment caused peroxisomes to take on an irregular shape that
were connected by visible narrow extensions (Supplemental Fig. 5),
often referred to peroxules in previous studies (Jaipargas et al., 2016).
The irregularly shaped peroxisomal phenotype was not seen in onion
epidermal cell peroxisomes, indicating a possible difference in how
the two plant cell types respond to DH exposure. Golgi stacks showed
unusual irregular and elongated shapes, particularly in the DH and
AdCA treated cells (Supplemental Fig. 6).
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3.3. Effects of NA and AEO treatment on the organization and dynamics of
the endoplasmic reticulum

The morphology and dynamics of the ER were also affected by NA
and AEO treatment in onion and Arabidopsis epidermal cells. In control
onion epidermal cells, the ER network is reticulate throughout the cell
Fig. 6.Responses of onion epidermal cellmitochondria, peroxisomes, and Golgi stacks to a 4 hN
Golgi stacks after treatment with NAs and the AEO fraction at concentrations of 10, 25, and 5
peroxisomes, and n = 5 cells for Golgi stacks. Mean values that are significantly different fr
F) Representative images of mitochondria, peroxisomes, and Golgi arrangement and structu
treatment magnified 20 fold. Bar = 8 μm.
cortex, with thin tubules connecting flat cisternae (Fig. 7B). These tu-
bules displayed dynamic movements, resulting in new connections
with other tubules and cisternae (SupplementalMovie 9). Cell exposure
to 25mg/L of each type of NA, but not the AEO fraction, resulted in a sig-
nificant decrease in total ER tubule length (Fig. 7A). Exposure to 50mg/L
of SR resulted in the most noticeable change in ER structure, with the
A and AEO treatment. (A, C, E)Meanmaximal velocities ofmitochondria, peroxisomes, and
0 mg/L. Mean values ± SEM are based on a value of n = 10 cells for mitochondria and
om the control (p b 0.05) within each treatment concentration are indicated (*). (B, D,
re after NA and AEO treatment at 50 mg/L. Insets are representative organelles of each
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development of punctate fluorescent foci, shorter tubules, and cisternae
that did not show the same level of dynamics as control cells (Fig. 7B;
Supplemental Movie 9B). Disruption of the ER was not as obvious in
the DH, AdCA and AEO treated cells, and there was visible ER dynamic
movements that were greater than in SR exposed cells (Fig. 7B, Supple-
mental Movie 9). Disruption of the cytoskeleton in onion epidermal
cells by treatment with oryzalin and/or latrunculin B (singly or to-
gether) caused some changes in ER morphology that included reduced
ER density and larger, irregularly shaped cisternae (Supplemental
Fig. 7). However, these changes in ER morphology did not resemble
ER morphologies in the NA and AEO treated onion epidermal cells
(Fig. 7).

The ER in Arabidopsis root epidermal cells was also sensitive to NA
and AEO treatments. The cortical ER in control cells had a reticulate
structure with cisternae connected by thin tubules (Fig. 8). The GFP
marker expressed in this line also labelled highly fluorescent fusiform
bodies that contain vegetative storage proteins, as typically observed
in seedling epidermal cells (Fig. 8) (Nelson et al., 2007). Exposure to
50 mg/L SR for 1 h resulted in a breakdown of much of the reticulate
structure, and the fusiform bodies took on a spherical appearance. Dis-
ruption to the ER was further enhanced after 4 h of SR exposure. Cells
exposed to DH and AdCA for 1 h maintained their reticulate ER struc-
ture, but showed enhanced cisternal surface areas (Fig. 8). After 4 h,
SR, DH and AEO cells showed a range of disrupted ER patterns, and
the fusiform bodies tended to be spherical (Fig. 8). The integral disrup-
tion of the ER tubules in AEO treated cells was extensive, compared to
the other treatments. The severity of ER membrane disruption in these
cells indicates that the ER may be more sensitive to AEO exposure
than individual NA exposure in Arabidopsis root epidermal cells.

3.4. Cell viability, organelle recovery and ROS production in NA and AEO
treated cells

Cell viability staining was used to determine whether reduced via-
bility of onion epidermal cells occurs after NA and AEO treatment. Expo-
sure of cells to 50 mg/L of the NA solutions for 4 h followed by
propidium iodide staining did not show nuclear staining, indicating
that NA exposure did not alter cell viability (Fig. 9). In contrast, cells ex-
posed to 50mg/L of the AEO solution for 4 h resulted in nuclear staining
in approximately 40% of cells (Fig. 9). In support of this observation,
transient expression of fluorescent protein organelle and cytoskeleton
markers in AEO treated cells, followed by propidium iodide staining, re-
vealed that only viable cells were able to express the fluorescent
markers (data not shown). These data suggest that extended treatment
of epidermal cells with the AEO fraction, but not the NAs, results in
reduced cell viability.

These cell viability results prompted us to determine whether the
cytoskeleton and organelles in NA and AEO treated onion epidermal
cells could return to their pre-treatment state after these compounds
were washed away from the cells. A 4 h treatment with NA and AEO
(50 mg/L) was used to disrupt the microtubule network, followed by
rinsing the cells for 1 hwith solutions lacking these compounds. The or-
ganization of the microtubule network in washed NA treated cells re-
covered and was comparable in appearance to microtubules in control
cells (Supplemental Fig. 8). In contrast, the microtubule network in
AEO treated cells did not recover after washing. Similarly, the velocity
of Golgi stacks in washed AEO treated cells did not return to normal
after washing, and the disrupted Golgi stack morphology in these
washedAEO cells also did not recover (Supplemental Fig. 9). These find-
ings are consistent with the cell viability studies described above that
demonstrate that AEO treatment resulted in reduced cell viability com-
pared to NA treatments.

A common cellular response to environmental stress is the produc-
tion of reactive oxygen species (ROS). We tested whether Arabidopsis
root hairs accumulate significant levels of ROS in response to AEO expo-
sure. Root hairs are an extension of an epidermal cell and function to
increase the surface area of the root for water and nutrient absorption,
and assist in anchoring the plant within the soil. They are dynamic
cells that demonstrate rapid cytoplasmic streaming, and provide a slen-
der cell type that can be directly exposed to toxic compounds and im-
aged with limited manipulation. The Arabidopsis roGFP2-Orp1 line is
an ideal tool to sense cytosolic H2O2 production in root hairs in a pH-
insensitive manner (Scuffi et al., 2018). Cytosolic H2O2 results in a de-
crease in roGFP2 fluorescence when excited with blue light. Excitation
of the same cell with UV-light provides a self-normalizing, ratiometric
readout for H2O2 abundance. Roots from 10-day old Arabidopsis
roGFP2-Orp1 seedlings that were exposed to 100 mg/L AEO or 10 mM
H2O2 for 10 min showed a decrease in the fluorescence intensity of
blue light-excited GFP fluorescence relative to control root hairs
(Fig. 10A). Treated root hairs continued to demonstrate normal cyto-
plasmic streaming, indicating that they remained alive during the treat-
ment periods. Ratiometric analysis demonstrated that there was a
significant difference in the abundance of H2O2 in root hairs treated
with the AEO fraction compared to control root hairs (Fig. 10B). The
AEO-induced fluorescence response was similar to H2O2 treatment
(Fig. 10A, B). These results indicate that exposure to AEO fraction
leads to oxidation of roGFP2-Orp1 through the accumulation of H2O2

in the cytosol of root hairs.

4. Discussion

The dynamics, organization and integrity of intracellular structures
in plant cells can change dramatically in response to biotic and abiotic
stress signals (Mathur et al., 2012). Real time, high-resolution fluores-
cence imaging of organelles and the cytoskeleton has provided valuable
insight into these cellular responses. For instance, aluminum stress
caused rapid changes inmicrotubule bundling andmicrotubule orienta-
tion in root cells (Schwarzerová et al., 2002), and peroxisomes in hypo-
cotyl cells exhibited dynamic shape changes and higher division rates in
response to intense light and exposure to ROS (Jaipargas et al., 2016).
Here, we report extensive disruption to the structure, organization,
and dynamics of the cytoskeleton and membrane-bound organelles in
the epidermal cells of onion scales and Arabidopsis roots in response
to short-term exposure with NAs and the AEO fraction of OSPW.
Arabidopsis and onion are divergent plant species that represent the
two major angiosperm lineages, suggesting that these cellular re-
sponses are common across the plant kingdom. Many of these re-
sponses were observed within the initial 15 min of exposure
(Supplemental Figs. 1 and 3). Interestingly, treatment with the AEO
fraction resulted in the highest level of toxicity, as revealed by reduced
viability of onion epidermal cells (Fig. 9) and by the lack of recovery of
microtubule and Golgi structure and dynamics in surviving cells after
AEO washout from cells (Supplemental Figs. 8 and 9). The AEO fraction
contains a complex mixture of organic compounds that includes classi-
cally defined NAs as well as SO−, SO2

−, and NO2
− containing molecules,

and specific sub-fractions of AEO are known to possess higher toxicity
than others (Frank et al., 2008; Morandi et al., 2015). Thus, the en-
hanced cellular toxicity of the AEO fraction, compared to the single clas-
ses of NAs used in this study, may result from the additive effects of
numerous highly toxic compounds within the AEO fraction.

The widespread cellular effects that were observed in NA and AEO
treated cells suggest that a general stress response is elicited at the cel-
lular level. Exposure of onion epidermal cells to the three types of NAs
used here resulted in cellular responses that were reversible, indicating
that programmed cell death response was not induced. Additionally, in
NA and AEO treated cells there was an absence of cellular phenotypes
that were previously shown to be associated with apoptotic plant cell
death (e.g., plasma membrane blebbing and nuclear deformation,
Dickman et al., 2017). The rapid production of ROS in treated
Arabidopsis root hairs (Fig. 10) indicates that oxidative stress may con-
tribute to these cellular responses. This observed increase in ROS is con-
sistent with our previous gene expression data that showed the
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induction of numerous genes involved in oxidative stress in Arabidopsis
roots exposed to AEO (Widdup et al., 2015). Increased levels of ROS and
activation of genes related to oxidative stress have also been observed in
studies related to OSPW effects on animal and bacterial cells and may
contribute to the mechanism of OSPW toxicity in these species
(Morandi et al., 2017; Wiseman et al., 2013; He et al., 2012). A study
using a human cell line demonstrated that polyoxygenated compounds,
rather than classical NAs, were the primary component of the AEO frac-
tion that triggered oxidative stress (Sun et al., 2017).

ROS production is a common feature of environmental stress signal-
ing that regulates numerous cellular processes (Waszczak et al., 2018).
Altered ROS levels can trigger visible changes to cell structure and orga-
nization, some of which are consistent with our observations in NA and
AEO treated cells. For instance, ROS production induced by abiotic stress
in plants can causemicrotubule reorganization or disassembly that elicits
downstream signals leading to adaptive events in the cell (Livanos et al.,
2014; Nick, 2013). In Arabidopsis, treatment of leaves with ROS and
ROS-inducing chemicals caused elongated mitochondria to take on a
spherical shape (Yoshinaga et al., 2005), as did exposure to cadmium
(Lee and Back, 2017). The effect of ROS on organelle shape can differ de-
pending on the stress situation. ROS treatment and exposure to high light
intensity (a ROS stimulating stress) triggered an increase in peroxule
abundance in Arabidopsis hypocotyl cells, followed by peroxisome elon-
gation andfission (Sinclair et al., 2009). This outcomewas thought to pro-
vide an increase in peroxisome number to assist in overcoming cellular
stress. In contrast, our observations showed that NA and AEO caused per-
oxisomes to stall and take on a spherical appearance (and occasional per-
oxisome swelling) in Arabidopsis roots and onion epidermal cells (Fig. 6D
and Supplemental Fig. 5). These observations of peroxisome stalling and
spherical size increase were similar to that in Arabidopsis hypocotyl
cells exposed to hypoxic stress (Sinclair et al., 2009).

The observed changes in organelle morphology in treated cells may
be directly due to the structural characteristics of NAs. Many NAs are
amphipathic molecules (i.e., hydrophilic carboxylic acid and hydropho-
bic alkyl group) which led to the hypothesis that their integration into
cellular membranes causes membrane disruption (narcosis) (Frank
et al., 2008; Zhang et al., 2016). Accordingly, NAs would first integrate
into the plasma membrane and then partition into organelle mem-
branes. This integration could cause abnormal organelle morphology
and reduced organelle function, as well as detrimental changes to the
structure and function of the plasma membrane. Our observation that
chemical disruption of microtubules and actin filaments did not result
in changes in the morphology or mitochondria, peroxisomes and Golgi
stacks indicates that cytoskeletal disruption does not signal general
NA and AEO-induced changes in organelle shape. This lack of cytoskel-
eton effect on organelle shape lends support to the narcosis hypothesis,
where integration of NAs into organelle membranes could result in vis-
ible organelle shape changes. The severity of membrane damage by a
xenobiotic compound has been correlated with its lipophilicity and
size (Protić and Sabljić, 1989; Schultz, 1989). The molecular weights of
NAs used in this study are relatively low (molecular weight range of
156 to 184) compared to range of molecules present in the total organic
fraction. Thus, the greater complexity of the AEO fraction may result in
increased disruption of membrane function and could explain why the
AEO fraction showed greater cellular toxicity (Fig. 9).

We observed that the NA and AEO treatments also resulted in a gen-
eral decrease in organelle movement. Myosin driven organelle move-
ment along actin filaments in plant cells is thought to generate
cytoplasmic streaming that aids in positioning of organelles andmacro-
molecules (Geitmann and Nebenführ, 2015). Actin filaments were rela-
tively intact at 50mg/L NA and AEO treatment, except in the SR treated
Fig. 7. Responses of onion epidermal cell ER to a 4 h NA and AEO treatment. A) Mean
tubule length in cells exposed to 10, 25, and 50 mg/L of each treatment
B) Representative images of cortical ER after NA and AEO treatment (50 mg/L). Mean
values ±SEM are based on n = 5 cells. Mean values that are significantly different from
the control (p b 0.05) within each treatment concentration are indicated (*). Bar = 8 μm
.

.



Fig. 8. Arabidopsis root epidermal cell ER after NA and AEO treatment. Cells were treated with 50 mg/L NA and AEO for 1 and 4 h (50 mg/L). Insets are representative organelles of each
treatment magnified 2 fold. Bar = 10 μm.
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cells (Fig. 4A). However, the mitochondrial, peroxisomal and Golgi
movement was effectively eliminated in cells treated with NAs and
the AEO fraction and greatly reduced in the AdCA treated cells
(Fig. 6A, Supplemental Movies 3–8). While these organelle movements
typically ceased in onion epidermal cells upon NA and AEO treatment
(50mg/L), the ER continued to demonstrate dynamicmovements (Sup-
plemental Movie 9). These observations suggest that changes in organ-
elle membrane dynamics and/or shape may affect inter-organelle
interactions. One of the models for organelle movement in plant cells
proposes that ER movement is driven directly by the actin-myosin ma-
chinery, and the movement of other organelles is indirect via tethering
to the ER (Nebenführ and Dixit, 2018; McKenna et al., 2018). In cells
treated with NAs and the AEO fraction, this organelle tethering to the
ER might be disrupted, while still retaining the ER association with sta-
ble actin filaments via myosin motors. In this scenario, the ER would
continue to demonstrate dynamic movements whereas other
membrane-bound organelles would remain static.

Changes to cell structure and function after stress treatment can re-
sult in morphological changes at the whole plant level. Indeed, the
shortened root phenotype of Arabidopsis seedlings in response to NA
and AEO treatment (Fig. 1; Leishman et al., 2013) may be due, in part,
to changes in the organization of microtubules. Rather than having a
NA/AEO signaling role, microtubule disruption may be central in caus-
ing aberrant root growth in response to this stress. The integrity of mi-
crotubules is essential for normal cell elongation during root growth
because the orientation of cortical microtubules determines the pattern
of cellulose microfibril deposition, and this contributes to anisotropic
cell growth in elongating roots (Paredez et al., 2006; Crowell et al.,
2011). Microtubule-associated proteins (MAPs) that influencemicrotu-
bule organization can be regulated directly by ROS or throughmitogen-



Fig. 9.Viability assay of onion epidermal cells after treatmentwith NAs and AEO. Cells were treatedwith 50mg/L NA and AEO for 4 h. Cells were stainedwith propidium iodide for 30min
and the percentage of nuclear stained cells was determined (top left panel). Mean values ± SEM are based on data from 100 cells. Mean values that are significantly different from the
control (p b 0.05) within each treatment concentration are indicated (*). Also shown are representative images of onion epidermal cells after NA or AEO exposure and propidium
iodide staining. Bar = 20 μm.
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associated protein kinase (MAPK) pathways activated by ROS (Livanos
et al., 2014). Elevated levels of ROS elicited by NA/AEO stress could tar-
get MAPs and lead to microtubule disruption and abnormal cellulose
Fig. 10. Response of Arabidopsis roGFP2-Orp1 root hairs to AEO and H2O2 treatments.
A) Representative images of root hairs expressing roGFP2-Orp1 in Arabidopsis seedlings
imaged under blue excitation light at time 0 min and 10 min for each treatment; DMSO
control, 100 mg/L AEO and 10 mM H2O2. Bar = 10 μm. B) Ratiometric measurement of
the root hair response after 10 min exposure to the treatment solutions. Values are
based on the ratio of mean fluorescence intensity of UV and blue light excitation of the
roGFP probe. Mean values ± SEM are based on a data from three root hairs. Significant
differences (p b 0.05) between treatments are indicated by different letters.
deposition. Cellulose deposition could also be affected by Golgi dysfunc-
tion. Plant Golgi stacks are dynamic organelles that are involved in cel-
lulose synthase complex trafficking to the plasma membrane
(McFarlane et al., 2014). The structural disruption of this organelle by
NAs and AEOs could result in improper delivery of cellulose synthase
complexes to themembrane andultimately affect the pattern of nascent
cellulose synthesis.

Themechanisms responsible for the disruption of organelles and cy-
toskeleton of plant cells after NA and AEO exposure appear complex.
The cellular responses might be transient, allowing the cells to survive
for a short period until other survival strategies take over. For instance,
we observed that Arabidopsis seedling primary roots are arrested in
their growth by exposure to NAs and AEO, and newly formed adventi-
tious roots develop at the root-shoot junction (S. Olsen & D.G. Muench,
unpublished results). These adventitious roots could allow the plant to
access less toxic water at the surface of the soil where rainfall accumu-
lates. This type of developmental response, aswell as longer-term tissue
level detoxification mechanisms, could facilitate plant tolerance to
AEOs. Endophytic microbes could also provide means to facilitate NA
degradation and enhance plant survival, as has been observed with
plant exposure to other environmental contaminants (Doty et al.,
2017). The findings reported here provide the first steps in the charac-
terization of subcellular responses of cells to NA and AEO exposure.
These results identify possible areas of research that may further eluci-
date the complex interactions between plant cells and NAs that may ul-
timately have a role in signaling and development, as well as identify
modes of detoxification. The development of NA-sensitive cellular
markers could also provide a simple in vivo tool that serves to sense
the most toxic compounds present in the AEO fraction of OSPW, and
could also be used to monitor the efficiency of NA degradation in
OSPW remediation strategies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.10.181.
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