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The increased potential for contamination of seawater by crude oils requires
studies of bacterial biodegradation potential, but little is known of the differential
negative impacts of oils on bacterial growth. No two wells generate chemically
identical oils; and importantly, solar exposure of crude oil may differentially
affect the bacterial response. Elucidating the role that sunlight plays on the
potential toxicity of spilled crude oils is imperative to understanding how oil
spills might affect microbes in the tropical and subtropical waters of Florida.
This study examined light exposure of six different crude oils, and subsequent
microbial responses to altered oils. Marine bacterioplankton heterotrophic
activities were measured via 3H-leucine incorporation after the addition of
oils’ water accommodated fractions (WAFs) that were created under varied
solar conditions. Inhibition of production increased with higher concentrations
of WAFs, but dose-response trends varied among the oils. Increased solar
exposure during WAF preparation generally led to more inhibition, but trends
varied among oils. WAFs were also prepared under different parts of the solar
spectrum. Solar-irradiated WAFs resulted in significant but variable acute toxicity
vs. dark counterparts. Solar-induced toxicity was primarily a result of visible
and not ultraviolet light exposure. Results indicate responses to oil spills are
highly dependent on the source of the oil and solar conditions at the time
and location of the spill. The data presented here demonstrate the importance
of photochemical changes and oil source in modulating microbial activity and
bioremediation potential.

oil spill, bacterioplankton, photoreactivity, photooxidation, crude oil, Gulf of Mexico,
solar exposure

1. Introduction

The accidental release of crude oil into marine environments by anthropogenic means
often results in higher-than-background discharge rates and is not uncommon (Pampanin
and Sydnes, 2013). While 914 persistent crude oil seeps have been identified in the Gulf of
Mexico, the total background input of crude oil from these is estimated at 0.25 to 1 x 10* m?
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year‘1 (MacDonald et al,, 2015). In contrast, flow rates following
the 2010 Deepwater Horizon (DWH) explosion were estimated

at roughly 1 x 10* m?® day~!

over 87 days for a total input of
7.95 x 10° m? before accounting for containment efforts (McNutt
et al, 2012). The DWH explosion released crude oil into the
northeast quadrant of the Gulf of Mexico (GOM), where only 7%
of the total input from GOM natural seeps is expected (MacDonald
etal., 2015).

Local assemblages of hydrocarbon-degrading microorganisms
exist in Gulf of Mexico waters due to input of crude oil from
natural seeps (Head et al., 2006; Peng et al., 2008; Pampanin and
Sydnes, 2013; Prince and Atlas, 2018). It is widely known that crude
oil is a complex mixture of hydrocarbons and there is variation
between crude oils from different wells (Juyal et al.,, 201 1; Pampanin
and Sydnes, 2013; MacDonald et al., 2015). These differences may
contribute to differences in responses by bacterioplankton.

Parameters affecting bacterial production when oil is present
can also include specific capacities of bacterial taxa to degrade
various hydrocarbon species (Head et al., 2006; Vergeynst et al,
2019; Bacosa et al,, 2020a), microbial production of biosurfactants
that facilitate bioavailability of petroleum molecules (Matvyeyeva
et al, 2014), the relative abundance of nitrate-reducers among
microbial community members (Melkonian et al, 2021), and
the trophic state of the seawater upon oil introduction (Haule
and Freda, 2021). Water temperature, nutrient availability, solar
exposure, and oxygen affect microbial activity (Scofield et al., 2015;
Hutchins and Fu, 2017; Cavicchioli et al., 2019; Robinson, 2019)
altering the microbial degradation of crude oil components (Atlas
and Hazen, 2011; Gregson et al., 2021).

Physical considerations include evaporation (Gjesteland et al,,
2019), photodegradation (Guipeng et al,, 20065 Saeed et al., 2013;
Jing et al., 2014), or various means of solubilization, emulsification,
or degradation of oil constituents (Riazi and Roomi, 2008; Gros
et al,, 2014; Boehm et al, 2016) upon introduction to seawater.
Irradiance of the oil-seawater mixture can result in photo-
transformation or photooxidation of the oil constituents (Nicodem
et al, 2001; Snyder et al, 2021) and changes to the natural
microbial community (Bacosa et al,, 2015a). Typical surface water
conditions seem to have little to no effect on photodegradation
rates in the absence of an inoculum (Saced et al., 2011), while solar
irradiation does.

Biodegradation and/or physical degradation of oil constituents
may differ with respect to the characteristics of the crude oils
introduced to the aquatic environment. Lighter crude oils with
higher American Petroleum Institute (API) gravity are typically
degraded more efficiently (Prince, 1993; Sugiura et al, 1997;
Hazen et al, 2016). The mixture of hydrocarbons within crude
oils. Generally, N-alkanes are degraded most readily by diverse
microbial consortia followed by slower degradation of more
complex compounds (e.g., PAHs) by a more limited number
of microbial species (Sugiura et al, 1997; Hazen et al, 20105
Atlas and Hazen, 2011; Dubinsky et al., 2013; Gutierrez et al,
2013; Kimes et al., 2014). Lower-ring-number PAHs are typically
more bioavailable for more rapid biodegradation than higher-ring-
number hydrocarbons (Peng et al, 2008; Bacosa et al,, 2020b).
Macondo well 252 oil from the DWH spill in the GOM (MC-252)
and the surrogate oil (described by Pelz et al., 2011) supplied to
researchers are oxidized at different rates in seawater mesocosms,
but the reasons (biodegradation or photodegradation) for the
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relative differences in rates observed are not well known (Wozniak
et al, 2019). MC-252 and the surrogate were found to oxidize
differently in both photosynthetically active radiation (PAR) and
full sun exposure (Vaughan et al., 2016).

Predictions of the microbial response to crude oil are further
complicated by the potential influence of solar exposure to the oil in
seawater. Considerations include both the relative intensity of the
irradiance and the wavelengths of light reaching the oil molecules.
While PAHs in crude oil with fewer aromatic rings are more easily
degraded, alkylated PAHs with higher numbers of aromatic rings
are photo-transformed at faster rates (Bacosa et al.,, 2015b). While
MC-252 and surrogate oil water accommodated fractions (WAFs)
had different photochemical responses to sunlight, the inhibition of
microbial growth was similar for the two oils (Vaughan et al,, 2016).
Several studies have indicated that the microbial response following
a spill may be dependent on the type of oil and its photo-reactivity
(Santas et al., 1999; Saeed et al., 2011; Griffiths et al., 2014; Passow
and Stout, 2020). Additionally, the effects of various wavelengths
of light, including ultraviolet (UV) and photosynthetically active
radiation (PAR) on the rates of physical-and/or biodegradation of
oil constituents must be considered (Genuino et al., 2012) owing
to the wavelength dependency of light attenuation in water when
predicting in situ exposures.

The standard methods for producing crude oil WAFs were first
detailed in Aurand and Coelho (2005) and call for the preparation
of WAFs in the dark. These methods have been challenged and
defended overtime and the importance of a standardized protocol
for comparative research has been stressed (Coelho et al, 2013).
However, WAFs produced in the dark vastly underrepresent
crude oil dynamics and toxicity in the natural environment. Solar
irradiation of crude oil compounds increases solubility in seawater
(Lee, 2003; Benigni et al,, 2017), which increases the bioavailability
and potential toxicity of irradiated compounds relative to parent
compounds (Dutta and Harayama, 2000; Maki et al., 2001; Griffiths
et al, 2014; Bacosa et al, 2015b). In the DWH disaster, it is
estimated that 50% of the crude oil volume reached the ocean
surface (McNutt et al, 2012). Environmental conditions at the
ocean surface are thus important to account for the potential
impact of crude oil on biota, including the bacterioplankton
responsible for degradation and transfer of organic matter to higher
trophic levels.

Few studies have isolated the photochemical treatment of crude
oils during WAF preparation from bacterial degradation (Yang
et al, 2016; Cao and Tarr, 2017; Vergeynst et al., 2019; Snyder
et al, 2021), and fewer have directly compared multiple crude
oil sources (Viggor et al, 2013; Passow and Stout, 2020). To
our knowledge, no studies have compared a wide spectrum of
geochemically different crude oils exposed to a range of irradiance
conditions and the subsequent effects on heterotrophic bacteria.
Herein, we compared the acute effects on bacterioplankton growth
of the water accommodated fractions (WAFs) produced from six
different crude oils. In particular we focused on how the exposure
to sunlight during WAF production altered the response to the
individual oils. Our primary objective was to determine whether
all crude oils produced a similar response as a function of the
concentration of added WAF and how that response was dependent
on the duration and part of the solar spectrum to which samples
were exposed.
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2 . M ater | a [ s an d met h Od S the basis of density, color, and preliminary assessments of bacterial
inhibition (data not shown); the oils were selected to test the widest
2.1. Crude oils variety of responses available.

The FSU-provided oils were assigned a number for the duration

A series of unique crude oils were made available by the of the project to conceal the location-identity of the oils until

National High Magnetic Field laboratory at Florida State University
(FSU).! The FSU-provided oils were observed alongside crude oils
in our collection at the University of West Florida (UWF). In order
to maximize replication within the study, only five FSU-provided

the project’s conclusion to avoid biases. The MC-252 surrogate
crude oil was the UWF-provided oil (Table 1). Samples of each
of the crude oils were sent to Midwest Laboratories (MWL)? for
measurement of API gravity (ASTM D 4052-15), and contents of

oils and one UWF-provided oil were selected for further analysis on carbon (MWL WC PROC 55), nitrogen (MWL WC PROC 55),

1 https://nationalmaglab.org/ 2 https://midwestlabs.com/

TABLE 1 Physical and chemical characteristics of crude oil samples, x: API gravity >31.1° denotes a light crude oil and API gravity 22.3—-31.1° denotes a
medium crude oil, y: % mass, z: crude oils with >0.5% sulfur content are considered sour, while <0.5% sulfur are considered sweet, GOM: samples
collected in the Gulf of Mexico.

Crude oil Location API gravity* C (%Y N (%) H (%) S (%)=

1 Undisclosed GOM 27.0° 73.6 0.34 10.8 1.550 Brown/Black
3 Independence Hub GOM 34.6° 56.2 0.23 9.2 0.480 Golden

4 Oxbow well Thompson, Wyoming 30.8° 63.8 0.24 9.7 0.838 Brown/Black
6 Undisclosed GOM 23.8° 76.5 0.47 10.2 1.490 Brown/Black
8 Independence Hub GOM 30.8° 59.4 0.23 9.1 0.652 Red/Brown
S Marlin Platform GOM 34.2° 64.1 0.19 10.4 0.239 Brown/Black

TABLE 2 Daily light exposures during WAF formation.

305 nm (J cm—2) 380 nm (J cm~2)

320 nm (J cm—2) ‘ 340 nm (J cm~2)

|. Dose response

May 9, 2017 0.092 0.678 1.572 1.982 5237
May 10, 2017 0.098 0.686 1.577 1.983 5251
May 11, 2017 0.092 0.593 1.344 1.671 4338
May 12, 2017 0.040 0.344 0.827 1.049 2772
May 13,2017 0.082 0.643 1.500 1.848 4673
May 14, 2017 0.097 0.711 1.651 2.076 5456
May 15,2017 0.096 0.670 1.532 1.890 4796
May 16, 2017 0.104 0.718 1.652 2.067 5403
Daily average 0.088 0.630 1.457 1.821 4741
Total 0.701 5.043 11.655 14.566 37926

[ S0snm@cmd | 320nm W) | 340nmGcm3) | 380nmem~d | PAR(Ecm) |

Il. Spectral dependency

May 22, 2017 0.058 0.425 0.977 1.196 2982
May 23,2017 0.059 0.447 1.035 1.261 3091
May 24, 2017 0.077 0.589 1.370 1.656 4035
May 25,2017 0.108 0.725 1.664 2.067 5315
May 26, 2017 0.116 0.724 1.646 2.052 5302
May 27, 2017 0.095 0.575 1.299 1.596 4015
May 28, 2017 0.070 0.478 1.102 1.361 3467
May 29, 2017 0.086 0.521 1.178 1.450 3727
Daily average 0.083 0.561 1.284 1.580 3992
Total 0.668 4.484 10.270 12.637 31935
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hydrogen (MWL WC PROC 55), and sulfur (ASTM D 5453-19)
each expressed as a percent of total mass. MWL WC PROC 55
is a proprietary method used by MWL that is based on method
AOAC 993.13. Samples were loaded into an elemental analyzer to
be burned in the presence of oxygen releasing gases which were
identified, quantified, and reported as a percent of the total oil mass.

2.2. General WAF preparation

Crude oils were added to sterile seawater in a manner similar to
the CROSEREF protocol ( R ) in individual
Teflon bottles at a concentration of 1% oil: water (v/v) to produce
oil-in-water mixtures leading to WAFs. Aged (>3 years) seawater
from the central Gulf of Mexico was used to produce WAFs to
ensure there were no other labile organic carbon sources to which
the bacteria might respond. The aged seawater was filtered through
a 47 mm, 0.2 pm pore-size polycarbonate filter by gentle vacuum
(<0.3 atm) and 25 mL was added to each 30 mL Teflon bottle
(minimum 86% UV transmittance; s ), leaving
approximately 5 mL headspace. Seawater was pasteurized in the
Teflon bottles at 70°C for a minimum of 2 h and cooled to room
temperature before crude oil was added (1% v/v).

Three light regimes were used in WAF production. Oil-in-
water mixtures were incubated in Teflon bottles that were (i)
uncovered for full-sun exposure (FS), (ii) covered in aluminum foil
(Dark), and (iii) covered in Court guard, a broadband cut-off filter
(PAR). Court guard transmits photosynthetically active radiation
(PAR; 95% of 400-800 nm wavelengths) and blocks ultraviolet
radiation (0% of UV-B and 9% of UV-A transmittance) (

) R R ). WAFs were incubated in covered
and uncovered bottles in a water bath held constant at 20°C
directly under natural sunlight. Solar irradiance was measured
during exposures using a Biospherical Instruments (San Diego, CA,
USA) GUV511 solar radiometer. Full irradiance data during WAF
. All bottles were shaken
three times each day for 5 s. At the conclusion of the exposure

production are presented in ,

period, bottles were returned to the lab to settle. The aqueous
phases of each mixture containing the oil WAFs were removed,
transferred into 20 mL glass scintillation vials maintaining separate
WATF stocks, and stored at —20°C until experimental use.

2.3. Coastal seawater inocula

A fresh sample of coastal seawater was collected at sunrise
via bucket-cast from the end of the Pensacola Beach Pier the
day of each experiment ( ). This location
is approximately 0.3 km off the coastline (30°19'38” N, 87° 8'31”
W). Microbes in these seawater samples served as the natural
community inoculum in each experiment. Vertical salinity and
temperature profiles were measured using a SonTek (San Diego,
CA, USA) Castaway conductivity, temperature, and depth meter
(CTD). In addition, samples were preserved with sulfuric acid for
total Kjeldahl nitrogen (TKN), stored at 4°C, and later analyzed
using EPA method 351.2 on a Lachat Quickchem FIA Model
autoanalyzer. Sample seawater was also passed through a 25 mm
GF/F filter and the filtrate was saved and preserved by freezing
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at —20°C for eventual analysis of dissolved nutrients. Dissolved
inorganic phosphate (DIP) was analyzed as in ( )
NH,* as in ( ), and NO3;~ + NO;™ as in

( ). The sum of NH4t, NO3;~, and
NO, ™ is reported as dissolved inorganic nitrogen (DIN).

2.4. Bacterial production assays

Incorporation of labeled leucine, a proxy for secondary
heterotrophic production, was measured by bulk radioactivity
measurements of each sample after 4 h of dark incubation. *H-
Leucine (Perkin Elmer; specific activity 50.2 Ci mmol~!) was
added to seawater samples to a final concentration of 10 nM.
Samples were incubated in 5 mL (12 mm X 75 mm) polystyrene
round-bottom (snap-cap) tubes at in situ temperature in the dark
for 4 h in the presence of oil WAFs. Incorporation reactions
were terminated by the addition of trichloroacetic acid (TCA)
to a final concentration of 5% (v/v). Samples were transferred
from snap-cap tubes into triplicate microcentrifuge tubes and
processed by the method established by ( )
and amended by ( ). Briefly, total biomass
was precipitated by trichloroacetic acid (TCA) precipitates, and
then TCA precipitates were collected by centrifugation, and pellets
were washed again with 5% TCA and again with 70% ETOH.
Final pellets were resuspended in liquid scintillation cocktail and
incorporated leucine was measured using a Tri-Carb 2900TR
Liquid Scintillation Analyzer (Perkin Elmer). The same technique
was used to determine background or control bacterial production
in the sample water from the Pensacola Beach Pier in the absence
of WAFs.

2.5. Dose response

Water accommodated fractions were prepared in replicates
of four under FS conditions for 8 days using oils 1, 3, 4, 6,
8, and the MC-252 surrogate (S). WAFs were added to snap-
cap tubes at final concentrations of 0.5, 1, 2.5, 5, and 10% (v/v)
with the seawater inoculum containing >H-Leucine. Five replicate
controls were prepared similarly by the addition of 2.5% (v/v) sterile
seawater to the seawater inoculum and *H-Leucine. Dose-response
for each oil WAF was modeled by the natural log of *H-Leucine
incorporation vs. increasing concentration.

2.6. Duration of WAF solar exposure

Twenty replicates of FS-incubated WAFs were prepared for
each oil mentioned before and four replicates were removed from
solar exposure at time points of 24, 48, 96, 144, and 192 h ( ).
At each time point, replicate WAFs were removed from each
bottle, transferred to 20 mL scintillation vials, and stored at —20°C
until all bottles were recovered from solar exposure. WAFs were
added to snap cap tubes as before at a final concentration 2.5%
(v/v) with the seawater inoculum and *H-Leucine. Controls were
prepared as before with sterile seawater (2.5% v/v). Inhibitory
effects of increased WAF-preparation solar exposure time were
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modeled for each oil by the natural log of *H-Leucine incorporation
vs. increasing UV-exposure times under which the WAFs were
prepared.

2.7. Spectral dependency

Water accommodated fractions were prepared in triplicate
under FS, PAR, and Dark spectral conditions for 8 days and
collected upon return to the lab. WAFs were added to snap cap
tubes at final concentration 2.5% (v/v) with the seawater inoculum
and *H-Leucine. Three replicates of controls were prepared with
sterile seawater (2.5% v/v). The bacterial production assay was
performed, and the >H-Lecuine incorporation rates were plotted as
a percentage of the control.

2.8. WAF fluorescence

Fluorescence signals of FS and DARK WAFs were measured
on a Turner Trilogy Fluorometer using the crude oil module
(model # 7200-063; excitation: 365 nm, emission: 410-600 nm)
as a proxy for total hydrocarbon quantification ( ,

). Replicates were pooled prior to measuring fluorescence.
Background fluorescence from an un-amended seawater sample
was subtracted from WAF fluorescence signals and reported in
relative fluorescence units (RFU). This method of analysis was
limited by the equipment available in the laboratory and was
also performed before carbon contents of the oils were known.
Fluorescence data was not used as a direct quantitation method,
as additions of crude oil to seawater were on a per-volume basis
(i.e., 1% v/v) rather than per-carbon basis. These data were used
to differentiate the tendency of various oil constituents to move
into the aqueous portion of the oil-in-water mixture during solar
exposure. The aqueous fraction was collected as “WAF” and
fluorescence was measured. Microbial inhibition corresponding to
these WAFs was also measured in triplicate as previously described
by*H-Leucine incorporation before the WAFs were pooled for
measurements of fluorescence. The seawater used as the inoculum
in this experiment was characterized as mentioned above in section
“2.3. Coastal seawater inocula.”

2.9. Statistical analyses

Linear models were first constructed for microbial dose
response to each oil with increasing WAF concentration as
previously described. Slopes and respective error terms for each
oil source were estimated in Rv1.3 ( , ).
A two-way Analysis of Variance (ANOVA) where concentration
and oil source were explanatory variables was performed and
a significant interaction term was used to indicate overall
heterogeneity of slopes. Post hoc pairwise comparisons of dose-
response curves for each oil were performed using Istrends in
R ( ,
method for comparing a family of seven estimates including a

) and P-values were adjusted by the Tukey’s

control with slope of zero. Additionally, simple effects of WAF
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oil source were investigated using a one-way ANOVA at each
individual concentration.

Similarly, significant differences between oil sources were
detected with a linear model estimating microbial response to
WAFs prepared under increasing solar exposure time. In this case,
time and oil source served as explanatory variables. Simple effects
of WAF oil source were investigated using a one-way ANOVA at
each individual time point.

Differences were detected (i) between oil sources within each
of FS, PAR, and Dark groups, and (ii) between spectral exposures
within each oil-source group using one-way ANOVA analyses.
Following each ANOVA, pairwise comparisons were made by
TukeyHSD. P-values reported were determined by the lower
limit of each analysis in R and are reported exactly from the
corresponding output in the .
The lower limits for reporting p-values in each analysis are 2E-
16 in an ANOVA, 0.0001 in Istrends and an adjusted p-value of
zero in TukeyHSD.

Similarities in the elemental composition of the source oils,
with respect to percent carbon, hydrogen, nitrogen, and sulfur,
as well as API gravity are presented using a resemblance matrix
and Bray-Curtis (B-C) similarity hierarchal clustering generated
in PRIMERG. The variables included in the similarity clustering
analysis included only those with continuous values (API gravity,
carbon, hydrogen, nitrogen, and sulfur). As previously described
for numerical values of sediment characteristics ( s

) and numerical values of water chemistry parameters
( )

of oil characteristics and used transformed values in the B-C

), we transformed numerical values

analysis for this particular type of multivariate analysis. In order
to standardize scales between measures of characteristics with
continuous values, a min-max transformation was applied within
each variable; this transformation standardizes all variables on a
scale of 0 to 1 where 0 is the lowest value recorded within the
variable and 1 is the highest. Without this transformation, variables
on a higher scale contribute more to the clustering of compared
oils than variables on a lower scale (i.e., API gravity vs. nitrogen
content). The B-C similarity analysis did not include discrete
values (color, sour vs. sweet, or location of oils). Those discrete
variables are simply included in the dendrogram as follows (from
the legend, circles vs. squares for sour and sweet; open and
closed symbols, for light crude and medium crude; and location of
oils as leaf label text). Additionally, Pearson correlation coeflicient
and significance were calculated for microbial inhibition vs. WAF
fluorescence using R package ggpubr ( , ).

3.1. Crude oil characteristics

Crude oil samples were medium to light oils ( ) with
API gravity that ranged 23.8-34.6°. Oils with API gravity >31.1°
were considered light crude oils, while oils with API gravity 22.3-
31.1° were considered medium crude oils. In total, two oils were
light, four were medium, with Oils 6 and 3 being the heaviest and
lightest, respectively. Percent carbon ranged 59.4-76.5%, where oil
8 was the lowest and oil 6 was the highest. Hydrogen content ranged
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TABLE 3 Models for dose response of bacterial production inhibition.

o]l Slope Intercept R?
1 ~0.118 £ 0.006 4551 +0.031 0.94
3 ~0.155 + 0.007 4458 £ 0.035 096
4 ~0.190 + 0.009 4334+ 0.049 095
6 ~0.113 £ 0.005 4543 +0.024 096
8 0,065 + 0.005 4510 £ 0.025 0.90
S 2,05 + 0.006 4475 £ 0.028 098

9.1-10.8%, where oil 8 was the lowest and oil 1 was the highest.
Nitrogen content ranged 0.19-0.47% where the surrogate oil was
the lowest and oil 6 was the highest. Oils 3 and the surrogate were
considered sweet oils with total sulfur <0.5%, while oils 1, 4, 6, and
8 were considered sour with total sulfur >0.5%. Oils 1 and 6 had
the highest sulfur content.

Oils 1 and 6 were both medium, sour crude oils that were the
most similar, based on Bray-Curtis similarity analysis of chemical
composition and API gravity (Figure 1). Oils 3, 4, 8, and the
surrogate were in a clade separate from oils 1 and 6. The terrestrially
derived oil 4 and oil 8 collected from Independence Hub were
also both medium, sour crudes that were similar but clustered
separately from the other two medium, sour crude oils. Oils 3 and
the Surrogate were the only two light, sweet crude oils and were
more similar to oils 4 and 8 than oils 1 and 6 on the basis of variables
tested.

3.2. Coastal seawater inocula

Coastal seawater was characterized by temperature, salinity,
Total Kjeldahl Nitrogen (TKN), Dissolved Inorganic Nitrogen
(DIN), Dissolved Inorganic Phosphate (DIP) and control bacterial
production prior to each experiment (Supplementary Table 1).
The four experiments (using inocula collected between May 17 and
June 19, 2017). were performed to determine dose-response, time
course models, spectral dependence, and fluorescence correlation,
the results of which are each described below (sections “3.4.
3.5. Duration of WAF solar exposure;,” “3.6.
Spectral dependency,” and “3.7. WAF fluorescence correlation,”

» o«

Dose response,

respectively). Temperature was relatively consistent in collections
for the four experiments performed, ranging from 22.8-24.2°C,
while other factors varied slightly (Supplementary Table 1). The
seawater collected for the dose response experiment had salinity
27, TKN 0.26 mg L™!, DIN 0.77 pM, DIP 0.02 pM, and control
bacterial production of 104 pmol Leu L~ 'hr=!. The seawater

10.3389/fevo.2023.1113899

collected for the time course experiment had salinity of 30, TKN
0.28 mg L~!, DIN 0.43 wM, DIP 0.02 wM, and the bacterial
production rate was 208 pmol Leu L~! hr~!. The inoculum for the
spectral dependency experiment had salinity 31, TKN 0.42 mg L™},
DIN 0.97 uM, DIP below detection, and the bacterial production
rate was 211 pmol Leu L~=! hr=!. The seawater collected for
the fluorescence correlation determination had salinity 31, TKN
0.46, DIN 1.00, and DIP was below detection, with a bacterial
production rate of 399 pmol Leu L~! hr~!. Overall, water samples
were oligotrophic.

3.3. Average solar irradiance

During WAF preparation for dose response experiments
total solar ultraviolet radiation exposure at wavelengths 30, 320,
340, and 380 nm were 0.701, 5.043, 11.655, and 14.566 ]
cm ™2, respectively, with photosynthetically active radiation (PAR)
exposure of 37,926 |WE cm ™2, During WAF preparation for spectral
dependency experiments total UV exposure at wavelengths 305,
320, 340, and 380 nm were 0.668, 4.484, 10.270, and 12.637 | cm_z,
respectively, with PAR exposure of 31,935 E cm ™2, Daily average
measurements at each wavelength and for PAR are in Table 2.

3.4. Dose response

Inhibition increased as WAF concentration in seawater
increased for all oils assayed (Figure 2) and the linear relationship
between increasing dose and inhibition was strong for all oils
with R? greater than 0.90 (Table 3). The inhibitory dose-response
varied overall given significant heterogeneity of slopes (p < 0.001)
between oils. Inhibition resulting from WAF made with oil 8
increased the least as concentration was increased, while inhibition
resulting from WAF made with oil 4 and surrogate increased
the most as concentration was increased. Slopes for each dose-
response curve are in Table 3. All pairwise comparisons of dose-
response slopes were significantly different (p < 0.01) except for
oils 1 and 6 (p = 0.9977) and oil 4 and surrogate (p = 0.7198).
At a concentration of 0.5% oils 3, 4, 8, and the surrogate
demonstrated bacterial production rates significantly different than
the control with p-values of 0.00016, < 0.0001, 0.01868, and
< 0.0001, respectively, while oils 1 and 6 were not significantly
different from the control with p-values of 0.8563 and 0.3552,
respectively. At a concentration of 1% WAF to seawater all oils
were significantly different from the control (p < 0.001). As
concentration increased so did the detectability of significant
differences in microbial inhibition resulting from each different oil.

TABLE 4 Cumulative solar exposure for each WAF preparation time point in the duration of WAF solar exposure experiment.

Time point 305nm (@ cm~2) | 320nm (@ cm~?) | 340nm (A cm~2) | 380 nm (I cm~?) PAR (WE cm=2)
T24 0.093 0.657 1.523 1.894 4883
T48 0.182 1.307 3.040 3.769 9660
96 0376 2611 6.036 7.453 18865
T144 0.479 3325 7.663 9.379 23390
T192 0.621 4237 9.742 11.908 29630
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parentheses, to the right of the oil name on the leaf.

Bray-Curtis similarity dendrogram with clustering based on oil chemical characteristics with scales standardized by min-max transformation.
Characteristics include physical and chemical characteristics of crude oil samples as outlined in Table 1, including sweetness, API gravity, and
percent mass of C, N, H, and S. Sweetness ranges were defined as “sweet”, for oils with total sulfur <0.5%; “sour”, with total sulfur >0.5%. Circles,
sour; Squares, sweet. Open symbols, light crude oils (APl > 31.1); closed symbols, medium crude (APl 22.3-31.1). Location of oils is indicated in

80 100

Complete homogenous subsets at each separate concentration are
presented in the (Supplementary Table 2) and the (Headrick, 2019;
Supplementary Data Spreadsheet).

3.5. Duration of WAF solar exposure

Cumulative solar exposure over each period (24-196 h) was
calculated during WAF preparation (Table 4). WAFs were exposed
to a daily average 0f 0.08 | cm~ 2 of UVB, 0.53 ] cm™2 of UVA320 nm»
1.22] cm™2 of UVA340 nm» 1.49 ] cm™2 of UVA 380 pm» and 3704 pE
cm~2 PAR. UV-exposure after just 24 h at wavelengths 305, 320,
340 nm, and 380 nm were, respectively, 0.093, 0.657, 1.523, and
1.894 ] cm™2, with PAR exposure of 4883 WE cm 2. After 196 h of
solar irradiance, cumulative UV-exposure at wavelengths 305, 320,
340, and 380 nm were, respectively 0.621, 4.237, 9.742, and 11.908,
with PAR exposure of 29,630 WE cm~2. Data for remaining time
points are in Table 4.

The rate by which increased WAF solar exposure affected
inhibition varied overall (Figure 3) given by significant
heterogeneity of slopes (p < 0.0001). WAFs, except those made
with oils 3 and 8, generally were inhibitory to bacterial growth
when prepared under higher amounts of solar exposure. Slopes for
all WAF treatments were significantly (p < 0.0001) different from
a control with a slope of zero, except for Oils 3 (p = 0.5267) and 8
(p = 0.5654). All pair-wise comparisons of slopes were significantly
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different (p < 0.05) except for oils 1 and 6 (p = 0.9803), and oil
4 and the surrogate (p = 0.116). Oil 4 was represented by the
strongest negative correlation of decreasing bacterial production
due to increasing WAF solar exposure time.

Beyond linear models, three distinct patterns between bacterial
production and time of WAF solar exposure were observed.
Oils 3 and 8 were effectively inhibitory after 24 h and did not
change thereafter, oil 1 and the surrogate continuously increased
in inhibition as WAF solar exposure time increased, and oils 4 and
6 were represented by higher inhibition at each time point up to
144 h but were relatively unchanged between the time points of
144hand 192 h.

All oil WAFs solar-exposed for 24 h, resulted in significant
inhibition relative to the control (p < 0.01) except for oil 1
(p = 1.00). While inhibition was greater resulting from oil 1 WAF
solar-exposed for 48 h, there was still no significant difference
between oil 1 and the control (p = 0.09). All oil WAFs solar-
exposed for 96 h, including oil 1, resulted in significant inhibition
relative to the control (p < 0.0001). After the first 24 h, oil 3
was the most inhibitory, however, at the end of the week-long
exposure, oils number 4 and the surrogates, which were statistically
indistinguishable at the final time point (p = 0.6677), were the most
inhibitory WAF treatments. Complete homogenous subsets at each
separate time point are presented in the (Supplementary Table 3),
and in the (Headrick, 2019; Supplementary Data Spreadsheet).
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Bacterial production response to increasing WAF dose for all 6 oils. WAF dose response of bacterial production (*H-Leucine incorporation) for each
of the 6 oils used in this study. Error bars represent the standard deviation of the mean of experimental replicates from the same WAF preparation.

3.6. Spectral dependency

Water accommodated fractions prepared in the dark resulted in
little to no inhibition while WAFs prepared in Full Sun or in PAR
inhibited bacterial production (Figure 4). Counter to the standard
pattern, FS WAF from oil 8 was not any more inhibitory than
its dark counterpart. WAFs prepared in the dark were found not
significantly different from the control, except for oil 8 (p = 0.024).
However, Oil 8 WAF prepared in the dark was not significantly
different from dark WAFs of oils 1, 3, 4, and 6.

For most oils, inhibitions resulting from PAR and FS exposure
were similar. Oils 3 and 8 WAFs were far more inhibitory after
PAR exposure than FS. WAFs prepared in FS for all oils were
different overall, with few that elicited similar inhibition. Oils 1
and 6 in FS were similar (p = 0.878), and oils 3 and Surrogate
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were also similar (p = 0.824). WAFs prepared in PAR for all
oils were also different overall, with two exceptions. Again, oils
1 and 6 in PAR were similar (p = 0.159), and oils 3 and 4 were
also similar (p = 0.946). PAR WAFs from oils 3 and 4 were the
most inhibitory treatments overall. Additional comparisons are
in the (Supplementary Tables 4, 5) and the (Headrick, 2019
Supplementary Data Spreadsheet).

3.7. WAF fluorescence correlation

Water accommodated fractions fluorescence was higher in FS
WAFs vs. Dark counterparts for all oils investigated (Figure 5A).
Fluorescence was highest in FS WAF from oil 4, followed by
FS WAF from the surrogate oil. WAF fluorescence was lowest
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in all Dark WAFs. The highest fluorescence in Dark WAFs was
from oil 8, followed closely by oil 3. Overall, acute bacterial
production inhibition was positively correlated with higher WAF
fluorescence (r = 0.856, p = 0.000774, n = 11; Figure 5B). FS
WAFs assessed separately appeared to be positively correlated
with bacterial production inhibition but this relationship was
not significant (r = 0.583, p = 0.2247, n = 6). Similarly, Dark
WAFs assessed separately appeared to be positively correlated
with bacterial production inhibition, but this relationship was not
significant (r = 0.415, p = 0.4874, n = 5).

4. Discussion

Inhibition of bacterioplankton activity due to the introduction
of different crude oil WAFs was variable, dependent on the oil
source, amount of oil to which the organisms were exposed, and
the amount and part of the solar spectrum to which the WAFs were
exposed. There was no uniform or consistent response. Inhibition
of bacterial production was strongly affected by increasing the dose
of crude oil FS WAFs for all oil sources tested. Higher doses of
WAFs from oil 4 and the surrogate had the strongest effect on
inhibition while higher doses of WAF from oil 8 affected inhibition
the least. We found that the lowest concentration at which all crude
oil sources resulted in significant inhibition relative to a control was
with 1% FS WAF per sample, where the WAF was prepared with
1% oil in seawater. At a concentration <1%, some oils (# 1 and # 6)
may not result in significant inhibition. At higher concentrations,
FS WAFs from the six different oils were statistically more different
than at lower concentration. We found some pairwise similarities
among oils, with regard to oil characteristics with continuous values
(API gravity, carbon, hydrogen, nitrogen, and sulfur) (Figure 1).
Overall, however, the main consideration of effect of WAF
concentration on inhibition of bacterial production suggests that
each oil has a distinct inhibitory effect (Figures 3, 4). For instance,
all pair-wise comparisons of slopes were significantly different
except for oils 1 and 6 and oil 4 and the surrogate. These data in
total are supported by similar previous work. In a monoculture
growth study, higher concentrations of single crude oil components
were found to increasingly inhibit bacterial growth (Ma et al,
2015). Exposure of the culture to increasing concentrations of
larger, more complex crude oil compounds resulted in greater
inhibition or death when compared to increasing concentrations
of less complex crude oil compounds (Ma et al., 2015). Increasing
concentration of crude oils overall has also been shown to decrease
biodegradation rates, however, this is largely dependent on the
chemical makeup of the oil (Balasubramaniam et al,, 2015). Higher
concentrations of n-Alkanes decreased the biodegradation rate,
while higher concentrations of PAHs increased biodegradation rate;
yet, again, this is still dependent on the PAHs in the mixture
(Balasubramaniam et al,, 2015). With the newly reported data in
our study on acute bacterial production differences between source
oils, it is reasonable to conclude that microbial responses to higher
concentrations of crude oil WAFs would greatly depend on the
type of oil and the chemical composition of the oil. Further, we
hypothesized that as crude oil components are photodegraded,
the compounds available in seawater would change, leading to
additional differences in microbial response as our results confirm.

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1113899

Complete chemical analyses were beyond the scope of the project
and further hindered by the very limited supply of some of the oils.
Inhibition of bacterial production in seawater was shown to
be positively correlated with greater solar exposure of MC252 and
MC252-surrogate WAFs and both oils resulted in similar amounts
of inhibition (Vaughan et al, 2016). Our study has sought to
measure the acute direct effect of increasingly irradiated crude
oils from varied sources on bacterial production. We found that
WAFs exposed to greater doses of solar exposure inhibited bacterial
production more, though not at the same rate for all oils tested.
This may be attributed to varied concentrations of different PAH
species present in the different oils which may respond differently
to solar exposure, more so than the n-alkanes in the parent oils
(Bacosa et al., 2015b, Balasubramaniam et al., 2015). Increased
depletion of PAH concentrations in seawater amended with MC252
crude oil has been linked to higher doses of solar exposure in
a sterile mixture (Bacosa et al,, 2015b). However, increased solar
exposure was shown to have little effect on n-alkanes in a sterile
mixture, while a seawater inoculum amended with MC252 crude
oil demonstrated that biodegradation was the prominent factor
in the depletion of n-alkanes (Bacosa et al., 2015b). The effect of
increasing solar exposure is dependent on the source of the oil, and
presumably the chemical composition. Consequently, the response
to all oils is not the same and complicates the ability to make broad
predictions about how spills might affect the environment.

Photodegradation of crude oils has been attributed to
ultraviolet (UV) exposure (as reviewed in Lee, 2003), but the use
of broad-band cutoft filters has shown the importance of PAR on
WAFs (Vaughan et al,, 20165 this study). The inhibitory response to
most WAFs prepared in FS was indistinguishable from inhibitory
responses to WAFs prepared under PAR-only conditions. In
contrast, WAFs from oils 3 and 8 were more inhibitory under
PAR-only conditions, but the additional UV-radiation in full sun
exposure resulted in a reduction of toxicity. This was unexpected
and was confirmed by a second trial with similar results (data not
shown). Oils 3 and 8 were recovered near Independence Hub, a
well in the Gulf of Mexico that contains a compound known as
perylene which makes these oils blue in color (Juyal et al.,, 2011).
Perylene is a 5-ring organic PAH that is recognized in industry as a
photoredox catalyst when exposed to visible light (He et al,, 2018;
Gao et al, 2019), which may explain the greater inhibition seen
from oils 3 and 8 under PAR-only conditions relative to the FS and
dark counterparts. We hypothesize that UV-exposure may affect
perylene in a way that quenches photocatalytic properties, however,
further investigation is needed. Future analysis on the chemistry of
FS WAFs created from these two oils that result in less inhibition
as compared to PAR counterparts is necessary to better understand
the relationship between hydrocarbons and solar irradiation, and
subsequent effects on bacterioplankton.

In addition to varied effects on acute inhibition, WAFs
from different oil sources under different solar regimes varied
in fluorescence as a result of photochemical changes during
WAF production. Fluorescence and inhibition were positively
and strongly correlated overall (r = 0.856, p = 0.000774).
Fluorescence was used as a proxy for hydrocarbon concentrations
dissolved in seawater WAFs (Sorstrom, 1985; Genders, 1988).
Our solar-exposed WAFs had higher fluorescence than dark
counterparts (excitation: 365 nm, emission: 410-600 nm, as per
Ziervogel et al,, 2014). Our WAFs mimicked natural conditions
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under which oil and water mix during a spill. WAFs were prepared
during solar exposure and were consistently mixed with 1% (v/v)
crude oil over the course of 8 days. We subsequently separated the
aqueous fraction from the remaining oil layer and measured the
fluorescence of the aqueous fraction. Our WAFs were also prepared
in sterile seawater, removing any effects of biodegradation on oil
components. Our data shows that increased solar exposure during
contact of oil and seawater may create fluorescent oil components
more miscible with the aqueous fraction.

PAHs are largely responsible for the fluorescence of oil (Owen
et al., 1995; Groner et al.,, 2001; Hou et al., 2019) and are also
responsible for most of the toxicity of petroleum (Jiang et al,
2010). Smaller PAHs tend to be more toxic because of bioavailability
(miscibility), but toxicity is not always correlated to the number of
aromatic rings (Yan et al., 2004; Jajoo et al., 2014). Crude oil PAHs
are known to be more toxic when irradiated (Yan et al,, 2004; Fu
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et al, 2012), and can cause cellular DNA damage (Toyooka and
Ibulki, 2007). Without knowing PAH concentrations in dark vs.
sunlight exposed WAE we are unable to define what component is
leading to greater acute toxicity in our samples, but we do know that
the fluorescence of the WAF is strongly and positively correlated
with increased inhibition and that PAHs are usually responsible for
higher fluorescence in oil treated seawater.

Previous studies suggest that increased solar exposure results
in lower fluorescence (Ehrhardt et al, 1992; King et al, 2014;
Snyder et al, 2021) although results could be a function of
differences in experimental design. For instance, solar-exposure of
samples ranged from a simulated 12 days (Ehrhardtetal, 1992;
Kingetal,2014) up to 67 days (Snyder et al, 2021) and
the UV-exposure rate also varied (King et al, 2014). Two
of the previous studies were conducted using sterile seawater
(King et al, 2014; Snyder et al, 2021), while used non-sterile
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Fluorescence of WAFs after exposure of 8 days of sunlight (or dark incubation for 8 days). (A) FS (light gray) and dark (dark gray) WAF fluorescence
(ex. 365 nm, emiss., 410-600 nm) measured for each pooled WAF preparation and reported as relative fluorescence units (RFU) after subtracting the
background fluorescence of the sterile seawater used to prepare WAFs; X = no fluorescence data for surrogate WAF prepared in the dark as sample
was lost prior to analysis. (B) Correlation of bacterial production inhibition with WAF fluorescence. Inhibition of bacterial production (*H-Leucine
incorporation) is expressed as a percent of the control; open circles, Dark WAFs; closed circles, FS WAFs.

seawater filtered only to remove large particles (Ehrhardt et al,
1992). Most importantly, the sunlight-exposed fraction and
measurements reported varied between studies, whereby some
measured changes in fluorescence of solar-exposed WAFs in the
absence of oil (Ehrhardt et al,, 1992; Snyder et al, 2021), and
another measured the fluorescent compounds in the oil fraction
extracted from a solar-exposed oil-in-water mixture (King et al,
2014). These studies seem to point toward an expected decrease
in fluorescence due to solar exposure, although Snyder et al
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(2021) reported results similar to ours. When solar exposure
occurs during WAF formation and seawater is constantly in
contact with an oil slick, water soluble compounds continue
to move from the oil slick into the WAE confirmed by both
increased fluorescence and increased dissolved organic carbon
measurements. The duration of solar exposure recorded to yield
maximum water-soluble oil compounds is recorded as 96 h of
simulated solar exposure (Snyder et al,, 2021). Since our WAFs
were solar-exposed during WAF-formation, our results indicated
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that natural sunlight facilitates the dispersal of fluorescent oil
constituents from the oil fraction to the WAF relative to the
dark control, likely due to chemical alterations of PAHs that
affect hydrophobicity (Yan et al, 2004). Additionally, dispersed
oil in WAFs is more bioavailable (Ziervogel et al,, 2014) which
corresponds to the higher acute (4 h) inhibition observed in FS
WAPFs vs. dark counterparts.

Water accommodated fractions from different crude oils
produced under solar irradiance are prone to differences in
photochemical change due to the complexity of crude oil sources,
even when oils are geochemically similar (Ray et al., 2014; Vaughan
et al, 2016; Benigni et al,, 2017). Among the six oils, FS WAF of
oil 4 consistently resulted in the highest level of inhibition. The
only oil examined that was not recovered from the GOM was Oil
4 and its distinct origin may be responsible for its elevated effect on
inhibition of GOM microbes. This implies that greater microbial
inhibition may result from a tanker oil spill in which oil from a non-
local source is introduced to indigenous microbial communities.
Oil 4 is light crude that also resulted in high WAF fluorescence
suggesting a high solubility of hydrocarbon constituents and higher
toxicity to the microbial inoculum. Oils 1 and 6 were determined to
similarly affect bacterial production across all aspects of our study
and were also chemically similar medium to heavy sour crude oils
(Figure 1). On the other hand, oils 4 and 8 were chemically similar
with regard to the parameters measured (Figure 1), however,
elicited very different microbial responses in all parts of this
study. Future studies investigating more chemical components of
irradiated crude oil WAFs are necessary to fully understand what
photochemical changes are affecting bacterial production.

Future investigations should also consider modifying the
standard CROSERF WAF preparation methods. In doing so,
we can better investigate the dynamic interactions between
microorganisms, crude oil, and the natural environment. The
current method for WAF production is to mix 1% oil in water
and incubate in the dark with moderate mixing for up to 24 h
(Aurand and Coelho, 2005). However, the results of this current
study demonstrate the diverse response of bacterioplankton to
oil WAFs which is largely dependent on exposure to natural
sunlight. Irradiated WAFs were consistently represented by greater
amounts of acute inhibition of bacterioplankton while WAFs
prepared in darkness had minimal effects on microbial inhibition.
Since oil spills from tankers occur under direct sunlight and oil
well blowouts usually have some portion of oil that reaches the
ocean surface, it is important to take this discrepancy between
light and dark exposed WAFs into consideration experimentally
and ecologically. The vast difference between irradiated and non-
irradiated WAFs validates the need for restructuring the standard
CROSERF WAF preparation protocol to include a solar exposure
component.

We have observed increased inhibition of bacterial production
by Surrogate oil WAFs after as little as 2 h solar exposures (data not
shown). If a solar component is added to the CROSERF protocol,
we recommend that crude oil WAFs be exposed to sunlight for
96 h. By this time, six very different crude oil sources used to
generate WAFs all resulted in significant inhibition relative to the
control. Previously, WAF composition was documented to change
within the first 115 h of exposure to sunlight by photooxidation
and irradiance-induced solubilization of hydrocarbon components
(Benigni et al,, 2017). PAHs are significantly photooxidized after
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48 h of exposure (Krylov et al, 1997). In this study, the data
demonstrate that in some cases, solar exposure of WAFs results
in maximum inhibition within a much shorter time period than
previously described as two FS-exposed WAFs (oils 3 and 8) were
observed to result in maximum inhibition relative to a control when
prepared in only 24 h of natural sunlight. However, the other four
WAFs from this study increased in inhibition with increased solar
exposure.

In summary, our results indicate that not all oil spills are created
equally as different oil spills will elicit different responses. We
observed that the response of the bacterioplankton community is
dependent on the source oil, the concentration of oil to which
the microbes are exposed, and how much and which part of the
solar spectrum the oils are exposed. Evidence also suggests the
geographic source of the oil as well as seasonal timing of a spill
may play important roles. Solar exposure has been shown to be
a significant factor in determining how oils will affect microbial
communities as the amount of incident solar radiation is a function
of seasonality, latitude, water column depth, and water. It is,
therefore, important to examine the effects of spills under in situ
conditions using the same oil as was spilled. These variations
demonstrate the complexity of making broad predictions about the
effects of oil spills on marine microbes.
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