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ABSTRACT
The biological carbon pump in the ocean is initiated by the photosynthetic fixation of
atmospheric carbon dioxide into particulate or dissolved organic carbon by
phytoplankton. A fraction of this organic matter sinks to depth mainly in the form of
microaggregates (5-60 um) and visible macroaggregates. These aggregates are composed
of cells, minerals, and other sources of organic carbon. Exopolymeric substances (EPS)
are exudated by heterotrophic bacteria and phytoplankton and may form transparent
exopolymeric particles (TEP) that act as a glue-like matrix for marine aggregates.
Heterotrophic bacteria have been found to influence the aggregation of phytoplankton
and in some cases result in an increase in TEP production, but it is unclear if marine
heterotrophic bacteria can produce TEP and how they contribute to aggregation.
Pseudoalteromonas carrageenovora, Vibrio thalassae, and Marinobacter adhaerens
HP15 are heterotrophic marine bacteria that were found associated with sinking particles
in an oligotrophic gyre station in the subtropical North Atlantic. These bacteria were
grown in axenic cultures to determine growth, TEP production, and aggregation. They
were also inoculated into roller tanks used to simulate open ocean conditions to
determine their ability to form macroaggregates. Treatments with added kaolinite clay
simulated aeolic dust input from the Sahara. M. adhaerens HP15 had the highest TEP
concentration but the lowest cell-normalized TEP production at all growth stages
compared to the other bacteria. Additionally, M. adhaerens HP15 also had the lowest
microaggregate formation. The cell-normalized TEP production and microaggregate
formation was not significantly different between P. carrageenovora and V. thalassae.
All bacteria formed visible macroaggregates in roller tanks with clay addition and
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exhibited high sinking velocities (150-1200 m d-) that are comparable to those of
aggregates formed by large mineral ballasted phytoplankton. Microaggregates in the clay
treatments declined during incubation, indicating that they aggregated to form the
macroaggregates. The findings from this study show for the first time that heterotrophic
bacteria can contribute to aggregation and the export of organic carbon to depth in the

ocean.
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Introduction

The biological carbon pump, part of the global carbon cycle, is driven by the
photosynthetic fixation of inorganic carbon into particulate and dissolved organic carbon
(POC and DOC respectively) by phytoplankton (Neuer et al. 2014). The resulting organic
carbon is exported through the water column to depth by marine snow, fecal pellets, and
other oceanic debris (Alldredge and Silver 1988). Previously, the contribution of smaller
particles to the export flux was overshadowed by larger particles due to the difference in
size and density (De La Rocha and Passow 2007). Picoplankton (0.2-2 pm) were thus
relegated in importance until more recent evidence indicated that picoplankton are
capable of contributing to export production at rates proportional to their primary
production (Richardson and Jackson 2007). As subtropical gyres expand beyond the
previously recorded range and experience a shift in phytoplankton taxa towards smaller
sizes, the ability for picoplankton to form aggregates increases in importance for

biological carbon export (Polovina et al. 2008, Moran et al. 2010, Signorini et al. 2015).

The Sargasso Sea, characterized by dynamic borders due to a lack of land boundaries, is
regarded as a representative of oligotrophic oceans due to its low primary production and
autotrophic biomass (DuRand et al. 2001). Picoplankton and nanoplankton, mostly cells
<5 pm, are the most abundant cells in this ocean region, and the taxonomic groups reflect
the variability in seasons and depths (DuRand et al. 2001, Lomas et al. 2013). Aeolian
clays derived from continental weathering impact the Sargasso Sea (Jickells et al. 1998).
These clays can act as ballasting minerals and clays such as kaolinite have been found to
influence and increase aggregation (Deng et al. 2015, Cruz and Neuer 2019, Passow and

De La Rocha 2006, Hamm 2002, De La Rocha et al. 2008).
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Exopolymeric substances (EPS) can be produced by both bacteria and phytoplankton.
Bacterial EPS contain higher portions of uronic acid and nitrous compounds compared to
EPS produced by phytoplankton (Santschi et al. 2020). Environmental and physiological
factors, such as nutrient availability and growth phase, can impact the production of EPS
by cells (Bhaskar and Bhosle 2005). Transparent exopolymer particles (TEP), a
subcategory of EPS, are composed of acidic polysaccharides and form gel-like matrices
that are able to hold together cells, minerals, and other particles, including zooplankton
molts, to form marine aggregates. Therefore, it is thought that TEP can increase the size
and density of particles composed of small phytoplankton and bacteria by aggregating
with other cells and ballasting minerals (Richardson 2019). Furthermore, studies using
cultured phytoplankton and bacteria cultured together observed an increase in TEP

precursor material (Gérdes et al. 2012).

Heterotrophic bacteria have been found to influence aggregate formation when
introduced into phytoplankton cultures (Cruz and Neuer 2022, Gérdes et al. 2012, and
Tran et al. 2020). Specifically, Marinobacter adhaerens was found to influence the
aggregation of Thalassiosira weissflogii and the tiny diatom Minutocellus polymorphus,
respectively, along with enhancing TEP production in co-cultures of Thalassiosira
weissflogii and M. adhaerens (Girdes et al. 2012, Cruz and Neuer 2022). The findings by
Cruz and Neuer (2022) on the interaction between phytoplankton and heterotrophic
bacteria has supported the hypothesis that bacteria play a role in the formation of
phytoplankton aggregates (Simon et al. 2002). Furthermore, previous studies have
demonstrated that co-cultures of heterotrophic bacteria with pico-cyanobacteria such as

axenic Synechococcus and axenic Prochlorococcus, resulted in an increase in
2



microaggregate formation without and with an increase in TEP production respectively

(Cruz and Neuer 2019).

Cruz and Neuer (2022) showed the impact of bacteria on the aggregation of
phytoplankton can vary to the species level. The bacteria Pseudoalteromonas
carrageenovora and Vibrio thalassae that were found associated with sinking particles in
the Sargasso Sea (Cruz et al. 2021), in addition to Marinobacter adhaerens HP15, had
differing effects on the aggregation and TEP production of the tiny diatom M.

polymorphus. Solely M. adhaerens HP15 enhanced aggregate formation in their study.

An open question from these studies is whether these bacteria produce TEP themselves
and are able to form aggregates. Hence, in my study, I investigated the growth,
aggregation potential, and TEP production of the heterotrophic bacteria P.
carrageenovora, V. thalassae, and M. adhaerens HP15. I cultured the bacteria in media
that simulated open ocean growth conditions. L1 media is commonly used to culture
phytoplankton isolated from the Sargasso Sea (Guillard and Hargraves 1993) and
phytoplankton exudates can be simulated by adding a mixture of simple sugars to the L1

media as carbon source (Cho et al. 2004).

Aggregates formed by cells and other materials are commonly separated into two
categories, micro- and macro-aggregates. Microaggregates, previously referred to as
suspended aggregates, are aggregates in the 5-60 um size range and they require special
techniques and equipment to characterize them due to their small size. Aggregates of this
size range have been found to contribute to carbon flux and their presence increased with

depth (Durkin et al. 2015). Small particles, including microaggregates, can further form
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macroaggregates through aggregation (Durkin et al. 2015). Macroaggregates are visible
aggregates larger than 0.1 mm in size. These macroaggregates are of particular interest as
their size and density allows them to sink to depth faster than microaggregates. The
potential formation of these aggregates in an environment that simulates the particle
collision that occurs in the ocean can be simulated by roller tanks (Shanks and
Edmondson 1989). These cylindrical tanks are designed to reach solid body rotation, the
point at which the wall of the tank and the water within rotates at an equivalent speed.
The addition of specific species and ballasting minerals, such as clays, in a relatively
sterile environment allow for the study of aggregation in controlled settings (Deng et al.
2015, Deng et al. 2016, Cruz and Neuer 2019, De La Rocha 2008, Passow and De La

Rocha 2006, Iversen and Ploug 2010).

Based on the results from earlier studies, I hypothesize that Marinobacter adhaerens
HP15 will produce the highest TEP concentrations and therefore higher microaggregate
volume concentrations among the three bacteria species investigated. I tested this
hypothesis by conducting growth experiments with triplicate cultures of axenic P.
carrageenovora, V. thalassae, and M. adhaerens HP15 to compare growth rate, TEP
production, and microaggregate formation. I also hypothesize that all bacteria will form
macroaggregates in the presence of kaolinite clay acting as a ballasting material. I tested
the second hypothesis by performing roller tank experiments using bacterial cultures and
kaolinite clay to compare macroaggregate formation between the different species of

bacteria studied.



Methods

Origin and maintenance of bacterial cultures

Cultures of Pseudoalteromonas carrageenovora and Vibrio thalassae were obtained from
the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ) and a
culture of Marinobacter adhaerens HP15 was obtained from Dr. Matthias S. Ullrich of
Jacobs University, Bremen, Germany. Axenic P. carrageenovora (DSM6820), V.
thalassae (DSM102810), and M. adhaerens HP15 cultures were grown and maintained
on Marine Both Agar (BD Difco 2216, Becton Dickinson, NJ; ZoBell, 1941) plates at 24

+ 1°C.

Growth experiments

In preparation for experimentation, bacterial pre-cultures were grown in Marine Broth
(BD Difco 2216, Becton Dickinson, NJ; ZoBell, 1941) on a shaker at approximately 150
RPM for 48 hours at 24 + 1°C before being washed and resuspended in sterile L1+1x
mixed carbon to reduce carry-over of nutrients. L1 media is commonly utilized in
experiments as it simulates the nutrient availability of oligotrophic waters and is regarded
as a typical phytoplankton media (Guillard and Hargraves 1993). Mixed carbon was
added to the media to simulate phytoplankton exudates (Cho et al. 2004). The mixed
carbon mixture consisted of D-glucose, D-ribose, succinic acid, pyruvic acid, glycerol, N-
acetyl D-glucosamine, and ethanol. Throughout the experiments, the cultures were kept
axenic and axenicity was monitored by microscopy, by colony morphology, and by
periodic 16S rRNA gene sequencing. In sterile conditions, cultures of axenic
Pseudoalteromonas carrageenovora, Vibrio thalassae, and Marinobacter adhaerens

HP15 were used to inoculate 1 L flasks containing 750 mL of L1+1x mixed carbon



media. Batch cultures were set up in triplicate. Cultures were prepared at a concentration
of 1x10° cells mL™! to be consistent with prior experiments (Cruz and Neuer 2022, Cho et
al. 2004, Gérdes et al. 2010, and Gérdes et al. 2012). Replicates were grown at 24 + 1°C
on a shaker at 150 RPM. Samples from each culture were taken every two days,
beginning from inoculation until the end of the growth cycle. These samples were then
used to determine cell abundance, microaggregate formation and volume, and TEP

concentration.

Staining EPS

The bacteria were stained with Alcian Blue to qualitatively determine the presence of
transparent exopolymeric substances. Single colonies were transferred from Difco Marine
Broth 2216 agar plates and suspended in filtered ultrapure water. In the case of liquid
cultures, samples of the cultures were aliquoted for staining. The Alcian Blue dye was
passed through 0.02 um Acrodisc syringe filters before 30uL of stain was added to the
samples. Cells were then fixed with 0.05 mL of 25% glutaraldehyde. Samples were
transferred onto microscope slides and glass coverslips were placed on top. Each slide
was visualized at 100x magnification with brightfield to observe for the presence or

absence of dyed TEP.

Cell abundance

Preparation of cells for epifluorescence microscopy was carried out as in Amacher et al
(2009). Cells were fixed with glutaraldehyde (1%; 0.25 mL 100% (v/v) glutaraldehyde /
25 mL sample) and stained with DAPI (4’,6-diamidino-2-phenylindole, 0.03M) before
being filtered through 0.2 um polycarbonate filters (GVS Life Technologies). The filters
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were then sandwiched in immersion oil on a glass slide and covered with a cover slip.
Bacterial cells were visualized by UV excitation under an epifluorescent microscope
(Carl Zeiss AxioScope.Al) with 100x magnification. Approximately 150-200 cells were
counted across the filter. The growth rate of the experimental cultures was determined

based on the natural log of the change in cell concentration over time.

Microaggregation

Microaggregate formation was determined using a Beckman-Coulter Multisizer3 particle
counter before the samples were fixed with glutaraldehyde. Culture samples were diluted
with Isoton II saline solution (Beckman-Coulter) to a 1-10% final particle concentration.
The abundance and volume of microaggregates were determined with a 100 pm aperture
tube within a range of 5-60 pm. The volume of the microaggregates was used to ascertain
the equivalent spherical diameter (ESD, um) of the particles. Microaggregate formation

was calculated as the change in microaggregate abundance over time.

TEP

The concentration of TEP was determined colorimetrically as described in Passow and
Alldredge (1995). Samples were fixed with glutaraldehyde (1%; 0.25 mL 100% (v/v)
glutaraldehyde/25 mL sample) before being filtered on 0.2 pm polycarbonate filters and
stained with Alcian blue (AB). Filters were placed into 15 mL centrifuge tubes and stored
at -40°C until further processing. The dye was calibrated according to the updated Bittar
et al (2018) procedure and used for no more than one month following calibration. The
TEP on the filters was extracted with 80% sulfuric acid over 3 hours. The absorbance

values of the resulting solutions were measured at 787 nm using a spectrophotometer
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(Shimadzu UV-1900i). The TEP concentration was determined as described in Tuculano

et al. (2017) as follows:

TEP (ug XG Eq. mL™") = (asample — ablank) * V' * F

where asample and aplank are the absorbance of the sample and the blank filter. V is the

volume filtered and F is the f-factor, or calibration factor.

Cell-normalized TEP production was calculated for the stationary growth phase with a

measurable growth rate as described by Fukao et al. (2012), as follows:

Tpr-C (ug XG Eq. cell! day™!) = p * (TEP, — TEPo)/(N; — No)

where p is the growth rate, TEP; is the final TEP concentration, and TEPy is the initial
TEP concentration. Nt and Ny are the cell abundances of the sample at the final and initial

timepoints.

Macroaggregation

I determined the formation of macroaggregated using roller tank experiments (Fig. 1).
Bacterial cultures were incubated in the roller tanks with and without kaolinite clay
particles. Bacterial cultures were grown in Marine Broth (BD Difco 2216, Becton
Dickinson, NJ; ZoBell, 1941) on a shaker at approximately 150 RPM for 48 hours prior
to being washed and resuspended in sterile artificial seawater before inoculation to reduce
nutrient carry-over. The pre-cultures were diluted to 1x103 cells mL™! with artificial
seawater and were incubated in cylindrical 1.25 L plexiglass tanks. Kaolinite clay was

added to the tanks at a concentration of 5 mg L'!. The control treatments included axenic



bacterial cultures and kaolinite clay alone, both at the same concentration as in the
treatment tanks. Triplicate tanks for each treatment and duplicate tanks for each control
were placed onto a rolling platform and rotated at 3.5 rotations per minute at 25 + 1°C for
seven days. Each tank was observed daily to note aggregate formation until the end of the
session. Samples of the cultures were taken at the beginning and end of the rolling period
to determine cell abundance, microaggregate formation, and TEP production. At the end
of the rolling period for the roller tanks, the number of macroaggregates (ca. >0.1 mm) in
each tank was counted following a 15-minute settling period. These aggregates were then
carefully removed from the tanks using a syringe and plastic tubing while exerting
extreme caution to minimize breaking the aggregates. The macroaggregates were then
photographed with an Axiocam 105 color camera and a Discovery V20 stereo
microscope to determine the diameter using ImageJ image analysis software.
Additionally, the aggregates were visually investigated for the presence of any fibers
contained in the aggregates. Any aggregates that contained fibers were not included in the
analysis and the treatment with controls was repeated. The sinking speed of the
macroaggregates was determined by transferring the aggregates to a 1 L graduated glass
cylinder filled with artificial seawater, wherein the aggregates were released 1 cm under
the surface to measure the sinking speed. Each bacterial set was composed of clay tanks
containing 5 mg L™! kaolinite clay (n=3) and control tanks with no clay (n=2). The first
experimental run with M. adhaerens HP15 resulted in macroaggregates contaminated
with fibers, prompting a second run of the same setup. M. adhaerens HP15 and M

adhaerens HP15* indicates the first and second run of this experiment respectively.



Statistical analysis

To determine whether the differences of growth rates, TEP concentration, and
aggregation of the different bacterial cultures were statistically significant, I applied a
two-tailed T-test of unpaired values. The Kruskal-Wallis test with a Dunn’s post-hoc test

was applied to determine statistical significance of roller tanks.
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Figure 1. Schematic of the experimental setup using roller tanks and sample processing.
Microaggregate formation and volume was determined with a particle counter;
macroaggregate formation and size were assessed by microscopy and ImagelJ analysis.
Mounted aggregates were used to observe qualitative TEP exudation through
microscopy. The aggregate sinking velocity was determined by measuring settling times

in a graduated cylinder.
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Figure 2. Alcian Blue stained brightfield micrographs (100x magnification) of the axenic
bacteria, A) M. adhaerens HP15, B) P. carrageenovora, and C) V. thalassae. Contrast of
the micrographs was increased to better visualize cells. Blue coloring indicates the

presence of TEP. Scale bar represents 0.02 mm.
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Results

Growth Experiments

All bacterial cultures grew exponentially from day 0 to day 2 of incubation (Fig. 3A). V.
thalassae and M. adhaerens HP15 exhibited stationary phase from days 2-8 and showed a
decline in abundance from days 8-10. P. carrageenovora began the stationary phase at a
similar time to the other bacteria but reached the decline phase earlier (2-6 d). V.
thalassae and M. adhaerens HP15 differed significantly over the stationary and declining
growth phase with M. adhaerens HP15 having a significantly lower cell abundance. The
growth rate of P. carrageenovora and V. thalassae were similar to each other during the
exponential phase (2.73 and 2.79 d!, respectively), while M. adhaerens HP15 reached a

slower rate with 1.27 d! (Table 1).

All three bacterial species were found to have TEP adhered to the cells (Fig. 2). Axenic
Prochlorococcus was used as a negative control and xenic Synechococcus used as a

positive control (images not shown).

It is notable that the pre-culture of V. thalassae was noticeably more viscous than that of
the other bacteria. This was not observed during its growth in the L1+1x mixed carbon
media. This is likely due to the lower cell concentration in the experimental media
compared to the pre-culture (7.8*108 cells mL™! before inoculation vs a maximum of

2.5%107 cells mL™").

The TEP concentration of P. carrageenovora exhibited little change over the period of
incubation while that in the V. thalassae cultures increased to a peak by day 4 before

slowly declining over the rest of the sampling period to day 10 (Fig. 3B). M. adhaerens
13



HP15 maintained a constant TEP concentration until increasing towards the end of the
stationary phase (days 4-6) and then remaining constant once again. The TEP
concentration of all bacteria was statistically different from each other over the
exponential, stationary, and declining phase of growth with one exception. P.
carrageenovora and V. thalassae were not significantly different from each other during
the exponential phase. The cell-normalized TEP production of P. carrageenovora and V.
thalassae increased during the stationary phase with V. thalassae experiencing an
additional increase during the declining phase (Table 1). M. adhaerens HP15 had a small
increase in cell-normalized TEP production during the stationary phase, although less
than the other bacteria. The increase in cell-normalized TEP production from the
exponential to stationary phase of growth was not significant for any of the bacteria due
to the variation between the replicates (Table 1). None of the bacteria were statistically
different from one another in terms of cell-normalized TEP production over any phase of
growth. M. adhaerens HP15 was close to being significantly lower (using the p< 0.05
criterium) in cell-normalized TEP production than V. thalassae and P. carrageenovora (p

=0.059 and 0.068, respectively, Table 1).

The microaggregate formation of V. thalassae and P. carrageenovora was similar in
reaching a peak towards the end of the exponential phase before slowly declining over
the rest of the incubation period (Fig. 4A). M. adhaerens HP15 did not achieve a peak in
microaggregate formation until day 6, later than the other bacteria and during the end of
the stationary phase, before declining over the rest of the incubation period. P.
carrageenovora and V. thalassae were not statistically different from each other but were

statistically different from M. adhaerens HP15 over the stationary and declining phase in
14



terms of microaggregate formation. Likewise, V. thalassae and P. carrageenovora
experienced a peak in microaggregate volume towards the end of the exponential phase
before declining, thus following the same pattern as microaggregate formation (Fig.
4AB). However, while M. adhaerens HP15 peaked slightly around day 6, following the
trend of microaggregate formation, the volume decreased (6-8 d) before increasing to a
similar peak by day 10 (Fig. 4B). Similar to microaggregate formation, P.
carrageenovora and V. thalassae were not statistically different from each other but were
statistically different from M. adhaerens HP15 over the stationary and declining phase.
The cell-normalized microaggregate volume indicated a maximum on the day of
inoculation before decreasing over the rest of the sampling period with the exception of

P. carrageenovora that experienced a small increase on day 4 (Table 1).

Macroaggregates formed in the roller tanks were light colored and varied in appearance
from fluffy to dense (Fig. 5A,B,C). Macroaggregates only formed in tanks treated with
clay and P. carrageenovora produced the highest overall number of macroaggregates
(Fig. 6A, Table 2). There was no significant difference in macroaggregate formation or
diameter between the bacteria (Fig. 6A,B). V. thalassae had a significantly slower sinking
velocity (308 + 11 m d™!) than either P. carrageenovora or M. adhaerens HP15* (695 +

54 md?!and 712 + 71 m d!, respectively) (Fig. 6C, Table 2).

Microaggregates abundance and volume decreased significantly during the rolling period
in P. carrageenovora, V. thalassae, and M. adhaerens HP15 replicates with clay (Fig.

7C,D) but not in the control tanks (Fig. 7A,B). However, the second experiment with M.

15



adhaerens HP15 (indicated with asterisk)* with clay did not show a significant decline in

microaggregate number and volume during the incubation (Fig. 7C,D).
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Figure 3. Cell abundance (A) and TEP concentration (B) of P. carrageenovora, V.
thalassae, and M. adhaerens HP15 throughout the 10-day incubations. Error bars denote

standard error of the mean for triplicate cultures.
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Figure 4. Microaggregate formation (A) and volume (B) for P. carrageenovora, V.
thalassae, and M. adhaerens HP15 throughout the 10-day incubations. Error bars denote
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61

Table 1. Average cell abundances at inoculation, growth rates, formation of microaggregates (both abundance and volume),

TEP concentration and cell-normalized TEP production of axenic P. carrageenovora, V. thalassae, and M. adhaerens HP15

over phases of growth. Values are the mean + standard error of the mean.

Growth Experiment
Mlcroaggegate Microaggregate . |cell-normatized TEP
Cell abundance at Growth Rate formation volume TEP Concentration (10° ) 9
Treatment s .. |Growth Phase (d) 1 . 1 . 6 | production (x10" pug
Day 0 (x10° mL") (d) (particles mL~ | concentration (x10 ng XG eq. cell™) <G I dav’
day'l) }lm3 mL"l) eq. ce ay )
P. Exponential (0-2) | 2.73+£0.17 6304 + 475 2.08 +0.06 1.01 +0.08 -
carrageenovora, 0.50 £0.08 Stationary (2-6) 0.12+0.17 =797+ 59 2.92 £ 0.06 1.03 + 0.07 3.01+6.11
axenic Decline (6-10) -0.11£0.18 214+£193 2.14+0.14 1.08+0.11 -
V thalassae Exponential (0-2) | 2.79 £ 0.33 6506 + 145 1.74 £ 0.06 1.16 £ 0.24 -
' axenic ’ 0.33£0.05 Stationary (2-8) 0.17 £0.08 -222 £ 62 2.86 £0.07 1.56 +0.30 3.24+2.84
Decline (8-10) -0.54 +0.02 -1979 + 459 230+0.18 1.59+£0.24 -
Exponential (0-2) | 1.27+0.04 1010 £ 526 1.05+0.09 2.88+0.10 -
M. adhaerens -
HP15. axenic 1.14+0.10  |Stationary (2-8) 0.23 +£0.01 93+44 1.31£0.07 3.21+0.20 0.42+0.15
’ Decline (8-10) 0.04 £ 0.00 45 + 940 1.31+0.30 3.53+0.44 -

- : No data




Figure 5. Micrographs of macro- and microaggregates of P. carrageenovora (A, B), M.
adhaerens HP15 (C, D), and V. thalassae (E, F) respectively taken with a dissecting
scope and epifluorescent microscope. Scale bars represent 1.0 mm for macroaggregates

and 20 pm for microaggregates.
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Figure 6. Abundance (A), diameter (B), and sinking velocity (C), of macroaggregates
formed in roller tanks of P. carrageenovora, V. thalassae, and M. adhaerens HP15* with
5 mg L! kaolinite clay. Uppercase letters indicate significant difference between the
bacteria (Kruskal-Wallis and post-hoc Dunn’s test, p < 0.05). Box and whisker plot
composed from five-number summary: minimum, lower quartile, median, upper quartile,

and maximum.
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Figure 7. Microaggregate formation (A) and volume (B) in roller tanks of P.
carrageenovora, V. thalassae, and M. adhaerens HP15 without clay. Microaggregate
formation (C) and volume (D) in roller tanks of P. carrageenovora, V. thalassae, and M.
adhaerens HP15 with clay. Box and whisker plot composed from five-number summary:
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Table 2. Cell and aggregate abundances before and after rotation and diameter and sinking velocity of aggregates that formed

in the roller tanks. Values are the mean =+ standard error of the mean of n = 2 (control tanks) and n = 3 (clay treatment tanks).

Roller Tank Experiments

Background cell abundance (x10° mL™)

Aggregate abundance

Diameter (mm)

Sinking velocity

(per tank) (md™)
Treatment - - - - p
Before rotation After rotation After rotation After rotation After rotation
Control 50mgL™” Control 5.0mgL! Control 5.0mgL™” Control 5.0mgL" Control 5.0mgL!
V. thalassae 0.34+0.02 [ 0.29=0.01 | 0.14 £0.01 | 0.13 £0.01 0 6+2 - 1.91 £ 0.46 - 308 =11
P. cairageenovora 09=006 |0.57+0.04|031=0.04| 0.15=0 0 7£0 - 42%0.51 - 695 =54
M adhaerens HP15 | 0.29£0.02|0.22£0.02| 034+0 |0.38+0.03 0 - - - - -
M adhaerens HP15* | 1.21£0.18 | 0.86 £0.07 | 0.4 £0.03 | 0.31 £0.03 0 61 - 2.97 £0.39 - 712+ 71

-: No data

53 *: Secondary run of an experimental set




Discussion

My main goal was to characterize growth rate, TEP production, and aggregation of
heterotrophic marine bacteria found to be associated with marine particles. My first
hypothesis, that M. adhaerens HP15 would produce the highest TEP concentration and
therefore the higher microaggregate volume concentrations among the three bacterial
species, was not entirely supported by my findings. M. adhaerens HP15 had the highest
TEP concentration but no significant increase in microaggregate volume. My second
hypothesis, that all bacteria form macroaggregates in the presence of kaolinite clay acting
as a ballasting material, was supported by my results. All bacterial species formed
macroaggregates with kaolinite clay as a ballasting material. The second roller tank set of
M. adhaerens HP15 exhibited high levels of variability among the triplicates. To my
knowledge, I am the first to report on TEP production and micro- and macroaggregate

formation of particle-associated bacteria.

Growth of marine bacteria

The significantly slower growth rate of M. adhaerens HP15 may lie in its ability to only
use succinic and pyruvic acid from the mixed carbon in the medium as the sole carbon
source because it lacks the appropriate carbohydrate-utilizing genes necessary to utilize
the other carbon sources (Stahl and Ullrich 2016). This differs from P. carrageenovora
and V. thalassae that are known to utilize a broader spectrum of carbon sources (Kaeppel
et al. 2012, Akagawa-Matsushita et al. 1992, and Tarazona et al. 2014). The reduced
availability of usable carbon sources could be limiting the growth of M. adhaerens HP15.

Furthermore, Stahl and Ullrich (2016) found that Flavobacterium johnsoniae, a
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freshwater and marine gammaproteobacterium, possessed almost quadruple the number
of carbohydrate-utilizing genes as M. adhaerens HP15 (5.41% vs 1.43% of total genes,

respectively). Another reason could be that as a slight thermophile M. adhaerens HP15

has a higher optimal growth temperature (34-38[) than the other bacteria and my

incubation temperature of 24°C was below its optimal range (Kaeppel et al. 2012).

There have been a few studies that studied the growth of M. adhaerens HP15. Stahl and
Ullrich (2016) found a growth rate of 0.53 d™! from day 0-2 in /2 media supplemented
with Thalassiosira weissflogii supernatant. The supernatant likely provided a source of
carbon for the bacteria through the exudation of exopolymeric substances and other
carbohydrates by the diatom. Gérdes et al. (2012) also grew M. adhaerens HP15 in 1/2
media, but without a carbon source, and found that the bacteria declined (-0.10 d!) from
day 0 to 4 of the incubation. In my experiment, M adhaerens HP15 had a growth rate of
1.27 d'! from day 0-2 and 0.81 d”! from day 0-4 (Fig. 3B), therefore the growth rate of M.
adhaerens HP15 was most comparable to that found by Stahl and Ullrich (2016). This
similarity is reasonable as both media had an added a carbon source in contrast to Girdes
et al. (2012). Kavita et al. (2013) grew Pseudoalteromonas sp. and three Vibrio species in
Zobell 2216 media and measured growth using absorbance. Pseudoalteromonas sp. and
Vibrio spp. exhibited a similar level of absorbance of approximately 0.45-0.6 after 1 day
of growth, growth rates could not be determined due to lack of information. The lack of
research prevents further comparison of growth rates for these bacteria. Cho and
Giovannoni (2004) cultivated various strains of Gammaproteobacteria using Low

Nutrient Heterotrophic Media (LNHM) with various concentrations, including 1x, of the
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same mixed carbon addition used in my experiments. Of the strains grown in LNHM+1x
mixed carbon the growth rate during the exponential phase ranged from 1.57 to 2.32 d’!
with a maximum cell concentration of 0.87-15.7*10° cells mL™!. The growth rates for all
my bacteria are either slower (1.27 d! for M. adhaerens HP15) or higher (2.73 d’! for P.
carrageenovora and 2.79 d! for V. thalassae). Additionally, despite the lower availability
of nitrogen and phosphorous in the LNHM media compared to L1 and the low
inoculation of 8.0%10? cells mL"!, the strains used by Cho and Giovannoni (2004)
managed to grow to a comparable cell concentration to my own bacteria. Therefore,
despite the similar carbon sources compared to my experiments there was still a
difference in growth rate, potentially due to the difference in nitrogen and phosphorous

availability.

TEP production and microaggregation

My first hypothesis, that M. adhaerens HP15 would produce the highest TEP
concentration and therefore the higher microaggregate volume concentrations among the
three bacterial species, was not entirely supported by my findings. I found that M.
adhaerens HP15 possessed the highest TEP concentration among the bacteria but also
exhibited a slower increase in microaggregate formation and little to no change in
aggregate volume (Fig. 3B, 4B, Table 1). An increase in TEP has previously been linked
to an increase in microaggregate formation and volume as the sticky TEP holds together
particles (Passow 2002). Meanwhile, despite the lower TEP concentration found in P.
carrageenovora and V. thalassae, these bacteria exhibited an increase in microaggregate

formation and volume. This disconnect between TEP and microaggregation indicates that
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aggregation could have been influenced by other factors, such as exudates besides TEP,
as suggested by Cruz and Neuer (2022), or that TEP served as a carbon source and hence
was consumed during the growth period. Furthermore, the high TEP concentration of M.
adhaerens HP15 could be attributed to the acidic polysaccharides within the media
coagulating over time and forming TEP, which was an unexpected result of my
experiments. Due to contamination within the first set of M. adhaerens HP15, the
experimental set was repeated. The media prepared for the first set of experiments was
composed the day of experiments while the media used for the second set was prepared
approximately three days in advance. Cho et al. (2004), the first to propose the mixed
carbon source for bacterial media, used the viscosity of their media to determine TEP.
This technique does not depend on staining TEP, or potentially coagulated acidic
polysaccharides, and therefore sidestepped this issue. Few other studies used the mixed
carbon addition and of the ones that did (Cho and Giovannoni 2004), TEP was not

investigated.

TEP production is used to examine the rate at which TEP concentration changes over
time. Cell-normalized TEP production takes into consideration the change in cell
abundance in addition to the growth rate. The cell-normalized TEP production for all of
my bacteria across all growth stages was not significantly different (Table 1). However,
there was still an increase in cell-normalized TEP production within the stationary phase
for all bacteria, although M. adhaerens HP15 experienced the lowest increase. The TEP
production of Lentisphaera araneosa, a marine bacterium isolated from the coast of

Oregon, was found to increase over the stationary growth phase (Cho et al. 2004). The
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experiment used media with a similar level of carbon but a lower initial cell concentration
than those used in my experiments. Mancuso Nichols et al. (2003) investigated the
Pseudoalteromonas strains CAMO025 and CAMO036, and both produced measurable levels
of EPS by the end of their growth period in marine broth, but TEP was not determined. Li
et al. (2016) grew strains of Pseudoalteromonas in marine broth and used
spectrophotometry to determine TEP concentrations. They found that the TEP
concentration of Pseudoalteromonas atlantica and Pseudoalteromonas homiensis
increased over the stationary phase of growth. Additionally, P. atlantica produced
significantly more TEP than P. homiensis, implying that TEP production varies at the
species level. There was no significant difference between the stages of growth for TEP
concentration in any of my incubations. One explanation for this is that none of the
bacteria used in the experiment produced measurable levels of TEP. However, that would
contradict my observation that all bacteria stained positively for TEP using Alcian Blue
(Fig. 2). Furthermore, while not significant, an increase in cell-normalized TEP
production can be observed from the exponential to stationary phase of growth for all my
bacteria (Table 1). Another explanation could be that the bacteria are consuming and
producing TEP at a nearly-equivalent rate. This would result in little to no change in the
TEP concentration as seen in my experiments, as any TEP produced is being consumed at

a similar rate. (Fig. 3B, and Table 1).

To compare my TEP results with those from other studies, I converted my results into
cell volume-normalized TEP concentration. I found that the mean cell volume-

normalized TEP concentration of M. adhaerens HP15 was most comparable to
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Synechococcus sp., both xenic and axenic cultures (Table 4). P. carrageenovora and V.
thalassae were comparable to M. polymorphus along with the co-cultures of M.
polymorphus and bacteria. However, since the comparison takes into consideration the
TEP concentration, the previously mentioned coagulation of acidic polysaccharides

within the media could have also artificially inflated these results.

Macroaggregate formation

My second hypothesis, that all bacteria will form macroaggregates in the presence of
kaolinite clay acting as a ballasting material, was supported by my results. For the first
time, I report that axenic cultures of heterotrophic marine bacteria with ballasting
material can form macroaggregates. The diameter and sinking velocity of P.
carrageenovora macroaggregates were significantly greater than those of V. thalassae.
Aggregation depends on the number of particles and the stickiness of those particles
(Jackson 1990). If particles were not sticky, through such means as TEP or other
exudates, then colliding particles would not stick to each other. As the size, and thus
surface area, of a particle increases as they are aggregating with the addition of cells or
lithogenic material, the probability of colliding with other particles increases as well.
Cruz and Neuer (2022) inoculated roller tanks with 10° cells mL™' and 10° cells mL™! of
the same bacteria, but no macroaggregates formed. These authors did not add clay, but
added 2.5 um silica beads at a concentration of 10% beads mL"'; those beads did not lead
to aggregation. Deng et al. (2015) found that Synechococcus, a cyanobacterium, formed

macroaggregates with and without the presence of clay at various concentrations, but this
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may have been due to the precipitation of minerals during the preparation of artificial
seawater, acting as a ballasting material similar to kaolinite clay (Cruz and Neuer 2019).
In my experiments, the nutrient-limited environment of the roller tank likely increased
TEP exudation by the bacterial cells, as found during the stationary growth phase in my
growth experiments, thus increasing the stickiness of the particles (Bhaskar and Bhosle
2005). Hence, the formation of macroaggregates is likely due to a combination of an
increase in stickiness and the addition of ballasting material increasing the potential of
collision between particles. These results indicate that these bacteria can form fast
sinking aggregates (300-700 m d!) that sink with a similar speed to macroaggregates
composed of diatoms or cyanobacteria (Cruz and Neuer 2019, Engel et al. 1999, Iversen

et al. 2010).

Various studies have utilized clay as a ballasting material but the increase in particle
concentration as a result has not been closely investigated (Deng et al. 2015, Cruz and
Neuer 2022, Iversen and Robert 2015, and van der Jagt et al. 2018). A concentration of 5
mg L' of kaolinite clay, corresponding to 5.9 = 2.1*10° particles mL"!, increases the total
particle concentration within the tanks by approximately 0.06*10° particles mL™' (Table
2). Although this increase in particle concentration is within the standard error of the
mean for all cell abundances, the size of the clay particles may also contribute to
aggregation. Microscopic analysis shows that the kaolinite clay particles I used range in

size from 2-45 um, providing a large surface area for the collision of particles.
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The microaggregate abundance and volume of P. carrageenovora, V. thalassae, and M.
adhaerens HP15 decreased significantly in the tanks with clay. There are no previous
studies that determined the microaggregate abundance and volume of heterotrophic
bacteria inoculated in roller tanks. However, Deng et al (2015) found that the
microaggregate volume concentration of Synechococcus with a similar clay concentration
to my experiments increased after a 7 day rolling period. My results are not in agreement
with these findings as the volume of microaggregates for all bacteria decreased after
rolling. A potential reason for this is that while Synechococcus formed more
macroaggregates, the bacteria used in my experiments formed larger macroaggregates
that incorporated more single cells, microaggregates, and kaolinite clay. Furthermore, as
macroaggregates are formed, the available ballasting material within the roller tanks and

the possibility of further collisions decreases.

Unique characteristics of the bacteria

M. adhaerens HP15, despite being used in a variety of studies focused on the aggregation
of large bloom-forming diatoms with great success (Gérdes et al. 2010, Gérdes et al.
2012, Baker et al. 2016, Lupette et al. 2016, and Cruz and Neuer 2022), did not perform
as expected in my experiments. Previous experiments performed with M. adhaerens
HP15 found that the bacterium does not utilize any sugar found to be secreted by 7.
weissflogii as a sole carbon source. Instead, M. adhaerens HP15 has been shown to use
amino acids as their preferred carbon source (Stahl and Ullrich 2016). Therefore, the
carbon sources in the media used in my experiments may not be the ones preferred by M.

adhaerens HP15 and would further explain the low performance of this bacterium in
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terms of TEP production and aggregation compared to P. carrageenovora and V.
thalassae. M adhaerens HP15 could potentially be modifying the exudates from
phytoplankton by enzymatic hydrolysis (Sonnenschein et al. 2012, Passow 2002, and

Passow 2002a).

P. carrageenovora is the only strain of Pseudoalteromonas and the only bacterium used
in my experiments capable of degrading gamma-carrageenan, sulfated galactans, by using
a depolymerizing enzyme (Guibet et al. 2007). Through horizontal gene transfer, P.
carrageenovora obtained a plasmid that contains all genes associated with carrageenan
degradation (Gobet et al. 2018). Additionally, P. carrageenovora can degrade sucrose
and then convert the resulting fructose into levan, a branching exopolysaccharide that
could act as a structural polysaccharide in biofilms (Gobet et al. 2018). These abilities of
P. carrageenovora along with the large number of carbohydrate-active enzymes
(CAZymes) could give it an advantage over the other bacteria due to the additional ways
in which sugars can be processed. However, the CAZymes of P. carrageenovora evolved
to utilize polysaccharide exudates by phytoplankton, therefore in experiments that
provide only limited carbon sources such as in my experiments, P. carrageenovora did

not perform differently from Vibrio, which is not known to utilize these enzymes.

Role of lithogenic ballasting material
The addition of ballasting materials has been found to influence the formation of
macroaggregates and sinking velocity both in situ and in laboratory settings (Hamm

2002, Passow and De La Rocha 2006, Deng et al. 2015, Ploug et al. 2008, and van der
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Jagt et al. 2018). Additionally, as the concentration of lithogenic clays increases the size
of macroaggregates decreases and the density increases (Deng et al. 2015). Kaolinite is a
common lithogenic material used in aggregation experiments as it is sourced from aeolian
dust (Deng et al. 2015, Cruz and Neuer 2019, Passow and De La Rocha 2006, Hamm
2002, De La Rocha and Passow 2008). The cation exchange capacity (CEC) of kaolinite
(30-150 meq kg!) combined with the acidic polysaccharides exudated by cells can assist
in the formation of aggregates through cation bridging (Verspagen et al. 2006). While
kaolinite is considered less efficient than other clays such as bentonite, due to a lower
surface area and cation exchange capacity, it has been shown that kaolinite particles

incorporated into aggregates at higher rates than bentonite (Deng et al. 2015).

Aggregation potential of particle-associated picoplankton in the ocean

For the first time, I report on the role of heterotrophic marine bacteria found to be
associated with sinking particles in aggregate formation. All bacteria formed visible
macroaggregates with ballasting clay with sinking velocities (150-1200 m d-1) that are
comparable to those of macroaggregates of phytoplankton. These findings expand our
understanding of how heterotrophic bacteria can contribute to export flux in the ocean.
Cruz et al. (2019) found that the POC flux at 150 m is near 200 mg C m d"! during the
spring. I calculated the potential contribution of bacteria to POC flux in the following
way: I assumed that there is a concentration of 10° bacterial cells mL™!' and an average of
11 fg C cell™! (Pasulka et al. 2015, Garrison et al. 2000), resulting in a bacterial biomass

of 3.3 ug C L', a value which is comparable to that found by Cho and Azam (1990) who
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found 6 ug C L' in bacterial biomass, contributing 40% to total POC in oligotrophic
ocean regions. I further assumed a bacterial growth rate of one doubling per day, and that
approximately 20% of bacterial production are lysed by viruses and 50% are grazed
(Suttle 2007, Landry et al. 2010). The remaining 30% of bacterial production would be
available to sink below the euphotic zone. Based on my calculations, this amount is
approximately 495 mg C m2 d!, twice the total POC flux reported by Cruz et al. (2019).
This result shows that the flux of bacteria must be far lower, however, they can contribute
notably to POC flux and the biological carbon pump. Future efforts could focus on the
interactions between bacterial strains in co-cultures, experiments with phytoplankton
exudates as carbon sources, and further research on other factors that could influence

aggregation.
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Table 3. Aggregate abundance, size and sinking velocity found in this study compared to other studies.

) Initial Concentration Ballasting Materials A t ) Sinking Veloci
Species 1 i g . geregate Size (mm) g 1 v Study
(cells mL") Material Concentration (mg L )| Abundance (md’)
i 6 Kaolinite 5 0 - -
Prochlorococcus , axenic 106 - Cruz and Neuer 2019
Synecoccus , axenic 10 Kaolinite 5 44+3.6 1.5£0.3 743 £ 74
Minutocellus 10° - - 1.67+2.89 | 19025 304 + 105
polymorphus, axenic
Diatom: 10°
M. polymorphus + ratom: 1% - - 13.70 + 4.04 - -
M. adhaerens HP15 Bacteria: 10
. 2
M. polymorphus + DlatOIjm 10 \ B B 0 } }
P. carrageenovora Ba.cterla. 102 Cruz and Neuer 2022
M. polymorphus + Diatom: 10 \ } } 0 3 3
V. thalassae Bacteria: 10
M. adhaerens HP15, 5
. 10 - - 0 - -
axenic
P. carrageenovora, axenic 10° - - - -
V. thalassae , axenic 10° - - - -
iliani ; > - - 12 1.67+0.68 246 + 41
Emiliania huxleyi 105 Iversen and Ploug 2010
Skeletonema costatum 10 - - 26 2.51+0.83 113 £42
) Illite 0.01-50 ~5-1000 - - Passow and De La
. . .. . Rocha 2005
Thalassiosira weissflogii Calcium carbonate 0.07-37 ~5-1000 - -
i + + +
) High dust 4.2 16.87 £9.21 0.62+£0.51 430 + 280 van der Jagt etal. 2018
Collected Seawater Low dust 1.4 23.04 + 6.60 0.75+0.61 109 +42
P. ..
carrageenovord. 10° Kaolinite 5 6.5+041 | 421+051 695 = 54
axenic
M. adh HP15 .. i
adhaerens . 10° Kaolinite 5 567+0.88 | 2.97+039 712471 This study
axenic
V. thalassae 5 axenic 105 Kaolinite 5 5.67+2.33 1.91+£0.47 308+ 11

- : No data
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Table 4. Comparison of cell volume-normalized TEP concentrations from literature. All data are from the exponential growth

phase. Values from this study are the mean =+ standard deviations of triplicate cultures.

Cell volume-normalized TEP concentration
Species (x10” ug XG eq. pm’) Study
Xenic Axenic
Chaetoceros affinis (CCMP 159) 22 - Passow 2002
Coscinodiscus granii - 341.6 £ 56.33
Rhizosolenia setigera - 74.7 + 8.63 Fukao et al. 2010
Skeletonema sp. - 68.4 +3.28
Synechococcus sp. . 1758 £ 278 1028 + 337 Cruz and Neuer 2019
Prochlorococcus marinus (MED4) 28+ 3 <1
M. polymorphus - 116 £ 37
M. polymorphus + M. adhaerens 181 £ 18 - Cruz and Neuer 2022
M. polymorphus + V. thalassae 118 £46 -
M. polymorphus + P. carrageenovora 160 + 58 -
M. adhaerens HP15 - 2516 + 284
V. thalassae - 108 + 8 This study
P. carrageenovora - 239 £ 191

- : No data
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