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Abstract of Thesis

Marine Heterotrophic Bacterial Contribution to the Formation of Sulfur Volatile Organic

Compounds

by

Tyler J. Price

Master of Science in Biology

University of California San Diego, 2021

Professor Kimberly Prather, Chair

Professor Eric Allen, Co-Chair

The globe is primarily made up of the Earth’s oceans, which contribute biological, chemical, and
physical influences towards global environments. However, many of the marine biological impacts,

specifically on the chemistry of the atmosphere, are not well understood.

xiii



Compounds like Dimethylsulfoniopropionate (DMSP), and its derivative Dimethyl Sulfide (DMS), cycle
through the marine environment as an exchange of carbon and sulfur among many organisms. DMSP
derived DMS is also a major contributor towards irradiation of UV light and nucleation of clouds.
Understanding the relationship between DMSP cycling and DMS production allows insight into
biological impacts on climate.

This thesis addresses how heterotrophic bacteria in the marine environment degrade the organosulfur
compound DMSP and produce sulfur containing VOCs. During SeaSCAPE 2019, an induced phytoplankton
bloom resulted in an increased production of dissolved DMSP (DMSPd), leading to bacterial transcription of
genes coding for the enzyme which cleaves DMSP into the volatile DMS. Following, an increase in dissolved
DMS was measured in the wave flume. A mesocosm experiment was conducted to investigate the metabolic
pathways and showed novel insights into simultaneous degradation of DMSP into DMS and MeSH by a model
organism, the Rhodobacteraceae Phaeobacter sp. La5. From our findings, heterotrophic bacteria influence the
formation of DMS through enzymatic cleavage of phytoplankton produced DMSP when bacterial sulfur
demand is met with excess sulfur. With these novel findings, continued research on the DMSP cleavage
pathway, the genes homologs, their rates of transcription and translation, and enzyme efficiency under varying
environmental conditions will better our understanding of how microbes affect the composition of the

atmosphere through sulfur cycling.
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Introduction:

The interactions between the ocean and atmosphere influence climate and weather patterns
around the globe. Emerging from the ocean, Volatile Organic Compounds (VOCs) can be climatically
active molecules that originate from microbial primary production or from subsequent processing of
primary produced organic compounds by heterotrophic organisms (Azam et al 1983). These VOCs
emitted from the ocean can directly affect the chemistry of the atmosphere or can be precursors to
secondary marine aerosols (Mayer et al 2020). In turn, these aerosols can act as cloud condensation nuclei
(CCN) and impact cloud formation, albedo, and climate (Charlson et al 1987). Although there have been
previous studies on VOCs and aerosols, little is known about the marine processes influencing the
emission of VOCs and their impact on secondary marine aerosol formation. This thesis explores the role
of marine microbial cycling of organosulfur molecules and how this can influence atmospheric chemistry
and climate.

Decades-old studies addressing the composition and formation of the atmosphere continue to
provide a basis for research in novel fields of atmospheric and biological sciences. Specifically, Charlson,
Lovelock, Andreae, and Warren [of the CLAW hypothesis] are immortalized for their discussion of the
impact of DMSP derived DMS on the chemistry of the atmosphere (Charlson et al 1987, Quinn et al
2011). DMS is the largest source of sulfur in the atmosphere and contributes to the formation of CCN in the
form of DMS-oxidized products (Chin et al 1996, Mayer et al 2020). High concentrations of this CCN
precursor were measured in tropical regions, regions defined by high UV light intensities, high salt levels, and
warm weather (Liss et al 1986), leading Charlson et al to conceive the CLAW hypothesis. The CLAW
hypothesis describes the release of DMS from microbial cleavage in these UV intense, warm, tropical
conditions and how bacterial DMS production can unconsciously increase cloud coverage to reflect UV
radiation and heat from the sun (Charlson et al 1987). The CLAW hypothesis proposes then, as this cloud
coverage increases, the exposure of marine microbes to UV radiation and heat decreases, lowering the rate of

DMSP and DMS production, leading to lower CCN concentration and decreasing



albedo (Charlson et al 1987). Lessening the release of DMS into the atmosphere would then allow UV
radiation and heat to reach the Earth’s surface again, defining this model as a negative feedback
mechanism (Charlson et al 1987). The CLAW hypothesis gives insight into understanding
mechanisms of global homeostasis, leading to more scientific questions about how biology affects
atmospheric chemistry.

With the CLAW hypothesis describing how microbial communities may influence climate,
research moved towards identifying the DMSP degradation pathways and how environmental and
ecological conditions like light intensity and UV radiation impacted the selective degradation of DMSP
into DMS. Biogeochemical and physical processes such as microbial lysis and marine snow dictate
availability of nutrients, trace metals, nitrogen, carbon, and sulfur compounds, like DMSP, for primary
producers and secondary consumers (Azam et al 1983, Ducklow et al 1992). For instance, Andreae et al
1986 discusses nitrogen availability as a driver for the production of DMSP as an osmoprotectant and
another hypothesis states that DMSP formation may occur under higher light intensities in the water
column (Gabric et al 1993). From these preliminary findings, Vallina and Simo then demonstrated a
‘strong relationship’ between the production of DMS and high doses of solar radiation, suggesting light
and UV radiation encourage the cleavage of DMS from DMSP (Vallina and Simo 2000). Although
research continues to probe for explanations for the CLAW hypothesis and this negative feedback
system, a direct understanding between the relationship of DMSP production, DMS release, and

nucleation of clouds has not been established.



()MCCI .
Choud Abede

OMS - SN el CCN 7

A VS VaYgvad

Becional

..odxo. ‘ DMS0
ﬁ-
&  DMS

.,l Actylate

&

Ocean

MMPA gy, MeSH +

u,nk + X-LCH3 Acrylate
Clainage / Demethiolation
Bacterial

‘::a‘ - DMSPD - AO Domethyaticn

y1 fankton Hetesarrophic
{¥ ‘?PD) Bacteria
\ 0 I / \ Drganosulfur
ﬁ'?::,u.;l:x?r Praoducts?

Figure 1: DMSP cycle in the marine environment. [llustration shows phytoplankton production of
DMSP and its degradation by bacteria via the cleavage or the demethylation pathway.The cleavage
by bacteria produces DMS and Acrylate. The demethylation pathway releases MeSH and Acrylate.
DMS then reacts in the atmosphere and impacts atmospheric chemistry by e.g forming CCN.
Studying compounds like DMSP and DMS continues to narrow this understanding of the
relationship between microbial impacts on the chemistry of the atmosphere.
DMSP and DMS, among other organosulfur compounds such as methionine (Met) and methanethiol
(MeSH), are some of the most important molecules dissolved in the Dissolved Organic Matter (DOM)

pool. These molecules are directly bioavailable to bacteria and are channelled into the microbial loop

(Kiene et al 1990, Azam & Malfattil 2007).



DMSP produced at rates of up to 37Tg annually, is a major sulfur and carbon source in the
marine ecosystem and is universally found in the DOM of seawater and freshwater aquatic
ecosystems (Ksionzek et al 2016, Zhang et al 2019). The large amount of DMSP in the environment
indicates its significance and emphasizes the importance in understanding its cycling throughout the
ocean and atmosphere, especially as it is a precursor for CCN.

Phytoplankton, algaes, and some bacteria, form DMSP to fit numerous biological needs (Stefels
et al 2007, Curson et al 2017). The formation of DMSP by phytoplankton deters grazing by predators,
facilitates signal cascades between bacterial communities, and is a sink for excess carbon and sulfur
from the environment (reviewed in Zhang et al 2019). Lysis of phytoplankton releases this DMSP and it
dissolves into the water column, becoming available for use by other organisms (Bratbak et al 1995).
Heterotrophic bacteria can use DMSP as a source of sulfur, through demethylation as a means to form
MeSH, and a source of carbon, through cleavage to produce DMS (Zhang et al 2019). This formation of
DMS and MeSH from DMSP may depend on the bacterial demands for carbon and sulfur (Simo et al
2001). Both gases are formed by bacteria through different metabolic pathways: DMS is formed through
the cleavage pathway and MeSH through the demethylation pathway by bacteria (Fig. 1, Simo et al
2001).

The production of DMS or MeSH from DMSP by microbes is thought to be dependent on
environmental factors. As discussed previously, heterotrophic bacteria can degrade DMSP by cleavage or
by demethylation (Wirth et al 2020). The fate of DMSP degradation is known as the ‘bacterial switch
hypothesis,’ first mentioned by Simo et al (2001). Bacteria switch the utilisation of DMSP between these
pathways under a variety of conditions, such as temporal variation in temperature, UV radiation, and
sulfur availability (Moran et al 2015, Cui et al 2015), suggesting seasonal changes in the environment,
and phytoplankton bloom stages may drive pathway preference. The demethylation pathway translates
demethylation enzymes, identified as the dmd+ gene family, which act to ultimately produce

methanethiol, CO: and acrylate (Wirth et al 2020).



The cleavage pathway, identified as ddd+ genes, produces DMS through cleaving a carbon-sulfur bond
in DMSP (Kiene and Linn 2000). DMSP transformation pathways are illustrated in Figure 2.

Marine bacteria, such as Marinomonas spp. and Halomonas spp. have either the cleavage
pathway or the demethylation pathway, while other members of the Alphaproteobacteria such as the
Roseobacter, SAR11, SAR116 clades are documented to have both (Curson et al 2011, Yoch et al 2002).
The Roseobacter clades, specifically the well studied model Ruegeria pomeroyi str. DSS-3, possesses
the dmdA gene coding for the demethylation pathway, along with several of the homologs of the
cleavage genes ddd+ (Curson et al 2011). Variations of the cleavage and demethylation pathways and
their presence in a large portion of marine bacteria suggest the importance of DMSP as a source of
carbon and sulfur (Curson et al 2011). The Roseobacter clade itself is ubiquitous in all marine
ecosystems and is estimated to represent about 25% of the marine bacterial community (Lafay et al
1995). With over one quarter of the bacteria in the oceans being able to demethylate or cleave DMSP,
the influence of marine heterotrophic bacteria on the cycling of these organosulfur molecules, and the

consequent production of climatically important gases becomes evident.
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Figure 2: Degradation pathways for DMSP. DMSP can be cleaved into DMS by the DMSP dependent
DMS gene family, or ddd+. DMSP is demethylated by dmd+ or, dimethylsulfoniopropionate
demethylase, to release MeSH.

Taking an integrative approach, this thesis will describe the production of DMS by DMSP cleavage from
a coastal community during an induced phytoplankton bloom, in a model wave system (Chapter 1) and
will further study the the ability of an abundant coastal heterotrophic bacteria from the Roseobacter
clade to degrade DMSP simultaneously into DMS and MeSH (Chapter 2), shedding light on the
complexity of the microbial organosulfur cycling. Combining chemistry and molecular biology through
the characterization of gaseous molecules and the quantification of genes associated with their
production, this thesis will bring more insights on how marine microbes contribute not only to the

chemistry of the oceans, but also to the chemistry of the atmosphere.



Chapter 1: SeaSCAPE: Bacterial Cleavage of DMSP into DMS

during an Induced Phytoplankton Bloom

Materials and Methods:
Experimental Summary:

A phytoplankton bloom was induced in a wave flume from July to August 2019 during the Sea
Spray Chemistry and Particle Evolution (SeaSCAPE) experiment (Sauer and Mayer et al In prep). San
Diego coastal seawater was brought into the wave flume to which nutrients were added to encourage a
phytoplankton bloom. To follow phytoplankton growth chlorophyll-a (chl.a) was quantified using an
Environmental Sample Processor (ESP) that measured fluorescence as chl.a. Bulk and Sea surface
Microlayer (SSML) water measurements were taken to characterize the biology of the closed system.
DMS and MeSH were measured using a Vocus proton transfer reaction time-of-flight mass spectrometer
(PTR-ToF-MS) by detecting mass-to-charge (m/Q) ratios of gas-phase molecules in the headspace of the
wave flume (Kilgour et al In prep). And dissolved DMSP and particulate DMSP were measured using a
purge and trap system, described in Wurl et al 2009, that was connected to a chemical ionization mass

spectrometer, which similarly measured the m/Q of volatilized DMSP.

Water Collection:

The seawater used in the wave flume was collected from the Scripps Pier (La Jolla, CA;
32*51°56.8”N: 117*15°38.48”W) and filtered first through an aluminum screen to remove debris (Sauer
& Mayer et al In prep). The water was first pumped into 1,135L plastic tanks before being transported to
the wave flume, where the water was filtered a 50uM Nitex nylon mesh (Flystuff; CAT # 57-106) that

was fixed over the top of the wave flume.



Bulk and SSML Seawater Collection:

Bulk seawater was collected into Nalgene carboys daily, by submerging a ~2m long Teflon tube
siphon about 20cm under the surface layer and then was collected. A glass plate was submerged into the
water at a rate of 5-6 cm sec”! and removed from the water at the same rate to collect the SSML (Carlson
et al 1982; Cunliffe and Wurl, 2015). Following withdrawal of the plate from the water, the plate was
suspended for 20 seconds above the flume to ensure the bulk water would drain from the plate. The
SSML collected on the glass was scrapped off into a 250mL glass bottle with a Teflon scraper and a
glass funnel until about 200mL was collected. The siphon, carboys, glass plate, funnel, and scrapper were

cleaned as described in Sauer & Mayer et al 2021.

Bacterial Production:

Bacterial production was measured by [H:]-leucine incorporation (Kirchman et al., 1985)
modified for microcentrifugation (Azam and Smith, 1992). Triplicate 1.7 mL aliquots were incubated
with [Hs]-leucine (20 nM final concentration) for 1 hour. Samples with 100% trichloroacetic acid added
prior to [Hs]-leucine addition served as blanks. Leucine incorporation was converted to carbon
production assuming 3.1 kg C (mol leucine). (Simon and Azam, 1989) The range of bacterial sulfur
demand was estimated from bacterial carbon production using the cellular C:S ratios of 86 (Fagerbakke

et al., 1996) and 248 as a range (Cuhel et al., 1982).

DNA and RNA filtration:

Two replicates of 500mL bulk water and one replicate of S0mL SSML were filtered onto
separate 0.2 um Supor filters (Pall Life Science, Port Washington, New York, USA) . The filter towers
were connected to a vacuum with a pressure no more than 10-15Hg to prevent microbial lysis. The filter
was folded in half then in quarters, biological matter on the inside, and placed in 4mL Cryo tubes with

500ul of DNA/RNA shield for preservation and kept at -80*C until processing.



Sample Extraction:

The ZR Fungal/Bacterial DNA/RNA Miniprep Kit (ZYMO Research) was used to extract the 45
samples of DNA and RNA samples. Prior to extraction the filters were cut under sterile conditions and
placed in the bead bashing tube with buffer and vortexed for 5 minutes. After the bead bashing, the
samples were extracted following the manufacturers’ instructions. All 45 RNA samples were reverse
transcribed into complementary DNA (cDNA) from 1uL of RNA using Thermo Scientific Maxima H
Minus Reverse Transcriptase (200 U/uL), following an optimized 30 minute DNAse treatment, prior to

Polymerase Chain Reaction (PCR) and Real-time Polymerase Chain Reaction (qPCR) analysis.

PCR Optimization and qPCR Standard Preparation:

For DMSP lyase coding dddD gene and transcript (cDNA) quantification, PCR conditions
were first optimized using the primer set dddD 1360F 5~ AACGTBATHGCHGGBCCBCAYTC-3’
and dddD_1799R 5’-GTVCCGARRTGVGCGTGYTCYTC-3’, described by Cui et al 2020. Optimized
conditions were as follow for a 20uL reaction: 10uL of NEB Hot Start Taq DNA polymerase, 1.2uM of
dddD_1360 forward primer, 1.2uM of dddD 1799 reverse primer, 0.8uL MgCl2, 2uL of sample, and
4.8uL of DNA/RNA free water. The PCR conditions were as follows: initial denaturation for 1 minute
at 95*C, then 35 cycles of denaturation for 30 seconds at 95*C, annealing for 30 seconds at 61*C, and
the extension at 72*C for 30 seconds.

For the DMSP lyase coding dddP gene and transcript quantification, a PCR was first optimized
using the primer set described in Levine et al 2012, dddP_874F is 5’-AAYGAAATWGTTGCCTTTGA-
3’ and dddP_971R is 5’-GCATDGCRTAAATCATATC-3". Optimized conditions were as follow for a
15uL reaction: 7.5ul of Dream Taq DNA Polymerase, 0.45ulL of dddP_874 forward primer, 0.45ulL of
dddP_971 reverse primer, 0.9uL of bovine Serum Albumin (BSA), 0.6uL of MgCL2, 1uL of sample, and
4.1uL of DNA/RNA free water. The PCR conditions were as follows: initial denaturation for 3 minutes

and 30 seconds at 95*C, then 35 cycles of denaturation for 35 seconds at 95*C, annealing for 30 seconds



at 53*C, and the extension at 72*C for 1 minute.

Once dddD and dddP genes and transcripts were amplified through PCR, the samples were run on
a 1% Agarose gel to visualize the single band for each gene. A positive control, using Phaeobacter sp.
La5, was also run. The dddD and dddP bands were cut from the gel using a sterile exacto knife and were
purified using the Qiagen QIAquick Gel Extraction Kit. The concentration of standards for dddD and

dddP were determined using the Qubit DNA Assay Kit.

gqPCR conditions:

A series of qPCR were then performed in 96-well plates on a AriaMx Real-Time PCR system
according to the optimized PCR reaction and conditions for dddD and dddP genes (Cui et al 2015, Levine et al
2012). SsoAdvanced Universal SYBR green supermix,was used for detection by fluorescence of PCR copies.
Serially diluted 10”2 to 10”8 gene copies uL. standards and controls with no template were run
simultaneously in duplicates. The relative levels of DNA in the standards were calculated based on the

standard curve. Single amplifications were confirmed by a melt curve for each analysis.

DNA sequencing and analysis:
Extracted DNA was sequenced using 16S rDNA primers for the V4-V5 region following the
Earth Microbiome Project protocol. All reads were processed using the QIIME 2 pipeline implemented

in Qiita. Taxonomy assignments were made with the GreenGene 13_8 database.
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Results:

Figure 3: Concentration of measured DMSP and dissolved DMS over the course of the
phytoplankton bloom (top). Chlorophyll-a concentration (green), dissolved DMSP (blue), and
dissolved DMS (yellow). DMSP cleavage genes dddP (green) and transcript (blue) dynamics
during the bloom (middle). DMSP cleavage genes dddD (green), transcript (blue), and
aerosol dddD (yellow), dynamics during the bloom (bottom).

35 100.0
DMS (n M) 30.0
3 | mDMSP(nM) —
80.0 s
mchla =
25 700 —
= 60.0 @
B . £
50.0
v
Z 15 0o &
i 300 ®
=
200 &
- 10.0
0 e ' Y ce——— 0.0
- o o o o Ll o o o o o o
$3585§s38355538853:5:¢§¢8
e d oo 5 @ W W © o W W o = a &
~ ™~ ~ ™~ M~ M~~~ @ w @ w
A N =T ey 6.006+08
|, 300606 B dddP Gene Bulk a s adEiii
= v
2 2506+06 =
§ s00e:08 &
& 2006:06 3
B 3.006+08
2 1.506+06 5
i i i @ 2.006+08 %
§ 5.006+05 é 1.006+08
n
0.00€+00  }—r———————————————————————— | 0.006-00
gaaggagggaagaazgaaggs
o Q49 999
TEISEEEESEIIEISIEIINE
1.006+08 7.006+06
oy | T
% S dddD Gene Aerosol 6.006+06
3 7.006+07 5.006+06 %
&
e 4006106 8
£ so0e07 ;
g 4.006+07 3.006+06
- o
o 3.008:07 2,006+06 §
3 20007
1/006+06
1.006+07
[T 2T N N _— - ——— 0.006+00
Trrisggeeagzaagzaegs
S 885838 8assSssEsssazges
NN NSNS SN ® © W ™

Sample Date

11



25

y-6£-06:42.5*8
R? = 0.6405 &
20
c
° ol
i
B 15
g
S .
} 10 —
o ¢
°©
§ 3. 0
G 5 ¢ - -
‘AO'
0 3. g s
0.00E+00 5.00E+05 1.00E+06 1.50E+06 2.00E+06 2.50E+06 3.00E+06 3.50E+06
dddP Transcript Copies/L
25
'E 7E-03x¢l.7L2 °
5 20 R* = 0.1482
B
et
& 15
o
[
3 -
™ 10 e
=
£E_® .-
g 5 —=
o
L ]
6 0 * *

0.00E+D0 2.00E+07 J.00E+07 6.00E+D7 B.0DE+07 1.00E+02

dddD Transcripts Copies/L

Figure 4: Correlation between cleavage gene transcript dddP (top) and dddD (bottom) with
chlorophyll-a concentration over the course of the bloom shown as a R-squared value.

12



100

¥ Halomonas and Marinobacter and Oceanospirillaceae

920 uSAR11
* Rhodobacteraceaea
80
g 70
]
T 60
5 50
S w0
2
i 30
] ‘ b - l I ] 1 | ( o |. I" “ =1 I_: I_H |_. I_;. u‘
2’2’2'27a’2’2’a’a’a’s’a’a’a’aa’a’a’z e g e
N o QoY 9 e o2 9 b
SEESREEERSSS55555555¢8%
Sample Date

Figure 5: Relative abundance (%) of putative DMSP users over the course of the bloom in
the bulk water.

25 120
mchla

= DMS/MeSH

N
(=]

-
w

-
(=]

Chlorophyll-a Concentration

5
0
22222223233aazazazazazaza32323z323
S 985838883 Fggggsggessg
R~ - 3’33‘%

Sample Date

Figure 6: Comparison between chl.a concentration and DMS/MeSH over the course of the
bloom. Error bars are presented for DMS/MeSH ratio (adapted from Kilgour et al in prep).

13



250

s S0 (€25 B
—— BSD (Bi5 248)
T N estimated assimilated S om DMSP
1.50
0
<
&mo
0.50
»
Y, e —
g 8 9 9 9@ 2@ 9 9 § LT AT 7 9 9 9 90
e . e o o B S O e @ o o o - =N M o o O o
- EEEEEEEEEE S EEE RN EEEE
I - - S - - - - R e
Lo T o T o TR N o R o R o U o U o} LT -]
250.00
Bulk bact erial production (g C/L/d)
e SML bacterial production [pgC/L/d)
200.00
150.00
o
> ! -
gxoo.oo
\__.-———""I
50.00
o‘m L L L L D D D D D e D D D DR R B SR R
e e T T T T B B g i - v e e
T E IR TS SSSaseecmeasIRS
SN RE S SR SSSSSSezaz
~ S NN NN NS~ 0 W 0 oW
Sample Date

Figure 7: Bacterial sulfur demand (BSD) measured over the bloom (A). Bacterial sulfur
demand for C:S 86 (blue) and bacterial sulfur demand C:S 258 (orange). Estimated assimilated
sulfur from dissolved DML total is shown as black dotted line (adapted from Kilgour et al in
prep). Bacterial production for bulk (green) and SML (blue) over the course of the bloom (B).

14



Table 1: The table presents the gene and transcript copy amounts for dddP and dddD cleavage
genes at sampling points throughout the bloom. dddP genes and transcripts are from bulk water.
dddD genes are from bulk water and aerosol, while dddD transcript was measured from only

bulk water. SML and dddP aerosol data is not included. Blank dates show points where no

genes or transcripts could be measured from the sample.

dddD
dddp dddP Ratio dddD dddD dddD Ratio Gene

Date | dddP gene| transcript | (Transcript:Gene) Gene Transcript| (Transcript:Gene)]  aerosol
7/24/19 - - - 5.44E+04 | 8.38E+07 1541 -
7/28/19 - 3.32E+05 - 6.72E+04 | 2.71E+07 403 -
8/1/19| 1.75E+08 | 4.11E+04 0.002 4.69E+06 | 1.25E+07 2.66 1.62E+06
8/2/19*| 6.31E+07 | 7.05E+05 0.045 6.31E+06 | 9.52E+07 15.1 1.31E+06
8/4/19 | 5.28E+08 | 2.84E+06 0.005 1.62E+08 2.15E+06
8/6/19 | 7.47E+07 | 4.69E+05 0.006 3.29E+04 | 1.48E+06 45.0 1.77E+06
8/7/19 | 1.95E+08 | 4.72E+05 0.002 3.25E+04 | 1.89E+06 58.3 -
8/9/19 | 7.47E+07 - - - - -
8/13/21] 3.29E+06 - - - 6.46E+06 - -

During SeaSCAPE, conducted by the Center for Aerosol Impacts on the Chemistry of the

Environment (CAICE) in summer of 2019, a phytoplankton bloom was induced in a 13000L wave

channel. Phytoplankton growth was shown by the increase in chlorophyll-a, which peaked

at 22.0 mg3 on August 2nd, and then decreased to 6.5mg3 on August 6th. DMSP peaked at 89.8 nM at

the same time as the chl.a (Figure 3A). Emitted DMS, measured in the gas phase, peaked on August 5th

and reached 3.24 nM (Fig. 3A).
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As the bacterial population changed during the phytoplankton bloom, the sulfur demand
and bacterial production changed with it. Prior to the induction of the bloom, the ratio of DMS to MeSH
remained consistently low, around 5 for the ratio. After the phytoplankton bloom, the increase in
dissolved DMS showed a change in the ratio between DMS and MeSH to 80 on August 9th. The increase
in the ratio represents more dissolved DMS being measured than MeSH. The bacterial sulfur demand
(C:S 86) and bacterial production for bulk samples were also highest prior to the induction of the bloom.
Bacterial sulfur demand (C:S 86) steadily declined from a rate of nearly 2.50 ugS/L/d on July 25th to as
low as 0.50ugS/L/d on August 5th, following the induction of the bloom on August 2nd. Additionally,
before the bloom, bulk bacterial production was at a rate of 200 ugC/L/d then following the bloom the
rate decreased to about 110.00 ugC/L/d. The bacterial production in theSML followed a different trend,
where the production rate started around 150.00 ugC/L/d prior to the bloom, decreased until the induction,
and then following the bloom increased to its peak rate of 150.00ugC/L/d.

The succession of putative DMSP users: the y-Proteobacteria, Halomonas, Marinobacter, and
Oceanospirillacea and the a-Proteobacteria, SAR11 clade, and Rhodobacter changed over time and was
relatively similar between the bulk water and the SML Both bar graphs show a similar trend of an
increase in DMSP degrading heterotrophic bacteria during peaks of chlorophyll-a and DMSP.
Specifically, following peak of chl.a and DMSP on August 2nd, Halomonas, Marinobacter, and
Oceanospirlliacea represented 74% of the relative abundance of the bacterial community, SAR11 and
Rhodobacter populations stayed relatively stable over the course of the experiment.

The dddD and dddP transcripts abundance peaked at 9.52 x 10 transcripts.L. and 2.86

x 10, transcripts.L., respectively, when chl.a and DMSP peaked (Fig. 3B). he dddD cleavage gene was
transcribed up to 100-folds more than the dddP gene during the bloom. Interestingly, on July 24th, dddD
transcript levels were measured at 8.48 x 10"7 copies.L.. DMS appeared to increase after the

transcription of the genes. dddD genes were found in an abundance of up to 2.15 x 10"6 copies.L.
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Discussion:

Phytoplankton abundance and production during blooms leads to the formation of many organic
molecules, like DMSP. On August 1st, 2019, the induction of a bloom resulted in growth of
phytoplankton, increasing DMSP concentrations up to 89.8nM, and further affecting the growth of
heterotrophic bacteria and other microbes during SeaSCAPE. DMSP production during the bloom can
be attributed to phytoplankton production; the measured concentration of DMSP here was within the
range of other blooms (Gali et al 2015). Subsequent production of DMS is likely derived from bacterial
degradation of DMSP, as observed in many studies (Kiene and Linn 2000, Lizotte et al et al 2012). We
therefore followed the growth of phytoplankton to track the formation of DMSP and ultimately analyze
its bacterial transformation into the climatically important gas DMS (Curson et al 2011, Zhang et al
2019), through enzymatic cleavage.

The low initial DMS production at the start of the bloom may be explained by the sulfur demand
of heterotrophic bacteria compared to sulfur availability in the wave flume system. Before the
introduction of nutrients to the system, the sulfur demand of bacteria was high, suggesting bacteria were
channeling DMSP towards the demethylation pathway to meet their need for reduced sulfur in the form of
DMSP derived MeSH (Kiene et al 2000). Kiene and Linn (2000) discuss the importance of MeSH as a
precursor to amino acids and how DMSP demethylation provides two methyl groups and a reduced sulfur
ion that is easily assimilated into Methionine and other significant biomolecules. Demethylation of DMSP
into MeSH is preferred in conditions with restricted sulfur availability to prioritize use of limited sulfur
for survival (Gonzales et al 1999, Kiene et al 2000), this was also reflected by the low DMS/MeSH ratio
observed during the early phase of the bloom (Kilgour et al in prep).

Following the addition of nutrients to the wave flume, phytoplankton growth increased and led to
the production of up to 89.8 nM of dissolved DMSP. At the point following the increase in dissolved
DMSP, the ratio of DMS to MeSH (DMS/MeSH) increased (Kilgour et al in prep), suggesting a switch in

the mechanism of bacterial utilisation of DMSP . The succession of potential DMSP users from
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Rhodobacterales to Halomonas sp. over the course of the bloom may also reflect this switch in
bacterial strategy in DMSP utilization (Liu et al 2018, Todd et al 2010). With excess sulfur, heterotrophic
bacteria such as the putative DMSP users: a-Proteobacteria Rhodobacterales, SAR11 clade, and some -
proteobacteria, identified over the course of the bloom then used the excess DMSP as a source for the
carbon necessary for their survival (Curson et al 2011). The increase transcription of dddD and dddP
following the higher levels of total DMSP (DMSPt) reaffirms the shift from DMSP demethylation and
MeSH production to DMSP cleavage and DMS production, especially when looking at the dddP and
dddD transcript to gene ratios. Quantification of the DMSP demethylase gene dmd+ would strengthen our
observation of a ‘bacterial switch,” however; we were unable to amplify dmdA genes at this time and are
therefore unable to say for sure when bacterial cleavage took over. Comparing dmd+ transcription to
ddd+ transcription would provide a more accurate and precise story of why and when bacteria shift from
DMSP demethylation to DMSP cleavage.

At the point of the bloom, when chl.a and DMSP were highest, the ratio of dddP transcript to
genes measured was 0.0045:1 and the ratio of dddD transcript to gene was 15:1. This active transcription
of dddD genes also suggest that the bacterial community present cleaved DMSP into DMS when the
sulfur demand of the community was met. Factors such as temperature and salinity are also thought to
contribute to the switch between bacterial demethylation and cleavage of DMSP in the marine
environment, specifically they were hypothesized to influence dddD transcription (Rusch et al 2007,
Levine et al 2012). The presence and increase of dddD genes and transcripts has not previously been
observed in coastal seawater; the use of this gene was only reported in environments such as lagoons
and mangroves with higher salinity (Rusch et al 2007, Todd et al 2009). The observation here of high
abundance of dddD transcripts at the beginning of the bloom and the trends of increasing transcription in
these experimental conditions, provides new insights into the potential distribution of ddd+ enzymes and
their role in DMS production in coastal ecosystems. Prior to the induction, the level of dddD transcripts

may suggest the summer coastal seawater community of bacteria may have higher preference for the use of
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the dddD homolog. Transcription of dddD during this experiment could be explained by the range of
temperatures observed in the wave flume, from 22 to 27*C, temperatures more similar to tropical
environments where dddD transcription has been measured (Rusch et al 2007). Use of dddD in higher
temperature waters could indicate temperature as an additional influence for DMSP cleavage. The
importance of dddD transcript in our study and the fact that dddD appears to be more universally present
in heterotrophic bacteria genome compared to other dddx genes suggests the significance of this gene in
DMS production and the specific environmental drivers for its expression need to be further studied
(Todd et al 2009).

Similarly, other environmental factors have been shown to potentially influence the preferential
cleavage of DMSP into DMS. Research suggests the distribution of ddd+ homologs, like dddP, are
influenced by chlorophyll-a presence (Cui et al 2015), however; the effects of chlorophyll-a concentration
and its variation were not fully described and could be a reflection of the phytoplankton community. This
correlation between DMSP cleavage and chlorophyll is observed during the bloom as both chlorophyll
and DMSP increase at the same time (Figure 1).Therefore the hypothesis by Cui et al can be related back
to sulfur availability as phytoplankton are the main producers of DMSP and then may dictate the bacterial
switch through DMSP production (Stefels et al 2007, Curson et al 2011). It is also possible that the
DDDP and DDDD enzymes are more or less efficient under certain environmental conditions. The
conditions of SeaSCAPE could then have encouraged the use of DDDD for DMSP cleavage and explains
its preference over the more ubiquitous DDDP enzyme (Todd et al 2009). DMSP derived DMS
production may also go beyond the limits of ‘ocean bound’ bacteria and influences of phytoplankton and
DOS, as dddD genes were quantified in the bulk water, SML, and aerosol samples. Analysis of aerosol
samples collected during SeaSCAPE showed the presence of the dddD gene in the air. To our knowledge
this is the first time that the presence of dddD is shown in sea spray aerosols (up to 2.15 x1076 gene

copies L. of air). This could suggest the potential for aerosolized microbes to degrade DMSP and produce
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DMS directly in the atmosphere, as DMSP has also been shown to be present in sea spray aerosols during
coastal phytoplankton blooms (Chen et al 2020). Additionally, only genes were measured here and this is
not a measure of direct activity of live bacteria in the aerosols.

The presence of the dddD and dddP genes and their active transcription over the course of the
bloom brings new insights into coastal bacterial genetic capacities and potential preferential strategies for
specific pathways over the course of a phytoplankton bloom. Some of the bacterial taxa present during
this experiment, such as Marinomonas spp. and Halomonas spp. have also been shown to contain other
ddd+ homologs, such as dddQ, dddW, and dddL (Curson et al 2011) which were not investigated in the
present study. This suggests the potential succession of many ddd+ homologs over the course of the
bloom. The environmental drivers associated with the changes in the population and DMS producers and
the affinity for DMSP and efficiency to produce DMS needs to be further investigated to understand the

feedback on atmospheric chemistry.
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Chapter 2: Phacobacter sp. La5 Simultaneously Produces DMS and

MeSH from DMSP and grown on DMS

Materials and Methods:

Experimental Summary:

The model organism Phaeobacter sp. La5 was grown in closed systems to measure growth rate
and gases production in the presence of DMSP and DMS as the sole source of carbon and sulfur. Controls
without C and S addition were included as comparison. Bacterial counts were measured using Flow
Cytometry and quantification of VOCs were measured with Chemical lonization Mass Spectrometry

(CIMS).

Mesocosm Set-Up:

The mesocosm experiment consisted of triplicates of model organism Phaeobacter sp. LaS was
distributed into treatments of 4 uM DMSP and 4 uM DMS in 1-L of Artificial Seawater (ASW), in
addition to triplicate controls with no C and S addition. About 10L of ASW was prepared, according to
Cohen et al 1997, and then autoclaved in several 2L pyrex glass bottles. From the prepared ASW,
500mL was transferred to nine individual 1L polycarbonate plastic bottles. The glass and polycarbonate
bottles were cleaned with detergent, 10% HCI and rinsed with ultrapure water before use.

Phaeobacter sp. La5 was inoculated in Zobell media, from a glycerol stock. Cell abundance of
the inoculated Phaeobacter sp. LaS was measured using flow-cytometry, and an inoculum of x cells mL.
was added to each bottle. The treatments were stored in a temperature controlled room, kept at 16*C, and

were covered to prevent exposure to light.
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Bacterial Abundance:
Bacterial abundance was measured by flow cytometry (Gasol and DelGiorgio, 2000), 500uL. of
each treatment was sub-sampled, at TO and after 24, 48, and 72h. The samples were fixed with 2%
final concentration of 0.2 um filtered Formaldehyde. Once fixed, 1% (final concentration) of Sybr
green was added to each sample. The samples were stored in the dark at room temperature for 10-15
minutes for staining. The abundance was measured on a Accuri BD flow cytometer. Fluorescent beads
were used to calibrate the flow rate. Growth of the bacteria over the incubation was determined by

averaging the cell count for the triplicates.

Sampling and Sample Preparation:
From the treatments, 4mL of each sample were pipetted into a glass scintillation vial using a
glass pipette. The vial was then closed by crimping a rubber septa and metal cap to the top. The samples

were placed in a dark container to prevent photochemical reactivity before gas measurements.

Purge and Trap and Chemical lonization Mass Spectrometer:

A purge and trap system connected to a CIMS was used to quantify dissolved DMS and
dissolved MeSH in the samples. The system consisted of a needle inserted into the sample, which
allowed the inflow of gas to bubble the sample, and a second needle, which was inserted into the
headspace of the vial, to sample gas outflow (Stefels 2009). The outflow runs through a tube submerged
in liquid N2 and the molecules are collected for 4 minutes before its arrival at the benzene CIMS (Stefels

2009). The CIMS measured gas-phase molecules as m/Q based on time of flight.
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Standards:

Standards were used to calibrate the DMS measurements. A calibration method for MeSH has
not been optimized yet, so MeSH readings are presented as relative counts per second (cps). The
standards were prepared as instructed by Stefels at concentrations of 0.5nM, 5nM, and 10nM. A standard
curve was derived from the m/Q measurements of the standards and then was used to calculate the

concentration of dissolved DMS in the samples.
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Results:
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Figure 8: Bacterial abundance over the course of the experiment (A). DMS and MeSH
concentration over the course of the experiment (B). DMS is presented in nanomolar (nM) and
MeSH in counts per second (cps).
An incubation experiment with Phaeobacter sp. La5 was performed to characterize bacterial
capacity to grow and degrade the organosulfur molecules DMSP and DMS. Upon inoculation in the

closed systems, cell count concentration was at about 4.8 x 10. 2.9 x 10, cells mL. for the control, 6.5 x

1074 1.6 x 10. cells/mL for DMSP, and 1.1 x 10s; 1.1 x 10. cells/mL for DMS.
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The cells grew exponentially during the 72h experiment (Figure 8A). The main difference between
treatment was observed at 72 hours, 2.8 x 10, cells mL. for control, 3.8 x 10, cells mL. for DMSP, and
6.8 x 10, cells mL. for DMS.

At the start of the experiment the concentration of DMSd was 0.2 0.06nM, 50nM 1.6, and
7.6nM for the control, DMSP, and DMS treatments respectively (Figure 8B). Initial MeSH relative
counts measured 11,398 2921.4 c¢ps for the control, 495,123 21768.7 cps for DMSP, and 14,184 cps for
DMS. During the incubation period, the concentration of DMSd peaked for the control at 0.94 0.09nM
after 72 hours, at 218 +/- 93.1nM for DMSP after 48 hours, and at 9.26nM for DMS after 24 hours.
Highest MeSH relative counts for the control was 127,232 87064.0 cps after 24 hours, for DMSP was

3,042,320 1561808.5 cps after 48 hours, and was 168,743 cps at 24 hours for DMS.
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Discussion:

Marine bacteria of the Phaeobacter genus, from the Roseobacter clade, are found across the globe
in coastal waters and are known to associate with zooplankton and phytoplankton in the oceans (Lafay et
al 1995, Freese et al 2017, Thole et al 2012). Present in the microbial community of many ecosystems,
Phaeobacter sp. are not easily classified due to their large area of functions in biogeochemical cycling,
they are widely studied because of their potential ecological impacts (Thole et al 2012). Specifically, this
genus has been shown to be a key player in the sulfur cycle in the Pacific during phytoplankton blooms
(Martinez et al 2010, Thole et al 2012, Moran et al 2007). Bacteria of the Roseobacter clade associate
with phytoplankton to acquire freshly produced sources of sulfur and carbon for growth (Moran et al
2007, Kiene and Linn 2000). The Roseobacter clade, and the order Rhodobacterales at large, are often
observed in association with phytoplankton bloom (Buchan et al 2005) and were abundant during the
SeaSCAPE induced phytoplankton bloom (see Chapter 1 figure 1). The presence of Roseobacter clade
taxa, closely related to Phaeobacter sp., shows the relevance of studying Phaobacter to better understand
DMSP cycling.

The Roseobacter clade utilizes DMSP for carbon and sulfur for growth and replication (Howard
et al 2006, Kiene and Linn 200). Use of DMSP by these bacteria produces DMS and MeSH. DMS and
MeSH are products Roseobacter strains can further transform to produce important biomolecules and
amino acids (Soda et al 1987, Kanzaki et al 1987, Hatton et al 2012). DMS is generally oxidized by
bacteria as a source of carbon and further transformed into DMSO when MeSH is assimilated as a source
of reduced sulfur to form methionine (Hatton et al 2012, Kiene and Linn 2000). Formation of DMSO by
bacteria creates a reservoir of available carbon and sulfur to bacteria when nutrients are scarce (Hatton et
al 2004). The degradation of DMSP into DMS and ultimately into DMSO by bacteria demonstrates the
possibility of cross feeding interactions in the bacterial community. Here, we show the ability of a single
bacterium to cross feed on the degradation product of DMSP in a closed system. Phaeobacter sp. La5 can

grow on DMS produced DMSP, and further on DMSO produced from DMS utilization.
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La5 is not the only bacteria known to possess both DMSP cleavage and DMSP degradation
pathways. Ruegeria pomeroyi and the SAR11 clade also show preferential degradation of DMSP into
DMS or MeSH depending on environmental conditions like salinity or DMSP concentration (Salgado et
al 2014, Moran et al 2012, Sun et al 2016, Giovannoni et al 2008). Marine heterotrophic bacteria, with
the ability to demethylate or cleave DMSP, may have a larger influence on the release of sulfur-
containing VOCs than previously understood. From these findings, we can hypothesize that bacterial
sulfur utilization and demand affects bacterial degradation of DMSP. The formation of DMS and MeSH
from bacterial DMSP metabolism emphasizes the importance in studying bacterial effects on

atmospheric formation.
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Conclusion and Perspectives:

The research presented in this thesis describes the impact heterotrophic bacteria have on the
formation of sulfur containing VOCs DMS and MeSH produced from DMSP utilization, and ultimately
the significance of these compounds' potential impact on the atmosphere. During an induced
phytoplankton bloom, we report for the first time, to our knowledge, the importance of the transcription
of dddD cleavage pathway in coastal ecosystems, as well as the presence of dddD genes in marine
aerosols, shedding light on the diversity of genetic pathways associated to DMSP degradation and that
microbial strategies associated to the production of climatically active VOC:s is still widely understudied.
Additionally, a mesocosm experiment measuring DMSP and DMS consumption by Phaeobacter sp. La5
resulted in novel insights into the bacterial switch, as Phaeobacter sp. La5 was observed to
simultaneously produce DMS and MeSH in a closed system.

These processes illustrate the necessity to further understand molecular processes and their
environmental drivers enabling the prediction of the role of marine bacteria in the production of
atmospheric relevant gases. Specifically, other factors like microbial community dynamics and
functionality, metal cofactor availability, and enzyme efficiency should be further studied to determine
holistic influences on the ‘bacterial switch’. Research should continue to consider what favors one
cleavage gene homolog over another, as well as continue efforts to characterize which taxa of microbes
contain which family of genes and describe new molecular pathways associated to production of sulfur
containing VOCs.. In considering these questions, research can attempt to understand the impact microbes
have on the climate and atmosphere through degradation of not only organosulfur molecules, like DMSP,

but other climatically significant compounds as well.
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