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Abstract

MOLECULAR BIOMARKERS FOR PHOSPHORUS STRESS IN THE
MARINE CYANOBACTERIUM CROCOSPHAERA

by
Nicole A. Pereira

The marine cyanobacterium Crocosphaera significantly contributes to
nitrogen fixation and primary production in tropical and subtropical oceans. These
regions are often characterized by low phosphorus (P) concentrations that may
constrain growth and nitrogen fixation in Crocosphaera. Molecular markers are
commonly used as diagnostic tools to detect when microorganisms are under P stress
and to better identify the conditions influencing P limitation. Prior to this work,
diagnostic biomarkers for P stress in Crocosphaera had yet to be characterized. To
identify possible biomarkers, select gene transcripts were evaluated under P stress in
cultures of the model strain, WH8501, a small-cell ecotype of Crocosphaera.
Transcript levels of two genes were significantly higher: pstS, which codes for the
high-affinity P-binding protein, and arsB, coding for the arsenite efflux protein. These
genes were up-regulated at discrete stages of the P stress response, with pstS being an
early indicator of P limitation and arsB transcripts detected through P starvation.
Interestingly, pstS transcripts exhibited a diel expression pattern that was detected in
P replete conditions. To further evaluate the efficacy of pstS as a biomarker for P
stress in Crocosphaera, changes in its transcript levels were assessed in the presence
of various phosphorus sources: inorganic (DIP) and organic (DOP), as well as
changing light levels. While pstS transcripts were suppressed by all P sources tested,

the response was more sensitive to DIP than DOP. Additionally, pstS was induced by

viii



high light levels, independent of the P stress response. Although pstS is a commonly
used indicator of P stress, these results suggest that it is not a reliable indicator for
Crocosphaera. To evaluate P stress in natural assemblages, biomarkers were used to
target environmental populations in the North Pacific. pstS and arsB identified P
stress in Crocosphaera, and an alkaline phosphatase gene (phoX) targeted another
nitrogen-fixing cyanobacterium, Trichodesmium. Detection of these biomarkers
suggest that P is an important driver of Crocosphaera abundance, especially large cell
ecotypes, while Trichodesmium abundance is not as negatively impacted by low P
concentrations. Future studies with biomarkers differentiating between ecotypes of

Crocosphaera will help determine the controls on P limitation between strains.
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INTRODUCTION

Cyanobacteria play a significant role in the marine environment as primary
producers that fix carbon dioxide and are a part of the base of marine food webs. The
growth and distribution of these organisms influences the overall productivity of
marine ecosystems. Understanding what controls the abundance of cyanobacteria in
the marine environment is an ongoing area of research for biological oceanographers
(Palenik 2015). Depleted concentrations of nutrients such as nitrogen (N), phosphorus
(P), and iron (Fe), that are required for cyanobacterial growth, can constrain primary
production. Low-nutrient, or oligotrophic, areas are located in subtropical ocean gyres
and are typically N-limited (Gruber 2008). Some species of cyanobacteria are
diazotrophs capable of fixing atmospheric dinitrogen (N2) gas into bioavailable N
sources. Thus, they contribute to the biogeochemical cycling of both carbon (C) and
N, as well as supporting productivity in oligotrophic regimes. Initially, the
filamentous diazotroph Trichodesmium was thought to be the dominant N-fixing
cyanobacterium. However, molecular methods of detection identified unicellular
cyanobacteria, including Crocosphaera watsonii, as No-fixing microorganisms (Zehr
et al. 1998). When present at high densities, N,-fixation by unicellular diazotrophs
can exceed that of Trichodesmium (Montoya et al. 2004). Crocosphaera can fix up to
3 times more N than is required for growth, suggesting that it may excrete the surplus
into the environment for use as a readily available N source (Dron et al. 2012).

Crocosphaera watsonii was first isolated from the surface waters of the South

Atlantic Ocean almost 30 years ago (Waterbury et al. 1988). This organism grows



optimally between 26°C and 34°C and is found at abundances of 10°-10* liters in the
upper water column of the tropical Pacific and Atlantic oceans, although recent
research indicates a potential for expansion into other niches (Church et al. 2008,
Langlois et al. 2008, Webb et al. 2009, GroRRkopf and La Roche 2012). There are ten
known strains of this species that fall within two phylogenetically distinct groups:
small (2-5um) cell strains and large (3-6pum) cell strains (Webb et al. 2009). Large
cell strains have higher rates of N,-fixation and are viscous due to extracellular
polysaccharides (EPS) produced during growth (Webb et al. 2009, Sohm et al. 2011).
Despite there being phylogenetic differences between these two groups, low genetic
variability exists among strains, both between those in culture and in the environment
(Bench et al. 2011). The small cell strain Crocosphaera watsonii WHB8501 is used as
a model unicellular diazotroph for the majority of studies in culture.

In Crocosphaera, many cellular metabolic processes operate on a diel cycle
(Pennebaker et al. 2010, Shi et al. 2010, Dron et al. 2012). Circadian control of these
processes is mediated by topological changes in DNA that influence the regulation of
gene expression (Pennebaker et al. 2010). Nitrogen fixation and photosynthesis are
temporally segregated in Crocosphaera in order to avoid inactivation of nitrogenase,
the key enzyme in Ny-fixation, by oxygen produced during photosynthesis
(Waterbury et al. 1988). Since Crocosphaera has access to a large source of N
through fixation, the growth of this organism is often controlled by other limiting
nutrients, such as P.

P is an essential element for the cell: present in nucleic acids (DNA and



RNA), cell membrane components (phospholipids), energy transfer (ATP), and post-
translational modification (phosphorylation). Crocosphaera must adapt to changing
concentrations of dissolved inorganic phosphate (DIP) in its natural environment:
ranging from 0.2-5nM in the upper water column (1-100m) in the North Atlantic and
10-100nM in the upper water column of the North Pacific (Wu et al. 2000, Cavender-
Bares et al. 2001, Karl et al. 2001b). The dissolved organic phosphorus (DOP) pool
can be 5-10 times larger than the DIP pool in the upper water column of oligotrophic
regimes, although it remains largely uncharacterized (Orrett and Karl 1987, Bjorkman
and Karl 2003). Orthophosphate (Pi) is the preferential form of P for cyanobacteria,
since it can be taken up directly by the cell (Vershinina and Znamenskaya 2002).
However, at limiting DIP concentrations, DOP can be converted to Pi by alkaline
phosphatase and assimilated by cells (Rao and Torriani 1988). Karl et al. (Karl et al.
2001a) hypothesized that climate-driven changes in the North Pacific Subtropical
Gyre (NPSG) would result in an increased selection of N,-fixing organisms and a
subsequent drawdown of bioavailable P. In cyanobacteria, physiological changes
resulting from P deficiency lead to cell cycle arrest, decrease in photosynthetic
efficiency and changes in cell size (Falkowski et al. 1992, Parpais et al. 1996, Vaulot
et al. 1996). In diazotrophs, N,-fixation is also limited by low P concentrations (Mills
et al. 2004, Watkins-Brandt et al. 2011, Garcia et al. 2015).

Cyanobacteria use a variety of strategies to adapt to low P environments,
which are mediated by transcriptional activation of the Pho regulon. When

extracellular Pi falls below a threshold concentration, it is sensed by a two-component



signal transduction system comprised of a histidine kinase (PhoR) and response
regulator (PhoB). Under low Pi conditions, PhoR activates PhoB, which acts as a
transcriptional regulator. PhoB then binds to target sequences (Pho box) of promoter
regions, inducing transcription of Pho regulon genes (Wanner 1993). There is
evidence of an alternative transcriptional activator under the control of the PhoBR
system in cyanobacteria, suggesting that the response to P stress is more complex
than originally thought (Ostrowski et al. 2010). Cellular strategies to mitigate P stress
include the increased assimilation of Pi and the reduction in cellular P needs (La
Roche et al. 1999). In order to increase P acquisition, gene products of the Pho
regulon include proteins for high-affinity Pi-transport coupled with DOP hydrolysis.
Pi is hydrolyzed from a variety of DOP compounds by alkaline phosphatases. C-O-P
bonds are cleaved by phosphomonoesters (PhoA and PhoX) and phosphodiesters
(PhoD), while C-P bonds are targeted by phosphonates (Phns) (Coleman 1992, Eder
et al. 1996, White and Metcalf 2007, Wu et al. 2007). As Pi is released from organic
compounds, a P-specific ABC transporter (Pst system) uses a periplasmic Pi-binding
protein (PstS) to actively shuttle P into the cell (Surin et al. 1985). There is variability
in the genes that make up the Pho regulons between cyanobacterial groups, thus their
strategies for mitigating P limitation can differ. Unlike Trichodesmium,
Crocosphaera strains lack phn genes for C-P hydrolysis and are unable to utilize
phosphonate as a P source (Dyhrman and Haley 2006). Identifying which genes are
responsive to P limitation in Crocosphaera will allow for a better understanding of

when Crocosphaera is experiencing P stress and how it responds to changes in P



physiology.

The Pho regulon genes that respond to P limitation are often ideal diagnostic
markers of cellular P status. While bulk seawater measurements of alkaline
phosphatase activity are also used to indicate P stress in plankton communities,
genetic markers can provide taxon-specific information. Molecular markers for P
stress must be nutrient specific, induced by low external Pi concentrations, and
repressible by bioavailable organic P sources (Scanlan and Wilson 1999). Both pstS
and phoA are biomarkers predominately used to identify P limitation in marine
cyanobacteria (Scanlan et al. 1997, Fuller et al. 2005, Munoz-Martin et al. 2011).
These genes increase P acquisition as part of cellular acclimation to P stress, and are
reversible when the stress is alleviated. Typically, the genes specific to nutrient
stresses are transiently upregulated under limiting conditions, and decline during
starvation (Ferenci 1999). However, the complexity and variability of the P stress
response means that it is important to characterize the response of these markers in a
controlled culture environment in order to interpret their detection in natural

populations.

The overall objective of this dissertation was to identify and characterize
potential genetic markers for P stress in cultivated Crocosphaera that could be used
to better understand P physiology in natural populations. In chapter 1, | evaluated the

transcriptional response to P limitation by targeting putative Pho regulon genes in



Crocosphaera. Genes that were strongly up-regulated in response to P deficiency
were selected as potential markers, and their transcription pattern was characterized in
cultures experiments throughout diel cycles. Additionally, I tested these markers in
the environment via shipboard incubation experiments. In chapter 2, | further
assessed a key biomarker for P stress, pstS, under various conditions in culture,
including changes to light intensity and DOP additions. The experiments carried out
in chapter 3 use the expression of biomarkers characterized in chapters 1 and 2 as
markers for P limitation in natural populations of Crocosphaera in the NPSG.
Additionally, another biomarker was used to target P limited Trichodesmium in order
to compare the P status of these two diazotrophs under the same environmental
conditions. By providing a detailed assessment of key P stress biomarkers in
Crocosphaera, the results of this study allow from a more accurate interpretation of

their detection in the field.
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ﬂmu.ﬁuaumhauﬂdqubtuﬁm
in oligotrophic oceans. While ﬂmhulh-e
ability to fix atmospheric nitrogen, its growth may be
limited by availability of phosphoms. Biomarkers that
indicate cellubar phosphorss status give insight into
bow PEmision ca affed the disiribution of
mitrogenfixng cvanchaceral populatons. However,
adaptation to phoesphorus stress is complex and one
marker may oot be sufficient to determine when
organism is Plimdted. In this study, we dhameterized
the tanseription of hey genes, acdivated durng
stress  in O watsonii  WHES01, o

determine bow rasscriplion changed durng the
stress respomse, T af peis,

which encodes a highaffinity phosphate binding
protein, was discoversd to be quickly up-regulated n
cells as an immedise stress

however, its tmnscription dedined after a

period of starvation. In addidon, diel

regulation of peff in C. wetoni WHES] complicates
of this marker in feld

T of the gene for the arsenite

efflie proten, arzB, was after peif n

limited cells, but it remained

upregulaied at later stages of limmi tation.

phosphorss stress response
Uﬂgh&muﬁﬂq&euﬂaﬂmhtmﬂpﬂnﬂl
responze over a range of degrees of phesphorus
limitation may be a better approach for defining
Key index worde biomarkers; Cromsphaers; cymobac-
teria; maitrient stress; phosphorus

Abbreviations: DIP, dissolved phosphate;
DOP, dissolved FREF, fast repe-
tton e uorometer; MAGIC, oagneshin indaesd
o-precipitation

Marine dizzotrophs are a unique and ecologically
imporant group, contributing o primary produc-
tvity by providing fxed nirogen and catbon 1w

nm:n.-d 9 Seprember 2015 Accepled 19 Jamary T0E
s Bar cormespond enees el jpeeTol g Loom .
Fdiodad Reporedhaine A Po (Aesceiur Fliwa)
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the oceans. These organims play a crtical role in
the global cycling of these elements, since inputs
of new nirogen o the swface water can control
export of o ¢ maler o deeper water e
and Gmﬂrﬁ%‘l. Eppley and Pe:emnmliﬁj.
When present at high densides, nirogen Axadon
by unicelular di ha can excesd that of lar-
ger oganims (Monwwa et al. 2004). Thus, unicel-
lular  dimsorophic  oancobacteria,  such  as
Crocoiphasra watserdl, can be significant contrbutors
o oew pioduction in the oligowophic open ocean.
Identifving the Factors that conatrain growth of dia-
zorophs will aid in our unders of the on-
wols on diazowophic abundance and on nirogen
fixation.
Maolecular diagnostic wols that mrget celkspecific
responses Lo nutient Emiadon have been devel-
1o beter understand how nutrients control
the distributons and acdvides of nirogendfixing
cyanobacteria (Webb et al. 2001, Dyhromn et al
2002), Crocoifrhaem walsenil must deal with varying
disoled inorganic phosphate (DIF) availability in
i namral environment: concenralions range from
0.2 to 5 nM in the North Adande (Wu et al. 2000,
Cavender-Bares eral. 2001) and 10-100 nM in the
MNorth Padfic (Karl etal. 2001). Genes tha are
common markers for detecting p hornes siress
are usimlly part of the Pho regulon (Vershinina
and Enamenskaya 2002) and are under the control
of a mwocomponent regulatory svsiem, where the
reaponse regubior (PhoB) induces  wanserpidon
under Paress (Makino et al. 1980). Expression of
the gene encoding a highaffiniy phosphate-bind-
ing protein, @S, i3 a common redponie 1o phos-
phomis deficiency becaise it increases the cellular
efficiency of scavenging environmental DIP (Sumiki
et al. 2004, Dyheman and Haley 2006). Cells wilize
alkaline phosphatase (phad) 1w acquire phosphate
from  extracellular phosphomonoesters,  another
common mechanim for adapling w phosphorus
streas (Ray et al. 1991). Varous cvanobacteria alio
have the capabiliv w hwlrolze phosphonates,
facilitated by the phn gene cluster, as an extracellu-
lar dissolved organic phmphae (DOP)  source
(Moore et al. 2005). Interestngly, C. walwmd, in
contmst o Trichedemaom (Dyhroan e al. 2006), i
unable 10 use phosphonate as a phosphate source
and oo homolog of the phophonate transport
gene cluster (pha’DE) has been found in s gen-
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ome (Dyvhrman and Haley 2006). Polyphosphates
often serve a3 an inracellulsr phaphoms  eser-
voir; this, transcdption  of nes  controlling
polvphophate synthesis (ppK) and hydrolysia (peX
and ppd) can be mrned on in response w phos-
phorus smrvadon  (GomesGarcia etal. 2003, Sch-
warz and Forchhammer 2005). Phytoplankion can
also Jower their cellular phosphorns requirement
by sulstimtng sulfolipid for phospholipid o mid-
gate phosphorus Bmimdon in the marine environ-
ment (Van Mooy et al, 2009).

Genes that respond o phoesphorus defidency,
even if they are not directl involved in alleviatdng
phosphorus sres, can also be used as molecular
markers. For example, a gene coding for the amen-
e efflux pump, a=8 b upregulated under phos-
phorus stress as a protecive mechanism for the
cell {Dyvhrman and Haley 2011}, since toxic arden-
ate (As) is a phosphate analog, and higher As:P
comelates with increasing phoiphorus sresa. Genes
used as molecular i ok should be sres-
apedfic and  their ranseription  should not be
affected by other conditions (la Roche eral
1999, . Since cellubr processes in cyanobacieria,
including C. watserdd, follow strict circadian regul-
tion and gene actviy ofien exhibits a diel panern
{5hi et al. 2010}, this creates an addidonal compli-
cation when interpreting influences on (mnschip-
tional changes, specially in namral populatons.
Thus, the ranscription of these genes in response
Lo increasing environmental sresa must be empiri-
cally validated.

While the expresion of molecular nmrkers ane
often used a3 indicators of phoaphoris stams of
celk, the response and on of numrient ud-
lizadon genes is complex. ining the shifis in
the manscript abundance of relevant genes during
different phases of phosphoris lmimdon will help
to beter define the nurient stus of C walnid
under variable condidons. Here, we analyred the
mokecular responses 1o low avallability of phospho-
rud in the wicelluar diazorophic oranobacterinm
C. watioradi strain WHES w beuer understand
how 1w apply and interpret  welbcharacterized
bicmarkers for phosphorus sress in Reld applica-
tions, C. wationdi has two main phenotypes: large
cells, which produce exopolvsaccharides, and small
cells The decadeslong cultured simin for ©. aai-
sonig, WHES01, is a small-cell wpe. It has a larger
genome (6.2 Mb) than the genomes of fve other
strains (45 Mb) and conmins a higher number of
transpasase  genes  and  repeated  genomic
sequences (Bench etal. 2013). While O waliond
WHESD is not the best representative of the nam-
ral populadons, the genes shared among sraing
have higher than 98% nuclectide idendry (Bench
etal. 2013). The high conservation of genes
among sraing will allow the anakzed morkers o
be wed for the C awissidl populadons in environ-

mental samples.
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MATERIALS AND METHODS

Call redturing.  Cmoogshaera uﬂ'.:ml!m]w

FPC with 45 ol photons - m™ - & m:]!]ihg}rr:d:u'l:
opcle. Mﬂdllg‘;ﬂ lewed, . matsomii WHES01 grew at a photo-
sthetic efficiency of Fu/Fm = 0.4, similar to other studies
with smallcelled C wators (B /Fm = 035 Schm et al.
2011). We found that at higher light iniensities led to

1 ﬁdtinmhﬁ:hhh!mFu'a]]u;urhnmﬁp]i-
ﬂtuﬂtmuwmg:mhmbuudmd:himﬂ-l

810, saliniry 28), without added nitrogen (Waterhbury
et al ]ﬂﬂ.?}m& +PF) culineres u:r:grw‘l:in

B0 mesdivm, with a 0.2 pmfiltered Nonth Pacific
Samton ALY HI) seawater bhase and 60 pM E,HPO,.
P‘hcl]iﬂt P} culoeres were in S0 mediem

without added phosphate. Resida] phosphaie in the seawater
hase used for S0 medivm wes messwred at 60 nM using
(MAGTC Fard and Tien 1992, Cd]ltu:d.aﬂﬂumhﬂr
all trextmens were grown wit e
Htﬂd.ﬂﬂliﬂ.ﬂp‘nﬁhﬂ'ltrﬁ g :lmgh
mu'ﬂtﬂ'nl]ﬂn:.ﬂ!nm}mdﬂu!etmuand

mesdinm withont sdded tn:rul:nctnu:ry-n!-
cultures were i :ta!hu'tn'lgthrmtjod"!x]l]"
cells - mL™"

Emlm# mmd photmmiidic gficmy In each cubure

cﬁumh}:m:ﬁjﬂihtﬂmwﬂu
h:r]i'lpdcgy. g:w'ﬂtardahmdmofaﬂnﬂtrﬂw
using e e micmscopy with an Axioplan
2 Tz man:: Car] FTeiss Iﬁm'l'::ng'mg, Thenrmvwemnd,
NﬂUS&‘J..ﬁ]iq__mnf]mthnﬁ'mti' culinnes
were filered uming a vacuum pump directly on 25 mm hlack
ﬂprhmm.ﬂ.iﬂmpw:ﬁ]mni?mmﬂwmuub&
meetonka, MM, TSAY Mﬁbﬂ'wmﬂdmagﬂm
shide (Fscher S5d., Pims PA, T5A) and cell wene
oo 1.|n'ng A, D0 magmﬁmﬁm under blie exciaton
light. For each shide, cell counts were chiained by 1
nu.mhﬁ'm]l]:ﬁdd.lufr.int.ﬂ]m:iﬁ: raies (k) were
caloulated per day, using the frmule k =In (MM,
where Mz was the cell coont 24 h afier M. Growith cures
derived from cell counis were verified using relative fluores
cence with 3 TDEN0 fluorometer (Tumer Designs, Sunnyvale,
CA, TISA). Phoinsynihetic efficency (E/Fob, w}nd'l s dhe
matic of the masdmum in variable flunnescenoe
{F, = E, — F) o the maxdmum fheonscene yield (F,) was
meessred Ui 1 i3 raie fluomomeer (FREF)
(Eolher &t al ;H n:ngud.mdhdgh]jlﬂuiﬁ-
meeithaned ﬁn’ !Irﬂ!.. mdlﬂ Pl tadion, In Pn:r:ncrj
Pﬂnduniﬂmda]]cta] 20013, can be used a5 a proxy
for cell health. uais of 5 mL culiure samples for FREF
analysis were taken dady at the peak of the lght cple (L&
amd mesred in iriplicate.

RNA extmction and dNA smihei BNA samples were cal-
lu:md.'h,']nuing]l]rﬂof]iq_tﬁdnﬂm h a 35 mum,
02 pm poresizd Suporfilier (Pall Corpomtion, Port Wash-
ingion, NV, T15A) using gende vacuum fil ation. Filters were
t?;lhbﬂdhntﬂ'm with and RLT

then flah frozen in hquid nitogen immediately fal-
hungﬁ]mmaﬁu'w}ndtﬂq_mmu —803C. RMA
extmactions were carmied o iming a modified RMNeasy Mind
Fat i n, Germantown, MDD, TSA). Sam T
ﬂnwn?rmhndbimdbﬂdm%h%:
weTe removed sterile neadles and the remaining huffer
was placed on spin @lumns for aviomated exmdion in a
(HAcube (O b The exiraction included =
DMase step, wl each sample was treated with 10 pL
BMaseFres DiNase | 1 Lo Temoee ic DMNA. Al
quais of 8 pl mqwnnn wETE mrrﬂ'hd.gm o single
mmnmmtmm mrlg'ﬂn:Ql.nu'l‘hTﬂct
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B werse 'I"nu'ul:r.qmnu'i' ¥ Kit iQnF' n) with mdom hexamer

priming acmrding to manufacurer's guidelines. While gener- I‘i‘

mmwdmmmuﬂhmmm l EREEEFREEEEE

scripiase to check for any reidual DNA conmmination. All i gy-wEsg-sSEEs
__________ =

DiNA was subsequently stored at — 2090,
Cumtintey FOR aums. Primerns were designed to target
11 genes lmmhhmiw metaholism in
omnoharteria (Table 1. 'LTn'ng .hnunn]ng! of thess
e were found in C wasoed WHES0] and primens swere
immg:un'ﬂﬂ.mliﬁwmmm imiers with
:l]tu:ifnd:iuu ﬁrrﬂaﬂir:qWPCRiqPCEmiupuﬁnn‘!.-
et Candidaie imers were each evahoted

SGATAAGG
i

search with the selected primers sgainst e Madonal
Eh'mﬁrmw&m:ﬁmimmdmm
thesir 1 e uence. Sinee the i of
theke pochc g groe seuence. Saer the cpresion of
tion was wed bo Tt X L] 5. The com-
pamative i.ﬂ.ﬂ.ﬂt‘.lm:r:]‘m-‘cﬂmug L] Pﬂ; bmrmua]im thee

ion of each gene. Transcripion of each gene of iner
est (GOT) was normalized io which encodes the BMA
mpmhﬂltnfk.'hhﬂ: P, and whosse transcod abumsdamse
dies not flucnmie with phosphorus sres (GomezBaena
et al A00E). This constitwiely ex dmmm
i not celloypcle dependent in arine  Cyam i
Prochlrococrns (Hol mendorf et al E[l]]‘.l.'h'lad.d:itimh.-m?l
transcript abundance has been shown to be stable under vary-
:ingnu‘h'.iﬂ'rr.. ]ight. and.t:ru]:u-.mn': mnaditions in andoteer

)

;

E%

1

]

1

&

g

|

g

Faverse primer [§ =3')

TTmFﬂTGJ’:FTDGKETTmT
CECIGTACCAAMGACAMOCATE

G

GACATTAGACG

Foevand primer (5 =¥]
CAGCANMCACCAAGA TAAACTCAMMG
AAGICACTGATOTAAMOCAAGE

TCCCAAACCCTGROAATTACC

OG

dmo:lnﬂu': marine cyanchecterium, Thichodsmsm iCth-
pd] Webh 2010). Finally, a diel t:u'uu'.i]rbcln: sty 1m
. watsmd WHES0] provides evidence that tmnscription of
t'l'h:rl‘h.! F‘!,apﬂ'ﬂ:ﬂinmhniitnfﬂﬂu?,doﬂrﬂn}ﬂﬁt
diel wriation (Shi etal. 2010). For each qPCR assay, the

imeET &t i Amplification efficiencies of primer ses
]::u-mgsx ﬁafmmu-jﬂ-.mr’:_-usumuﬁmdm
[ 5

ing SYBR Green Mastermix (Life Technologies, Carlshad,
mmmaiﬂmﬁﬁmﬂemmﬂ
mm,ﬂm:ﬂﬁnﬂmﬂmpﬁumaﬁd
1 pL «DMA The qPCR reactions were prepared in Sfeel]
thuﬂg;g]indﬂdmphun:,?mﬁq,ﬂﬁ,mﬂwmm
an ARI 7500 Realtme PCR Swiem (Applied Biosysie ms).
Themooyder conditions were a5 follows: 50°C for 2 min,
959 for 10 min, and then 45 cpcls of 95°C for 155 ond
60°C for | min. Melt cores were run with swery reaciion o
detect the acoumence of ific ifiration. Mo
on =ach A single Ty time 1 e was el am @
Fold changes were caloulaied wsing Relative (uantification
m\ﬂumtihpp]iﬂdﬁum‘.l.

ducied at 5t ALCHA (22° 45" N, 158° 00° W) in Augnst 2010
during EM 1016 Triplicate 4 L. flasks were incubated with P,
EardNF:t‘ﬂd:nﬂﬂ:.a]m‘lgn'ﬁm'rhnhim addiiion).
About | pM of EsHPOy and 2 nM of FeCly wene added to P
mﬂkmmmh,ruj::diﬂr..ﬂmlguiﬂlmirﬂ:hﬂfm
m@]:uhmﬁﬂ:imm“ﬂmum
auldtinnal m'up]mfpnm‘u. : ¥ and 56 h afier TO. At thess
'hm-'l:imqmch'm.ﬂ tfmt'ﬁ'me:dib-ntﬂ:mpu‘bﬁ]-
tered h 10 pM filker and then a 2 pM filier, which
would lter extracted for RMA. Genes shown to hae sig
mificant response to Pgiress in previously conduced milure
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staration experments were soeened in each ample. The
field produces were not sequenced in this smdy.

RESULTE

Gromith  of Pawsed cullues., In bawch  culiure
experiments, O walni WHEM 1 celb were ex posed
to Pereplete and P-deficient condidons. Twenry-four
h after wansferring celk into lowP seavater med-
ium, the spedfic growth rates for day 1 in L‘Eu: Wik
LEEATINERTE WePe COf ble: 0.834 =002 d7 in P-
replete and 031 = 0.03 A~ in Pddeficlent culnires.
Contral culiures with an Fv/Fm -0.4, while
cells mibjected o lowP had a 20% decline in Fv,/Fm
within 24 h (Fig. 1B). As the experiment continued,
goowth rates of cells in Preplete cultures surpassed
that of P-deficlent culmires, which entered siadonary
phase. The Fv/Fm in Pdefident cells seadily
declined and was 16% of P-replete cells by the end
of the experiment (36 h). While both olmres
started at a biomass of 5 x 10* celk - mL™", the
hAnal biomads in Peeplete cultums was 2.4 dimes
higher than in P<deficient culiuees (Fig. 1A).

Select prnetie resporeie to Plimitalion. We tested tran-
scrpton of 11 genes afiliated with mediadng the P-
alresa response, such as those involved in gene regu-
lation, cellubr protecdon, P acguigton and subad-
tuion (Table 1), PCR amplificatdon effidencies for
each primer st were within 6% of rael (Table 1),
aigmifving that every GOl amplified approxinately
equally with the endogenms control. The tmnscip-
tion of each GOl in Pdeficient culiires relative o

Poreplete culmires, or fold change, was analyzed.

=S

Sampling from the middle of a Pamrvadon bawch
ailmre experiment showed 2 genes were sgnif-
cantly up-regulated with a fold change =2, while all
other genes responded with a fold change <2
(Fig. 2). The gene wanscription of both @S and
arsf rose dgnificandy in Pdefident culiures, Sfold
arndd 1140ld, espectively. Other GOT's were not up-

el with a fold change =2 at any other dme
point sampled during the Paress experiments (data
not shown) .

Charaderizng Womarkers of Pstaluz. While psi§ and
aril were shown 1o respond Lo Paress, we wanted
w further characterize this nse o evaluae
their efficacy = biomarkers in O wabeni. High-fre-
quency sampling was conducted 1o get a more aco-
rate resoluton of the sensitvity and varability in
each gene's response during bawch culmire Poatarva-
ton experiments. juiS responded quickly o inidal
phosphate  swess; a  significant  difference  was
detected @ early @ 1 h after celk were ransferred
o lowP mwedia (Fig. 3). In conras, manscepion of
arif wa up-regulated only after 9 h and ranscrip-
ton peaked 33 hoafter the initkl wansfer (Fig. 3).
High-resoludon sampling revealed that fs8 exhib-
ived srong diel regulaton in both Preplee and P
deficient culmires. Despite this, it mmin@ined ele-
vated wanscripdon due w Psres and paS omn-
scripl abundance peaked at 29 h. Although fsis was
oot aign ifcantdy up-regulated in Pdefdent veras P
replete cultures afier 71 h, arel continued w be up-
regubited well after paS tranacription declined.

Dl regulation of paS. fif transeript abundance
hal a cwclic patern of ranscripion in healthy

wnam - TP OF
T, 0000 E
T om0 -
2 150,000 - *
.4
10110 - ! ® m
Fa. 1. Corowith and -
photosyrthetc of snonm #
Crocogifasra nationsi WHES0 1. Cell
culmres  grown  in phosphae a ! i Y g
replete (60 pM; dosed spmbok) 0 4 48 72 a5
and phosphate depleted (60 nM: B
open symbok) media. Cell conns 03
(A} maken for mbhnres startng ar -
Td and phosynthete efficeny D4 E .
{Pe/Fm) (B} measured during the ] - }
same experiment. All emor bams s n3
indirae smndard deviaton of =
triphicae hiokog cl replicites. IE m - @
@
1+
]
L !
] 24 48 r) Gt
Time (h)
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Preplete cells, which was enhanced in celk growing
under Pdefidency. Since daly expression of pas
peaked at lacedight phase (L11) in both the contral
and weamment culiures (Fig. 4), the resuling fold
change (—P/+F) was lowest (~2) at that dme. The
highest Fold change (~100) wa displaved at lae
dark phase (D11}, when paS ranscriplion was
elevated in Pdefident  culiures, bur low  in
Paeplete culiures. Owerall, we found that fold

was higher in the dark (D3 - D7)
than in the light period (15 - L11), but varied

grealy depending on reldve tmnscdpion in con-
ol culnires,

16

FLI VR - L | L - O e

Bigwiarkers  in nabwal  populsions  of Cro-
coaphasra Using incubadon  expedments at St
ALOHA, namral popubitdons of O aalwsid were
sereened for @il and esB wanserd After 24 h,
PSS an =1 in all weatmens: Flus P, Plus Fe, Plus
P + Fe, and the no addidon control (Fig. 5). At this
e, ranscripion of pdf was elevated in all boules,
while tranacription of arif was not detected. 39 h
later, amsB ranscript abundance was detected at a
significanuly higher level than S in both the con-
ol and Flus Fe boules, presumably where P ooon-
centrations  were  reduced. However,  paS/ardd
remained =1 in Plus P and Plus P + Fe treatments
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Fac. 4 Daily gene expression of paf in a baich mhore

111

L Chowabhasra wab

i nT T

Tirne (1]

WHES) ] cnlmres grown in Poreple and P

depleted media. Relative ranseripion of each gene indicaes 'd':tﬁid.dl.-m# hemween the sample expression and the rero tme point, nor-
malized v housek seping gene rgll. Samples were mhen at inervals doring lght (L; 5, 7 11 h) and dark (I & 7, 11 h) phases within 2
12:12h lightdark apde. All error bars represent sandard deviation of triplicae bioogical replioaes.
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When cells progres  wward nurientlimited
growth, they reapond with adaptations that allow
them o mainain th under swessful condi-
tiona, In this smdy, the wansciption levels of
genes known o be involved in phephoris meta-
bolism in ogancbacteria were asayed for responses
in € watsorii WHES01, Genes involved in phas-
phors acquisition and mansport, regulaton, alter-
natve membolism, and subsdmdon were all tesied
in Praaradon experiments using gFCR (Table 1).
In these experiments, the dedine in photosyn-
thede efficiency (Fv/Fm) demonstrates that C. wai-
sonid B sensitive (o decreasing P oconcentrations
{Fig. 1B).

Interestingly, ranscription of the genes for DOPF
metabolign, both inracellubly (ppK, ppX and fhd)
and extracellularly (phod) was not significantly
upregulated during phosphorus Bmimdon, at least
for the duration of this smdy. Inracellular cycling
of polyphosphates is an adap-m.:im wed by other
marine cyanolacteria, such as Spmachococas {(Gomes
Garcia et al. 2008) and Trichodesmdum  (Orchard
et al. 2010} under low-F condidons. The increasing
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O Cmral
WFlusF
BFlusFe
BPlusP+Fe

Lage 1)

actvity of phosphatases that enable cells o use alter-
native extracellulr DOP sources in reaponde w P
atress, indicated by the ranscripdon of phad or s
protein product, has been extensively used = a bice
marker (Moore et al. 20056, Orchard ecal. 2000,
Munoz-Marin ecal. 2011). Transcripion of the
Phed and sphX genes alio did not increase under P
lmimdon in another smudy with £, watsendd WHES) 1
(Dvhrman and Haley 'EI}I]!&] It is possible that the
internal phosphorous reserves prevented the cells
from being under srong P-sress because the cells
were grown with replete DIF before being rans
ferred into the medium with no added DIP.
Another commaonly wed adapadon o phoaspho
re atres in cyanobacteria ia the substitution of auk
folipids  for  phospholipids. Muldple spedes of
Synechocoreus, Frochbrocorus, and Trichodemium were
found w have a higher sulfolipid w phospholipid
ratky in phosphornsdimied lmres, however the
raliy was not significandy different in O aatonds
(Van Mooy et al. 2000). In parallel w thede resulis,
we did not see a significant response in the gene
regubiting the sulfolipid bicsynthesis prowein ()
(Fig. 2). Thi inconsistent response between ©. wak
wmgi and other cyanobacteria o Palres suggpess
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heerogeneity in the srategies of oganisms that
compete for biaavailable phosphoris.

O the thar were screened, there were wo
that exhibited a sgnificant response 1w DIF deple-
ton: paS and ersd (Fig. 2). Similar 1o many marine
oyanobacteria (Scanlan et al. 2009), the genome of
Covatsemii WHEBDN has three copies of the
gene: CwaDRAFT_4028 (puf), CwailDRAFT_5160
(3phX]), and CwalDRAFT 6534 (pa5Z). The genes
share litde simdlarity among them (215-24% amino
acid idendy): (Bench et al. 2018). Transcription of
aphX did not significantly change under Patres for
the dumtion of this sudy (Table 1). The iphX gene
is located 334 bp upstream of the piS gene in the
oppodte orient@adon, and the lack of ranscription
regulation by DIF avallability indicates that regula-
tory regions in the i promoter are ool used for
regulation of X ranscription. Transcripion of
the paS2 gene was not analyzed in this smdy. The
pas gene (CwatDRAFT_4928), with observed signifi-
cantdy up-regubited trandcripion in reponse w P-
defidency, is part of the only complete fwiSCAR
operon {Dvhrman and Haley 2006) which encodes
the genes for the high-affinity phosphate wansport
avatem. Notably, Croe es af the small-
cell pe (like WHERDN) have 3—4 copies of the paS§

, while es of the ell ypes have 5-7
copies. It & posible thatin the largecell vpes, ran-
scripton of other paf gened 4 ako regulited based
on the DIF sailabilic.

Tranacription of both padf and aril in C. walsondi
was characterized with high-resoludon sampling dur-
ing phosphorus sarvation experiments  (Fig. 3).
High-affinity phosphate teanspoit may be an early
t’?ﬂfﬂe e C. wakenidd, since increased ran-
scniplion of m&[mﬁduﬁhﬁ]ho&'cdh
exponed o lowP (Fig 3).
response o changing ﬂ{:race]]ula.t' P is detected
prior 1o physiological changes within the cell; pho-
wanthetc efficiency declined afier 24h  and
growth rates decreased afier 48 h (Fig. 1). Natural
populations of C watwrsdi may temporarily expres
PS5 as a response 1w intermitant changes in environ-
mental [P], without experiendng changes in growth
rate of photosynthets effidency. The of arill
ranscription under Parress is slightly shified from
that of s, poasbly in esponse w the nflux of
arsenate due to a lower PAs rado. While C. wais o
arif can ako be direcdy upregulated by [As]
=30 oM (Dvheman and Haley 2011}, this condition
does not occur in the marine environment, where
[As] mnges from 10 o 20 oM (Cuwer er al. 2001,
Cutter and Cuner 2006): however, the internal cel-
lular [As] i3 unknown, Meither marker singularly
captures the entire phophorus sres response; at
lace Plimitadon, the fold change in i declines,
£Ven as dress increases, while tanacripdon of arsff &
up-regulated after a period of exposure w lowP.
Yer, used in 1andem, these markers can effectvely
evalimie the Paams of C wakemi, Both pats (Cwat-

highly sendidve
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DRAFT_4928) and arif genes are highly conserved
(90%-100% nt idendry) among C wakeid araing,
at least among the six srains isolated from muldple
oveanic megiona and with the genomes sequenced.
This, the gPCR primers designed in this smdy can
be used for examining the cellular P-staus in nam-
ral € watwndl populatons.

We also found that reguladon of paf s different
in C. watiordi compared w other cyvanobacteria
{Seanlan et al. 19'91'] where increasing levels o&'psﬁ'
reflects increasing
lated h:nmedh:e]}' u\hm ﬂcmﬂmh below a
threshold concentradon, et ranseript abundance
does not consistentdy correlate with Jru:r\e:uing phas-
phors areds, rather it exhibis a srong diel paern.
The peak of corresponds with the
end of the light cycle before , which oocurs
in the dark in C aatsordd (Dron et al. 2012) and
may reflect an incresing cellular requirement for

during replication. There are other
inatances where Poareis reaponae i3 uncoupled Fom
exogenms DIF supply. In Snehocopts, phosphorus
smrvation responde can be tdggered under high
light, when growth raie surpasses the rate of phas-
phoms assimilkdon (Bhava et al. 2000). Basal psi§
ranscription rases the question of alernative regu-
ladon of this cutside of the Psres
(Esteban et al 2008). The vartable bac
levels of patS in C watisd oake it diffcult to iden-
tify whether this organism i3 responding mph-cuw
phoms  aresm from  palS expression  alone;
ranserips may be dewected in cells thar are m:

under phosphorus sress, depending on the dme of
day. Since the detecdon of paf i4 2 comnson ool

for predicd areds in naniral -
tons of pdr;gocm (Scanlan et al. 1997,
Fuller et al. 2005, Hung et al 2013), this Anding
has implications for the we of w5 as an environ-
mental biomarker for Cree When working
with namral populadons, late dark phase (D7-D11)
is the ideal dme o sample for g, since diel
expredgion is lowest at that dme (Fig. 4).

Shipboard  inmbadon  expedmens were con-
ducted o test ranseription of fwiS and anB genes
in the environment. Since Fe and P oare the omjor
limiting nutrients for aitrogen-Axing  microorgan-
iamm (Mills et al. 2004), the experinents were oon-
ducterd with both Fe and P additions, We found that
in namral populations of C. watsedd, using the com-
bination of paf and anB gene ex dif ferenti-
ates  bemween  early and ke Plimiadon. As
expected, the rato of paS el ranscript abun-
dance =1 afver 24 h in all weamments, even in botdes
weated with phosphate (+F, +P+Fe), due 1o basal
ranacripion. Fe wai added w shipboard incuba-
tons to Bciliae the depledon of DIP in weatment
botdes, In boules withour added P (conorol; +Fe),
bazal ranscripion of p2 makes it diffenlt w differ-
entiate any incresed mRENA amihesis thar celk may
produce due o early Patress. However, after 39 h,
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the S/ arsh <1 in botles withou added P, suggpests
a ransition of cells w elevared levels of Parres.
This corresponds o an increase in Pl ranscription
aeen in oulmres of C. watserdi inddally exposed o
lowP o a shifi of increasing exB wranscripion ar a
later stage of Pawes (Fig. 3). This shifi does oo
ocour in boules weated with P (Fig. 5). This illus-
trates consstency bemween the res) of environ-
mental and culmred © wabwed o P-imi@adon and
provides evidence of how giS and asB can be used
Lo inter rogate the Pamms of namral pci?uladms
(rien, a single biomarker is used 1o identify soress
in an organknn. Here, we show the need for a more
comprehensive approach, with the use of muldple
biomarkers that lead o a more accurate analvais of
Pestams. The wanscripdonal response of paS and

ari} indicate different phases of phosphorus siress.
In the environment, detecting arsf ranacrip would

suggest that celk are experiendng a higher level of
phosphorus sress. Although ic is widely used as a
bicmarker, cydic basl reguladon of g in C. wal-
sonid indicate possible alternative regulaton and
make it unreliable as a sole indicator of Pamress in
this open ocean dizowophic organism. When using
these markers w interrogate field populatdons, we
recommend sampling at night (6 h before sunrie)
if pssible, w colncide with the lowest level of fi§
basal transcripion. During other sampling tmes,
pals diel tmnscripion will need to be considered.
Fumre experiments that define how rapidly psis
responds 10 added phosphorus could be used 1w
infer Patans in environmenia  popubdons  of
C. watiordi by assessing changes in ranscript abun-
dance. While our anidy highlights potental norkers,
further men s woild be required 1o show that
their ranscription i3 nol alao affected by conditions
other than Pdefdency. In Synechosgits ap. POC
6803, paS had no significant change in response o
Fe deficiency or reconsimton (Singh et al 2003),
however no tive snudy has been done in Cre
coipharrn. In addidon, siudies wing semicontinuous
culoes would provide useful informaton about the
response of these genes under long-erm Pares.
The results of this paper provide one step oward
the full evalmdon of both genes as markers for use

in the environment and emphasize the complesity
of gene ranacripion under aires.
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CHAPTER 2: THE USE OF THE PHOSPHORUS-REGULATED GENE,

PSTS, AS AN INDICATOR FOR PHOSPHORUS STRESS IN THE MARINE

DIAZOTROPH CROCOSPHAERA WATSONII

Abstract

The marine diazotroph Crocosphaera watsonii provides fixed carbon (C) and
nitrogen (N) to open ocean regimes, where nutrient deficiency controls productivity.
The growth of Crocosphaera itself can be limited by low phosphorus (P)
concentrations in these oligotrophic environments. Biomarkers such as the phosphate
transfer gene, pstS, are commonly used to monitor when such organisms are under P
stress, however transcriptional regulation of these markers is often complex and not
well-understood. In this study, we have interrogated changes in pstS transcript levels
in Crocosphaera watsonii cells under P starvation, and in response to added dissolved
inorganic phosphorus (DIP), dissolved organic phosphorus (DOP), and changing light
levels. We found that pstS transcript levels in C. watsonii WH8501 were elevated at
DIP concentrations less than 60 nmol L™. Transcript levels were suppressed by both
inorganic and bioavailable organic phosphorus, however the P stress response was
more sensitive to DIP than DOP sources. Increasing light intensity induced pstS
transcription independently of low external P, and seemed to exacerbate the
physiological effects of P stress. The variable response to different phosphorus
compounds and independent influence of light on pstS transcription suggests that it is

not a reliable predictor of P limitation in Crocosphaera.
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1. Introduction

Diazotrophic cyanobacteria that fix dinitrogen gas (N,) are important in areas
where nitrogen (N) limits primary productivity, since they supply fixed bioavailable
N to these regions (Montoya et al. 2004). Crocosphaera watsonii is a unicellular
diazotroph that inhabits oligotrophic regions (Webb et al., 2009), and was first
cultivated from tropical Atlantic Ocean surface water over 20 years ago (Waterbury et
al. 1988). Because diazotrophs such as Crocosphaera can use an abundant form of
fixed inorganic N, Ny, their growth is limited by the availability of other nutrients.
Iron (Fe) and phosphorus (P) are essential nutrients required for the growth of marine
microorganisms and known to be important for diazotrophs, however the complex
factors controlling N,-fixing populations in the environment remain poorly
understood (Sanudo-Wilhelmy et al. 2001, Mills et al. 2004, Dekaezemacker and
Bonnet 2011). Acquisition of P is critical for growth of organisms in nutrient-limited
regions since it is a major element in biomolecules such as lipids and nucleotides
(Karl, 2014). Dissolved inorganic phosphorus (DIP) is the most readily accessible
source of P for cyanobacteria, but DIP concentrations are highly variable in the
marine environment (Bjorkman and Karl 2003), ranging from 0.2-100 nmol L™ in
surface waters of the North Atlantic and Pacific Oceans (Wu et al. 2000, Cavender-
Bares et al. 2001, Karl 2014). Dissolved organic P (DOP) can also serve as a source
of P for microorganisms, but much of the marine DOP pool has yet to be fully
characterized (Young and Ingall 2010). Unlike other cyanobacteria, Crocosphaera is

unable to utilize phosphonates as an organic P source, which often comprise up to
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25% of the marine DOP pool (Clark et al. 1998). However, Crocosphaera can grow
on phosphomonoesters, and its genome contains genes for alkaline phosphatase
(Dyhrman and Haley, 2006; Bench et al., 2013).

Cyanobacteria in oligotrophic marine environments have a variety of
strategies that allow them to mitigate the effects of P limitation. For example, marine
cyanobacteria, including the non-N,-fixing picocyanobacterial groups
Prochlorococcus and Synechococcus, as well as the larger filamentous diazotroph
Trichodesmium, substitute sulfolipids for phospholipids under P stress, which reduces
their cellular P demand (Van Mooy et al. 2006, Van Mooy et al. 2009). Interestingly,
there is evidence that Crocosphaera does not use this strategy to reduce its cellular P
requirement (Van Mooy et al., 2009; Pereira et al., 2016). In addition to reducing the
cellular P demand, microorganisms use multiple mechanisms to assimilate DIP.
When extracellular P is in excess, Crocosphaera uses the constitutively expressed
phosphate inorganic transport (PIT) system to transport P into the cell (Dyhrman and
Haley, 2006). Under P-limiting conditions, the phosphate-specific transport (PST)
system uses ATP-mediated transport and contains a high-affinity binding protein
(PstS) to meet P needs. Environmental populations of diazotrophs must increasingly
compete for low ambient P, based on the predicted shift toward a decline in P supply
in future open oceans (Karl et al. 2001, Talarmin et al. 2016). The ability to rapidly
respond to small changes in P fluxes by synthesizing high affinity Pi uptake systems
provides an ecologically competitive edge to microorganisms in these oligotrophic

marine environments (Degerholm et al. 2006). Increasing uptake affinity for external
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DIP via PstS is a key strategy used by Crocosphaera under P stress, since it does not
utilize phosphonates or sulfolipids as do other cyanobacteria. Interestingly, some
Crocosphaera strains have up to seven copies of the pstS gene (Bench et al. 2013).
Commonly used as a biomarker for P stress in natural microbial populations
(Fuller et al. 2005, Hung et al. 2013), pstS transcript abundance is considered to be a
sensitive metric of deficiency and adaptive responses to P availability. Molecular
biomarkers such as pstS have an advantage over bulk measurements of nutrient stress,
since they can be used to determine when and where P availability limits the growth
of specific Np-fixing microorganisms, such as Crocosphaera. pstS transcription in a
model freshwater cyanobacterium is regulated by P availability, and is activated when
orthophosphate (Pi) falls below a threshold concentration that varies between
organisms (Aiba and Mizuno 1994). It has been previously shown that transcription
of pstS in Crocosphaera is up-regulated within 1 h of exposure to low external Pi
(Pereira et al. 2016). However, pstS transcript levels have a diel cycle in
Crocosphaera, which results in elevated transcript levels that do not necessarily
quantitatively reflect a decrease in external P availability (Shi et al. 2010, Pereira et
al. 2016). The peak of basal pstS transcript levels occurs at the end of the light cycle,
just prior to DNA replication in Crocosphaera (Dron et al., 2012; Pereira et al.,
2016). In Prochlorococcus, pstS has high basal transcript levels even in P-replete
conditions, suggesting that pstS may be important for uptake even during periods of
higher P availability (Reistetter et al. 2013). Thus, it is necessary to understand the

effects of time of day, as well as external factors in order to accurately use pstS
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transcript levels as a biomarker. Apart from low external Pi, abiotic factors such as
DOP availability, light intensity, and pH can influence pstS expression (Bhaya et al.,
2000; Harke et al., 2012; Fischer et al., 2006). Such indirect influences on pstS
regulation can complicate its use as a biomarker for P stress.

This study evaluates the effectiveness of pstS as an indicator of P stress in
Crocosphaera watsonii. Understanding how these factors affect transcription will
help provide a framework to interpret the detection of pstS in the field under a variety
of environmental conditions. Effective biomarkers for P stress must be P-specific,
highly sensitive to bioavailable forms of P, and exhibit stable expression (Scanlan and
Wilson 1999). We performed experiments designed to determine whether this marker
is sensitive and specific to changes of bioavailable P sources and to the effect of light
intensity. Our findings indicate that pstS is sensitive to changes in DIP and DOP
concentrations, but the response varied for each P source. High light intensity also
induced pstS transcription, suggesting that the regulation of this gene in
Crocosphaera is not specific to low P conditions. The non-specific and variable
transcriptional response of pstS under P stress indicates that this gene would not be a

reliable indicator of Crocosphaera P status.

2. Methods:
2.1 Cell culturing
Crocosphaera watsonii WH8501 was grown in seawater-based media (SO;

pH 8.0, salinity 28) prepared with 0.2 um-filtered Sargasso Sea seawater, but without
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added N (Waterbury et al. 1986). P-replete cultures were grown in SO medium with
60 uM K,HPOy,, while P-deficient cultures were grown in SO medium without added
Pi. Residual soluble reactive phosphate (SRP) in the seawater base used for SO
medium was measured at 60 nmol L™ using Magnesium Induced Co-Precipitation
(MAGIC) (Karl and Tien 1992). Prior to experiments, Crocosphaera was grown at
27°C with 55 pmol quanta m™ s in a 12:12 light/dark cycle. Cells used as inoculum
for all treatments were grown with replete Pi and harvested with a 0.2 um filter at
mid-log phase from a single mother culture, then washed three times and re-
suspended in medium without added Pi to limit P carryover.

Batch experiments were conducted with Crocosphaera watsonii WH8501
cultures under P-limited growth, re-fed with DOP, and at varying light intensities. In
order to assess cultures under P stress, various metrics were measured over 5-6 day
experiments: cell counts, [DIP], photosynthetic efficiency, and pstS transcript levels.
Cells were initially inoculated into P-replete and P-deficient treatments. During the
DOP re-feed experiment, replicate P-deficient cultures were re-fed with either
glucose-6-phosphate (G6P; Sigma-Aldrich, Saint Louis, MO, USA) or DL-a-glycerol
phosphate (GP; Sigma-Aldrich, Saint Louis, MO, USA) to a concentration of 50 puM.
P (SRP) in the organic phosphorus reagents was found to be negligible (4 nmol L™)
using MAGIC. During the light intensity experiment, six replicate cultures of P-
replete and P-deficient treatments were initially grown in low light (LL) at 55 umol
quanta m™ s, After three days, duplicate cultures from each treatment were exposed

to medium light (ML) at 180 umol quanta m™ s or high light (HL) at 450 pmol
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quanta m% s for the duration of the experiment.

2.2 Microscopy and photosynthetic efficiency

In each experiment, growth rates were determined using cell counts. Replicate
samples of 1 mL aliquots from each treatment were filtered using a vacuum pump
directly on 25 mm black polycarbonate, 0.22 um pore filters (Poretics, Osmonics Inc.,
Minnetonka, MN, USA). Filters were mounted on glass slides (Fischer Sci.,
Pittsburgh, PA, USA) and cells were viewed with an Axioplan 2 Zeiss microscope
(Carl Zeiss Microlmaging, Thornwood, NY, USA) at 4,000x magnification under
blue excitation light. For each slide, cell counts were obtained by averaging counts
from ten fields of view. During the light intensity experiment, cell size was
additionally monitored. ImageJ software was used to estimate the diameter of at least
100 cells for each treatment. Photosynthetic efficiency (F./Fy) was also measured
daily during every experiment. Aliquots of 5 mL from each treatment were assessed
using a fast repetition rate fluorometer (FRRF) (Kolber et al. 1998). F,/F, is often

used as a proxy for cellular health in primary producers (Beardall et al. 2001).

2.3 Alkaline phosphatase activity (APA)

Samples for APA were measured fluorometrically during the DOP re-feed
experiment, as an additional proxy for phosphorus stress. Aliquots of 6 mL were
filtered through 2.0 um pore filters (Poretics, Osmonics Inc., Minnetonka, MN, USA)

and resuspended in 2 mL artificial seawater medium (van Waasbergen et al., 1993).
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To assay cell-associated APA, a modified version of the 6,8-difluoro-4-
methylumbelliferyl phosphate (DiIFMUP, Life Technologies, Carlsbad, CA, USA)
protocol was used (Dyhrman and Ruttenberg 2006). Briefly, 20 pL 1 mmol L™
DiFMUP was added to the re-suspended sample, and was mixed by pipetting.
Hydrolysis of DiFMUP to 6,8-difluro-7-hydroxy-4-methylcoumarin (DiFMU) was
measured on a SpectraMax M2 plate reader (Molecular Devices, Sunnyvale, CA,
USA), with seven readings taken on each subsample. Readings were initiated
immediately after DiIFMUP was added (TO) until around 120 minutes after addition,
based on the activity of the samples. Activity was determined using a standard curve
from 0 to 600 nmol L™ DiFMU (Life Technologies, Carlsbad, CA, USA\) in artificial
seawater that was read simultaneously with the subsamples. Since volumetric APA is
dependent on biomass (Karl et al., 2014), final APA measurements (nmol L™
P/h/cell) were normalized to the number of cells in each treatment based on daily cell

counts.

2.4 RNA extraction and quantitative PCR (QPCR)

RNA samples were taken from each experiment for relative quantitative PCR
(gPCR) analysis. For each RNA time point, aliquots of 10 mL of each culture
treatment were filtered through a 25 mm, 0.2 um pore-sized Suporfilter (Pall
Corporation, Port Washington, NY, USA) using gentle vacuum filtration. Filters were
immediately placed in bead-beater tubes with 3-mercaptoethanol and RLT buffer,

then flash frozen in liquid nitrogen and subsequently stored at -80°C until extraction.
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RNA extractions were carried out using a modified RNeasy Mini Kit protocol
(Qiagen, Germantown, MD, USA) and converted to single stranded complementary
DNA (cDNA) using the QuantiTect Reverse Transcription Kit (Qiagen) as previously
outlined (Pereira et al. 2016). All cDNA was subsequently stored at -20°C.

gPCR primers for the pstS gene that have been previously characterized in
Crocosphaera watsonii WH8501 were used (Pereira et al., 2016). For each biological
replicate, duplicate samples were run using SYBR Green Mastermix (Life
Technologies, Carlsbad, CA, USA) with reactions as follows: 8 ul sterile water, 10 pl
SYBR Mastermix, 250 nmol L™ forward and reverse primers, and 1 ul cDNA. The
gPCR reactions were prepared in 96-well plates (Applied Biosystems, Foster City,
CA, USA) and run on an ABI 7500 Real-time PCR System (Applied Biosystems)
with a previously outlined run cycle (Pereira et al., 2016). The comparative (AACt)
method was used to normalize the expression of pstS to a housekeeping gene (rnpB)
previously used in Crocosphaera. A single T, time point sample was used as a
calibrator for calculating fold changes in each experiment. Fold changes were

calculated using Relative Quantification software (Applied Biosystems).

3. Results:
3.1 Characterization of P-limited growth

In P-deficient cultures, cell abundances decreased by 12% in comparison to P-
replete cultures at 72 h when cells were entering into stationary phase (Fig. 1a).

External DIP concentrations in P-deficient treatments were reduced to 20 nmol L™ by
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48 h and fell below the detection limit (15 nmol L™) by 96 h. Photosynthetic
efficiency in P-replete cultures remained constant with an Fv/Fm of ~0.5 (Fig. 1b).
There was a decrease of Fv/Fm in P-deficient treatments at 48 h, when photosynthetic
efficiency was 12% lower in comparison to the control. Fv/Fm continued to decline in
cells grown without further addition of P and reached lowest values (0.15) by 96 h.
Initially (TO), pstS transcript levels were low and comparable to basal levels in both
P-deficient and P-replete cultures (Fig. 1c). Within 24 h of inoculation, pstS transcript
abundances increased over 2-fold in the P-deficient cultures. These elevated transcript
levels were maintained from 24 h — 72 h as the P concentration continued to decrease,
corresponding with [DIP] < 60 nmol L™. By 96 h, growth had ceased in P-deficient
cultures and pstS was reduced to near basal levels, comparative with control cultures.

Crocosphaera WH8501 was also able to grow on phosphomonoesters as a
sole source of added P. In a separate experiment, we tested growth on two alternative
dissolved mono-phosphorus sources: GP and G6P. In the exponential phase, the
growth rate of Pi-replete controls (0.39 + 0.01 d™) were comparable to those in GP
(0.37 £ 0.03 d™) and G6P (0.36 + 0.03 d™) treatments (Fig. 1d).
3.2 Response to P re-supply

P re-supply experiments were conducted with both DIP and DOP additions in
order to determine how quickly P additions influence pstS transcript levels,
photosynthetic efficiency, and alkaline phosphatase activity (APA). Normalized pstS
transcript levels in P-deficient cultures were initially 3-fold higher (0 h) than in P-

replete cultures (Fig. 2a). Transcript levels of pstS in P-deficient Crocosphaera
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cultures re-fed with DIP were significantly reduced (p<0.2) after 2 h compared to
those in P-deficient cultures, and remained lower in all subsequent samples taken
within 24 h. Photosynthetic efficiency in both P-replete and P-deficient cultures was
~0.5 at 24 h, but Fv/Fm in P-deficient treatments was significantly reduced compared
to control cultures at 48 h and continued to steadily decrease until 120 h (Fig. 2c). We
observed a higher Fv/Fm in re-fed treatments that was significantly different from
that in P-deficient cultures 6 h after DIP addition. The photosynthetic efficiency in re-
fed treatments was comparable to control cultures and remained elevated at Fv/Fm
~0.5 for the remainder of the experiment.

Crocosphaera cultures under P stress were also re-fed with DL-a-glycerol
phosphate (GP) and glucose-6-phosphate (G6P) as DOP sources. There were no
significant differences in responses of any of the parameters measured between
cultures with the two DOP sources used for re-feeding. When P-deficient treatments
were re-fed with DOP, pstS transcript levels were initially 2-fold higher than P-
replete cultures (0 h) (Fig. 2b). Unlike DIP re-fed treatments, pstS transcript levels
remained elevated at 2 h, 4 h, and 6 h in both DOP re-fed and P-deficient treatments.
Transcription of pstS was significantly (p<0.5) down-regulated in both GP and G6P
re-fed treatments at 10 h and remained reduced 24 h later. Similar to the DIP addition
experiment, photosynthetic efficiency in P-replete and P-deficient cultures was ~0.5
at 24 h prior to the DOP addition (Fig. 2d). At 48 h, Fv/Fm was reduced in P-deficient
cultures as well as DOP re-fed treatments compared to the control. Fv/Fm increased

in re-fed treatments at 72 h, which was 30 h after the DOP addition. The
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photosynthetic efficiency continued to increase in re-fed treatments until the end of
the experiment, while steadily declining in P-deficient cultures. APA was also
measured as another metric of P stress during the DOP addition experiment. Initially
(TO), APA in P-deficient cultures was comparably low to that in control cultures.
After 24 h, APA had significantly increased in P-deficient treatments (Fig. 3). APA
incrementally decreased in DOP added treatments, and was significantly reduced
after 48 h. APA in re-fed treatments had returned to basal levels comparable to P-

replete cultures within 120 h.

3.3 Effect of changes in light intensity

To evaluate the effect of changing light intensity on photosynthetic efficiency,
pstS transcript abundances, and cell size in Crocosphaera, we analyzed P-replete and
P-deficient cultures at LL (55 ME m?s™), ML (180 uE m?s™), and HL (450 pE m? s’
1. Prior to the change in light levels at 72 h, P-replete treatments had a growth rate of
0.37 and P-deficient treatments had a similar growth rate of 0.38 (Fig. 4a). After the
transfer to higher light levels, the reduction of growth in P-deficient cultures,
indicated by biomass, was significantly lower in HL treatments compared to the LL
control at 120 h. At this time point, cells in P-deficient treatments at all irradiance
levels were in stationary phase. Similarly, both P-replete and P-deficient treatments
had similar photosynthetic efficiencies prior to the light increase (Fig. 4b). Six hours
after the light increase (72 h), Fv/Fm was significantly reduced in ML and HL

cultures compared to LL. Fv/Fm continued to decline in P-deficient treatments at all
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irradiances until 144 h. The biomass and photosynthetic efficiency of P-replete
treatments at all light intensities was comparable, with cells at higher light intensities
exhibiting no increase in growth rate or Fv/Fm within the time-frame of the
experiment.

Changes in transcript abundances of pstS were different depending on
irradiance levels. Prior to the light increase at 72 h, pstS transcript abundance
remained 2-fold higher in P-deficient cultures compared P-replete cultures (Fig. 4c).
Four hours after the light increase (76 h), pstS transcript abundances were still
significantly higher in LL and ML treatments in comparison to HL. By 84 h, there
was a decrease in transcript levels in ML as well as HL, and at 96 h pstS transcript
levels in P-deficient treatments at all irradiances had declined. Interestingly, we
observed a 4-fold increase of pstS transcription in HL treatments compared to LL
treatments in P-replete cultures (Fig. 4d). No further increase was observed 12 h after
the change in light intensity.

Another metric used to assess the effect of light intensity on P-deficient cells
was cell size. Cell diameter in P-replete cultures ranged from 3.1 £ 0.2 um, and was
generally higher than that of P-deficient cultures, which ranged from 2.7 £ 0.1 um.
After the light switch, cell diameters of P-replete cells at HL significantly increased
(p<0.02) to 3.5 um compared to LL cells at 120 h — 168 h (Fig. 5a). In P-deficient
cultures, no significant difference was observed between irradiance treatments after

the light increase from 72 h — 168 h (Fig. 5b).
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4. Discussion

N,-fixing cyanobacteria play an important role in open-ocean ecosystems, yet
evaluating the factors that control their abundances and activities in situ remains a
fundamental challenge (Fu and Bell 2003, Kustka et al. 2003, Garcia et al. 2015).
Methods for determining species-specific nutrient control are needed to more
accurately model the biogeography of N, fixation in the ocean and predict
consequences of environmental changes (Lindell and Post 2001). In this study, we
assessed the potential use and limitations of the P-regulated biomarker, pstS, to
indicate P stress in the marine diazotroph Crocosphaera watsonii.

In order to evaluate pstS as an indicator of P stress, it is important to assess at
what point transcript levels of this gene are sensitive to the depletion of Pi. In an
experiment where cultures were exposed to an external [Pi] of 60 nmol L™, pstS
transcription in P-deficient treatments was not initially upregulated (Fig. 1a).
However, pstS transcript levels were elevated between 20 to 60 nmol L™, as external
[Pi] was further depleted in P-deficient treatments. A threshold near 60 nmol L™ for
Crocosphaera is similar to the threshold [DIP] for pstS in a marine Synechococcus
strain, and suggests that it would often experience P limitation in the natural
environment (Scanlan et al. 1997). In the North Pacific, where surface DIP varies
between 6-100 nmol L™ (Bjorkman et al. 2000, Grabowski et al. 2008) and in the
North Atlantic, DIP can be as low as 0.2 nmol L™ (Wu et al. 2000). Trichodesmium,
another diazotroph with similar global distribution to Crocosphaera, has a Pho

regulon threshold of 7 nmol L™ (Orchard, 2009). A lower Pho regulon threshold for
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Trichodesmium indicates that it may outcompete Crocosphaera at extremely low [Pi].
A study in the North Pacific subtropical gyre found that Crocosphaera abundances
increased with [Pi], while Trichodesmium was more abundant at low [Pi] (Robidart et
al. 2014). In our P starvation Crocosphaera culture experiments, we found that pstS
continued to be up-regulated at low Pi concentrations, until a concentration of ~15 —
20 nmol L™ was reached, when cells entered into stationary phase. Below 15 nmol L~
! pstS transcript levels are reduced, suggesting that this gene is not up-regulated
under late stages of P-stress in Crocosphaera, as previously observed (Pereira et al.,
2016). Similarly, the Pho regulon in Prochlorococcus is activated below 100 nmol L
! when most P-stress genes were found to be up-regulated (Martiny et al. 2009), but
cells are growth-limited at a [Pi] of 30 nmol L™ (Parpais et al. 1996). The variation in
thresholds of pstS transcription among cyanobacteria may be attributed to differences
in cellular P requirements, which can be affected by cell size or even genome size
(Bertilsson et al., 2003).

Transcription of pstS in Crocosphaera was highly sensitive to the changes in
DIP availability. In P-deficient cultures, pstS transcription was upregulated within 24
h, before changes in growth rate or photosynthetic efficiency were observed (Fig. 1 a-
c). Previously, it was found that pstS transcripts return to basal levels within 24 h
when cells are exposed to higher levels of exogenous Pi (Dyhrman and Haley 2006).
Here we observed the decrease in pstS transcript abundances within 2h upon
resupplying DIP (Fig. 2a). The sensitivity of pstS transcription to availability of DIP

enables cells to conserve energy, as the high-affinity transport of Pi is an ABC-type
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transporter that requires ATP. Rapid transcriptional responses, within 2 h of nutrient
resupply, have been identified for genes in response to N, P, and vitamin B12
resupply in other prokaryotes (Helliwell et al. 2011, Nakagawa and Stahl 2013,
Wourch et al. 2014).

Similar to DIP, availability of DOP affected pstS transcription in
Crocosphaera; however the response to DOP was slower than to DIP. The
exponential growth rates were not significantly different between treatments growing
on DIP versus those growing on DOP sources suggesting that Crocosphaera can
grow competitively with phosphomonoester as a sole organic P source. This could
help them persist in areas of the ocean with elevated DOP:DIP, such as the western
North Atlantic, where the majority of the dissolved phosphorus pool is comprised of
DOP (Wu et al. 2000). As expected, we found that bio-available DOP does repress
the transcriptional activity of pstS in Crocosphaera. However, there was a lag time
between the decline of pstS transcripts in response to both GP and G6P additions (10
h) versus DIP addition (2 h) (Fig. 2b). Since bio-available DOP must first be
hydrolyzed before the associated Pi molecules can pass through the cell membrane, it
is a less direct route for P-acquisition than DIP. However, AP hydrolysis occurred
rapidly, and DIP concentrations in re-feed treatments was estimated to be
approximately 38 uM after 24 h. The DOP conversion can be catalyzed by alkaline
phosphatases localized in the periplasm or extracellular, suggesting that cells can still
use pstS to scavenge DIP even when bioavailable DOP is present (Karl 2014). A lag

time in the recovery of photosynthetic efficiency in treatments re-fed with DOP
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versus DIP (Fig. 2c-d) also suggests the delayed availability of Pi from DOP re-feed
treatments. This delay in molecular response and physiological recovery supports the
suggestion that Pi is the preferential P source for phytoplankton (Falkowski and
Raven 2007).

In addition to a slower downregulation of pstS transcription and recovery of
photosynthetic efficiency, there was also a lag time in APA reduction after DOP
additions (Fig. 3). The reduction of APA in DOP re-fed treatments likely resulted
from feedback repression due to enzymatic hydrolysis of the added organic
phosphorus sources (Huang and Hong 1999). APA detection 24 to 48 h after the
addition of organic phosphates was similar to observations from previous studies with
Trichodesmium (Stihl and Sommer 2001, Orchard et al. 2009). Such prolonged
detection of APA suggests that the enzyme takes longer to degrade and that its
detection may not always coincide precisely with P-stressed cells. It is also possible
that heterotrophic alkaline phosphatases contribute to the measured APA in our
experiments, although we tried to minimize these influences by measuring cell-
associated activity on 2 um filtrates instead of bulk APA. As in previous studies with
Crocosphaera WH8501, the putative gene for alkaline phosphatase (phoA) was not
differentially detected in P-deficient treatments (Dyhrman and Haley, 2006; Pereira et
al., 2016). Since the observed transcription of phoA does not align with APA, it is
possible that there are other unidentified genes that contribute to the APA. The
discrepancy may also be attributed to a difference in regulation between phoA and

pstS in this organism, since upregulation of phoA transcripts was not detected during
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this experiment.

Interestingly, pstS transcripts were not always specifically elevated by low Pi,
and also increased in response to high light intensity. A previous study detected pstS
in Synechocystis after 3 h of exposure to a light intensity of 500 HE m™ s*, with
transcripts appearing to increase until 8 h when the last measurement was taken
(Bhaya et al. 2000). We found that pstS transcription could be induced in P-replete
Crocosphaera with a light intensity of 450 pE m™? s, but not at 180 uE m™@s™.
Although we did not observe an increase in growth rate of cells in higher light
treatments during our short-term experiment, it has previously been shown
Crocosphaera cultures growing at higher light intensities have a shorter doubling
time (Goebel et al. 2008). An increase in metabolic activity at the onset of high light,
associated with increasing growth rates, may outstrip P-acquisition. In HL treatments,
pstS was significantly up-regulated at 4 h compared to the LL control, but relative
transcription decreased again at 12 h (Fig. 4c). It is possible that a few hours exposure
to HL conditions results in the activation of pstS as cells transition to a higher P
requirement. The switch to higher light intensity occurred at LO in the 12:12 light:
dark cycle. Thus, an increase in pstS transcripts corresponds with the growth and
mitosis phases of the cell cycle, which occurs throughout the light phase in
Crocosphaera (Dron et al. 2012). This upregulation of pstS may indicate an increase
in P acquisition before cell division occurs. After 12 h, at the end of the light cycle,
pstS transcripts are downregulated to basal levels again. The short interval between

HL exposure and pstS upregulation suggests that pstS is responding to the immediate
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impacts of increased light intensity, rather than the impending physiological changes
that indirectly influence the cellular P requirements (i.e. increased cell size and
growth rate). Because the external DIP concentration was 50 (LM, pstS response under
HL must be induced either by alternate regulation from the Pho regulon or due to a
cytoplasmic Pi sensor that detects a decrease in internal Pi (Auesukaree et al. 2004).
In addition to affecting cells in P-replete conditions, we found that higher
irradiance negatively impacted cells already under P stress. P-deficient treatments
switched to higher light intensity exhibited significantly lower Fv/Fm compared to
LL cultures (Fig. 4b). There was an incremental decrease in photosynthetic efficiency
in cells at LL, ML, and HL. Additionally, the reduction in pstS transcripts in P-
starved cells as cells were moving into stationary phase occurred more rapidly at HL
and ML than at LL (Fig. 4c). We also observed that the average diameters of
exponentially growing P-replete cells were 20% larger in HL than LL treatments,
similar to a previous study with different Crocosphaera strains WH0401 and
WHO0402 (Garcia et al. 2013). This significant increase in cell size is detected 48 h
after cells were transferred from LL to HL (Fig. 5a). The molecular response in HL
treatments we observed when pstS transcription is induced may be due to an
increased P requirement that cells have prior to an increase in size. Interestingly, this
size increase due to light intensity is not observed when cells are experiencing P
limitation (Fig. 5b). Larger cells have an increased P requirement, as they have more
phospholipids in their cellular membrane. It is possible that cells already under P

stress do not meet the increased P quotas needed to increase cell size. Thus,
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Crocosphaera may be able to more efficiently respond to low P conditions at lower

light intensities due to the exacerbation of P stress effects at high light intensities.

5. Conclusions

Molecular proxies for nutrient stress are used to indicate the species-specific
nutrient status of environmental populations in situ (Lindell and Post, 2001). Our
findings suggest that pstS may not be a reliable predictor of P stress for Crocosphaera
in the environment, except in field studies under controlled conditions. The viability
of this marker as an indicator for P stress in natural populations of Crocosphaera
depends on its specificity, sensitivity, and stability. While pstS transcription in
Crocosphaera is induced at a low Pi threshold and responds rapidly to fluxes of DIP
and DOP, similar to other cyanobacteria, its response is not consistently specific to
low P conditions. Although an increased pstS signal can reflect instantaneous P
deficiency, it can also be indicative of increased light intensity. This complexity
suggests that the regulation of pstS in Crocosphaera is mediated by more than just
sensing of Pi, and that its detection in the environment may not always reflect P
limitation of natural assemblages. pstS is widely used as a proxy for P stress, however
our work indicates that it may not be an ideal marker for every organism, especially
since studies like this have not been done in most marine organisms. To fill this
research gap, laboratory experiments focusing on taxon-specific responses should be

used in order to interpret environmental applications of biomarkers. Further studies
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that expand our understanding of the molecular mechanisms regulating nutrient stress

response will help to identify appropriate biomarkers for future use.
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Figure 1. P stress response of Crocosphaera watsonii WH8501. Growth (A) and
photosynthetic efficiency (B) shown in P-replete and P-deficient treatments. Pi
concentrations in P-deficient treatments are also plotted at 0, 48 and 96 h. (C) pstS
transcript levels in the same experiment in P-replete and P-deficient treatments.
Transcripts of pstS were normalized to the housekeeping gene rnpB. Error bars
represent the standard deviation of triplicate biological replicates for each treatment.
(D) Growth of C.watsonii on two DOP sources, either GP (glyceraldehyde-3-
phosphate) or G6P (glucose-6-phosphate) during a separate re-feed experiment.
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Figure 2. Transcript levels and photosynthetic efficiency in DIP (A and C) or DOP (B
and D) re-feed experiments. pstS transcripts of either P-deficient or re-fed treatments
shown as fold change, normalized to P-replete control cultures (A-B). Fold change of
1 (dotted line) represents transcript levels of P-replete control cultures. Arrows show
where P-deficient treatments are re-fed, either with Pi (C) or DOP (D). An * indicates
a p-value of less than 0.02 for the re-fed vs the P-deficient treatments at a single point
in time for a paired t-test. Error bars indicate standard error of either duplicate or
triplicate biological replicates.
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Figure 3. Effect of DOP additions on the APA activity. The arrow represents the point
where P-deficient cultures were fed with 50 uM GP or G6P. An * indicates a p<0.05
for a paired t-test. Error bars indicate standard error of duplicate biological replicates.
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Figure 4. Effect of light intensity on responses to P stress. Biomass (A)
photosynthetic efficiency (B), and normalized pstS transcripts (C—D). Arrows
represent the time at which the light transfer from Low Light (LL) to Medium Light
(ML) and High Light (HL) occurred, relative to when samples for either cell counts
or Fv/Fm were taken. An * indicates a p-value of less than 0.05 for the HL vs the LL
treatments at a single point in time for a paired t-test. Error bars indicate standard
error of duplicate biological replicates.
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Figure 5. Cell diameter variation between three light treatments: Low Light (LL),
Medium Light (ML), and High Light (HL), in (A) P-replete and (B) P-deficient
cultures. Arrows represent the time at which the light transfer from LL to ML and HL
occurred. An * indicates a p-value of less than 0.05 for the HL vs the LL treatments at
a single point in time for a paired t-test. Error bars indicate standard error of duplicate
biological replicates.
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CHAPTER 3: USING BIOMARKERS TO DETERMINE THE P STATUS OF
TWO N2-FIXING CYANOBACTERIA IN THE NORTH PACIFIC OCEAN
Abstract

Phosphorus (P) availability in the North Pacific Subtropical Gyre (NPSG) can
limit nitrogen fixation by marine microorganisms, known as diazotrophs, which
assimilate dinitrogen gas. However, the environmental controls that affect P stress in
diazotroph assemblages are not well understood. Determining when natural
populations experience P stress can help to identify environmental conditions that
cause P limitation in microbial communities. Diagnostic biomarkers for P stress in the
nitrogen-fixing cyanobacteria Crocosphaera and Trichodesmium were used to assess
the P status of these organisms under a range of environmental conditions along a
transect in the NPSG, and the relationship between environmental variables and P
biomarker transcript levels was evaluated statistically. In natural populations of
Crocosphaera, the biomarker for the arsenite efflux gene (arsB) was found to be a
reliable indicator for low P concentrations. Elevated arsB transcripts strongly
correlated with the principal component that reflected lower P and a decrease in
Crocosphaera abundance, especially large-cell phenotypes. These results suggest that
P concentrations can influence the proliferation and strain composition of
Crocosphaera assemblages. In contrast, the Trichodesmium biomarker for the
alkaline phosphatase gene (phoX) was up-regulated only at the lowest P concentration
in this study (20 nmol L™), suggesting that populations were typically not stressed by

P-availability, even at sites with high abundances and low P concentrations. These
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findings emphasize the value of using molecular tools in concert with environmental
data for predicting the competitive abilities of diazotrophs as a function of nutrient

stress.

1. Introduction

The N,-fixing cyanobacteria Crocosphaera and Trichodesmium are globally
significant contributors to the marine nitrogen (N) cycle (Capone et al., 1997,
Moisander et al., 2010). The contribution of fixed N by these diazotrophs is especially
important in marine ecosystems where fixed inorganic N is present in limiting
concentrations, such as in the North Pacific Subtropical Gyre (NPSG) (Carpenter and
Capone, 2008, Church et al., 2008). Studies, including a recent one in the NPSG,
provide evidence that phosphorus (P) availability controls N,-fixation rates (Fu and
Bell, 2003, Mills et al., 2004, Rees et al., 2006, Watkins-Brandt et al., 2011). Thus,
the predicted climate-driven shift toward increasing P deficiency within the NPSG
(Karl et al., 2001a) has implications for diazotroph populations and would confer an
advantage to diazotrophs that are better competitors at low P.

Although Crocosphaera and Trichodesmium often co-occur in the marine
environment, their genetic and physiological differences suggest their populations
may respond differently to low P conditions. In order to mitigate a reduction in
growth due to P deficiency, organisms induce a set of genes to increase the rates of
dissolved inorganic phosphorus (DIP) uptake and dissolved organic phosphorus

(DOP) hydrolysis. In Trichodesmium, the P stress response is activated at
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approximately 9 nmol L™ DIP (Moutin et al., 2008), while in Crocosphaera, P stress
genes are up-regulated below a DIP concentration of 60 nmol L™, but may be
expressed at higher DIP concentrations as well (Pereira et al., 2016). Trichodesmium
has access to a greater portion of the DOP pool than Crocosphaera, due to a variety
of alkaline phosphatases as well as genes for phosphonate metabolism that are not
present in Crocosphaera (Dyhrman and Haley, 2006, VVan Mooy et al., 2012).

There are two phenotypically distinct ecotypes of Crocosphaera that differ in
size: small-cell (2-4 um) and large-cells (5-6 um) (Webb et al., 2009). The higher
per-cell N,-fixation rates and extracellular polysaccharide (EPS) production
characteristic of the larger cells may contribute to higher P requirements (Sohm et al.,
2011, Webb et al., 2009) compared to the small-cell types. The genomes of large-cell
strains also possess more copies of P-acquisition genes and a greater variety of
alkaline phosphatases than the small-cell strains (Bench et al., 2013). The variation in
P stress genes between Crocosphaera phenotypes suggests that natural assemblages
of these ecotypes could respond differently to P limitation.

Molecular markers provide a valuable means of detecting P stress of
individual species in the environment (Fuller et al., 2005, La Roche et al., 1999). The
high-affinity P-uptake gene, pstS, and the arsenite efflux gene, arsB, are two markers
that have been used previously to evaluate the P status of Crocosphaera (Dyhrman
and Haley, 2006, Dyhrman and Haley, 2011, Pereira et al., 2016). Since arsenate is an
analog of phosphate, it is transported into cells along with P, especially when the

high-affinity phosphate uptake system is activated under P stress. pstS gene
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expression responds rapidly to P deficiency in Crocosphaera, but can also be
transiently elevated in the presence of a replete exogenous P supply due to diel
regulation and high light intensity (Dyhrman and Haley, 2006, Dyhrman and Haley,
2011, Pereira et al., 2016, Shi et al., 2010). arsB transcription is usually characteristic
of later stages of P starvation, and is up-regulated as the phosphate to arsenate ratio
declines (Dyhrman and Haley, 2011, Pereira et al., 2016). In Trichodesmium, the
alkaline phosphatase gene, phoX, is an ideal marker for P stress because it exhibits a
much stronger response to P deficiency than the frequently used alkaline phosphatase
gene, phoA, and was shown to be elevated below 7 nmol L™ DIP (Orchard et al.,
2009, Orchard, 2010).

In this study, genus-specific P stress biomarkers for Crocosphaera (pstS and
arsB) and Trichodesmium (phoX) were used to identify P-limiting conditions and
evaluate environmental controls on cyanobacterial abundance. Samples from the
Biosensing Lagrangian Instrumentation and Nitrogen Cycling Systems (BioLINCS)
research cruise conducted near the long-term time series Station ALOHA in the
NPSG were analyzed for expression of P stress biomarkers. As previously shown by
Robidart et al. (2014), DIP concentrations correlated strongly with salinity during the
cruise, making it an ideal location for this study (Fig. 1). This study demonstrates the
contrasting effect of DIP availability to the P stress response in Crocosphaera and
Trichodesmium populations, which will help predict how these ecologically

significant diazotrophs may respond to P deficiency in future oceans.
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2. Methods
2.1 Cruise sample collection and environmental data

Samples for this study were acquired from the BioLINCS research cruise
between 9/8/2011 — 9/18/2011 aboard the R/V Kilo Moana. Seawater was collected in
Niskin bottles mounted to a SeaBird 911 Plus CTD at approximately 1200 hrs at each
station, from depths of 5, 25, 45, and 75m (Table S1). Hydrographic data for salinity,
temperature, and light was recorded by the CTD at each site. For RNA analysis, 2 L
of seawater was pre-filtered through 10 um, and then collected by filtration through a
0.22 pm Supor (Pall Life Sciences, Ann Arbor, MI, USA) filter using gentle
peristaltic pumping. The filters were preserved in liquid nitrogen and stored at -80 °C
until further processing. Nutrient analysis was conducted from CTD samples taken
concurrently at each station (Robidart et al., 2014). Phosphorus samples were
analyzed for DIP according to Karl and Tien (Karl and Tien, 1992) and nitrogen
samples were analyzed for NH4 according to Dore and Karl (Dore and Karl, 1996).
Fluorometric chlorophyll a was measured via the CTD fluorescence sensor and
calibrated against discrete extracts using fluorometric analysis (Strickland and
Parsons, 1972). Abundances of Crocosphaera and Trichodesmium were previously
determined by Bombar et al. (2015) using quantitative PCR (qPCR) to determine the
nifH gene copies per liter of seawater. Similarly, abundances of small-cell and large-
cell ecotypes of Crocosphaera were previously quantified by Bench et al. (2016)
using gPCR primers that were designed to differentiate between the different

phenotypic strains.
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2.2 RNA extraction and quantitative PCR

Total RNA was extracted from the 0.22 pm filters using a modified RNeasy
Mini Kit protocol (Qiagen, Germantown, MD, USA). RNA extractions and reverse
transcription assays were preformed as previously described by Pereira et al. (2016).
The first extraction steps were carried out manually, and the column-based extraction
portions were completed using a Qiacube (Qiagen) automated system according to
the manufacturer’s instructions.

Relative quantitative PCR (qPCR) was used to assess the transcript levels of P
stress induced genes in Crocosphaera and Trichodesmium. Genus-specific primers
for pstS and arsB genes developed for gPCR assays targeted Crocosphaera, and phoX
was used to target Trichodesmium (Orchard et al., 2009; Pereira et al., 2016). Relative
gene expression was obtained by normalizing each sample to a reference
(housekeeping) gene and to a control sample, using the comparative (AACt) method.
Samples were normalized to the constitutively expressed housekeeping gene, rotA,
which encodes for a peptidyl-prolyl cis-trans isomerase. Expression of rotA has been
shown not to vary under P stress conditions in both Crocosphaera and
Trichodesmium, making it an ideal reference gene for this study (Orchard et al., 2009;
Dyhrman and Haley, 2011). Each target gene had an amplification efficiency between
97% and 100% of rotA.

Each sample was run in duplicate using SYBR Green Mastermix (Life
Technologies, Carlsbad, CA, USA) with reactions as follows: 8 pl sterile water, 10 pl

SYBR Mastermix, 250 nM forward and reverse primers, and 1 ul cDNA. The gPCR
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reactions were prepared in 96-well plates (Applied Biosystems, Foster City, CA,
USA) and run on an ABI 7500 Real-time PCR System (Applied Biosystems).
Thermocycler conditions were as follows: 50°C for 2 min, 95°C for 10 min, and then
45 cycles of 95°C for 15 s and 60°C for 1 min. Melt curves were run with every
reaction to detect the occurrence of any nonspecific amplification. No template
controls were run in triplicate for each qPCR assay on each plate. A replicate of a
single sample of DNA extracted from the BioLINCS cruise was run on each gPCR
plate as a control sample to calibrate for any differences between plate runs.
2.3 Statistical analyses

The relationship between gene transcripts of pstS, arsB, and phoX to the
auxiliary environmental data (temperature, light, salinity, chlorophyll a, ammonium,
diazotroph abundance, and Crocosphaera ecotype, see Table 1), was evaluated using
statistical methods. Linear regressions were initially used to assess correlations
between gene transcript levels and the environmental variables. A principal
component analysis (PCA) was run on the environmental variables to account for
multicollinearity within the dataset (F-ratio > 4). Prior to the PCA, normal
distribution of each environmental parameter was checked using the Shapiro-Wilk
normality Test. Log transformations were used to normalize some variables in order
to meet assumptions of normality. Using the PCA, the environmental variables were
grouped into components, with eigenvalues < 1 discarded. Factor scores from the
PCA were used in a multiple regression analysis (MRA) to further analyze the

relationship between transcript abundance and environmental components. MRA’s

58



were run using the PCA factor scores as dependent variables, and the gene as the
independent variable. From the results of each MRA, both negative and positive
correlations between environmental variables and gene transcripts were determined,
and statistical significance was obtained. The PCA, MRAs, and normality tests were

conducted using Systat 13.1 (Systat Software Inc., Chicago, Illinois, USA).

3. Results
3.1 Gene transcription

Of the six BioLINCS sites sampled in this study, stations 2, 3, and 5 had
relatively low salinity (<35.1) and high DIP concentrations (>81 nmol L), and
stations 4, 10, and 12 had relatively high salinity (>35.2) and low DIP concentrations
(<60 nmol L™ (Fig. 1). Transcript levels of P stress marker genes from
Crocosphaera and Trichodesmium varied in abundance at the different sites.
Transcription of a gene was considered up-regulated when transcript levels were
above the calculated average transcript abundance across all samples. In
Crocosphaera, pstS was up-regulated at sites with DIP concentrations between 21 and
127 nmol L™ (Fig. 2a). Elevated transcripts were observed mainly at stations with low
DIP concentrations (4, 10, and 12, but also at station 2) where DIP concentrations
ranged from 115-127 nmol L™ (Fig. S1). Crocosphaera arsB transcripts were up-
regulated only at sites with DIP concentrations < 47 nmol L™ (Fig. 2b) and transcript
levels were below average at all sites with DIP > 60 nmol L™(Fig. S1). In

Trichodesmium, phoX transcripts were up-regulated at one site, which corresponded

59



to the lowest DIP concentration of 20 nmol L™ at station 4 (Fig. 2c).
3.2 Principal Component Analysis (PCA)

Data for 13 environmental variables (Table 1) from each site were analyzed
by linear regression and PCA. Significant correlations were found only in regressions
of the environmental variables with the arsB gene (Table S2). Multicollinearity
within the environmental dataset resulted in weak correlations with gene transcript
levels, and therefore PCA components were used in place of the environmental
variables. There were three significant principal components that accounted for
77.2% of the total variance. The first principal component (PC1) explained the largest
total variance (41.2%) and consisted of DIP, salinity, chlorophyll a, Crocosphaera
abundance, and large-cell ecotypes. Crocosphaera abundances, large-cell ecotypes,
and DIP loaded positively, and salinity and chlorophyll a loaded negatively (Fig. 3a).
The second principal component (PC2) was comprised of Trichodesmium, and
ammonium, explaining 18.4% of total variance, with both variables loading
positively. Trichodesmium abundance loaded positively with ammonium (Fig. 3b).
Principal component three (PC3) explained 17.6% of total variance and was
comprised of small cell ecotypes of Crocosphaera, temperature, and light. All three
of the variables in PC3 loaded positively (Fig. 3c).

3.3 Multiple Regression Analysis (MRA)

The factor scores of each principal component were used as dependent

variables to assess relationships between environmental conditions and P stress gene

transcript levels. Crocosphaera pstS gene transcripts did not significantly correlate
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with any of the principal components (Table 2). Transcript levels of the
Crocosphaera gene arsB exhibited a significant negative correlation with PC1 and
PC3 (Table 2). Thus, arsB transcript levels were negatively associated with DIP,
temperature, light, and Crocosphaera abundances, in particular the large-cell
ecotypes. Conversely, salinity and chlorophyll a were positively correlated with arsB
transcript levels. Since PC2 did not significantly correlate with arsB expression, it
was assumed that Trichodesmium abundances and ammonium concentrations were
not correlated with transcript levels. The Trichodesmium phoX gene did not have a
significant correlation with any of the principal components. This was not surprising,

since the dataset for this study only contained one site where phoX was up-regulated.

4. Discussion

Genus-specific P stress biomarkers were used to assess the environmental
factors that contribute to P limitation in two marine diazotrophs: Crocosphaera and
Trichodesmium. Crocosphaera and Trichodesmium populations grouped into separate
components by PCA, suggesting that their abundances and distributions were
regulated by different factors. Robidart et al. (2014) previously showed that the two
diazotroph populations had inverse relationships with DIP concentrations along this
cruise track. The distribution of Crocosphaera seemed to be explained mainly by
PC1, where its abundance, especially large-cell ecotypes, increased with higher DIP
at lower salinity and lower total biomass. Trichodesmium abundances were a

component of PC2, and subsequently had a weaker negative association with DIP
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concentration. Similar to findings from Robidart et al. (2014), the strong covariance
between Crocosphaera abundances and DIP concentrations suggests that P-
availability is a major control on the distribution of this diazotroph.

Transcript levels of Crocosphaera P stress biomarkers were elevated in
multiple samples from the BioLINCS cruise track. As expected, transcript levels of
both pstS and arsB genes increased at low DIP sites (< 50 nmol L™ DIP) (Figure
2a,b). The up-regulation of pstS at station 2 was unexpected, since the DIP
concentration was relatively high for the mixed layer of the NPSG (> 100 nmol L)
(Karl et al., 2001b, Wilson et al., 2015). Although Crocosphaera pstS gene
transcription has diel regulation, the samples were taken at the same time each day
(~5 h after sunrise), which corresponds to the time of lowest basal expression (Shi et
al., 2010 ; Pereira et al, 2016). Higher light intensity can also result in elevated pstS
transcript levels in Crocosphaera (Pereira unpublished), however light levels at
station 2 were lower than at another high DIP sites. Past exposure to low P
concentrations can influence the P stress response by affecting the DIP threshold that
signals gene transcription and resulting in persistent gene expression after the signal
is reduced (lgoshin et al., 2008, Lambert and Kussell, 2014, Wagner et al., 1995).
However, since these samples provide only a snapshot of the environment, we cannot
ascertain the history of Crocosphaera populations at station 2.

Although pstS is often used as a field marker for P stress, its detection in the
natural populations does not always reflect a low P environment (Bhaya et al., 2000,

Fischer et al., 2006, Pereira et al., 2016). This study observed similar patterns, and
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although it is an integral part of the P stress response in Crocosphaera, pstS transcript
levels did not correlate with environmental variables in this study, including light and
DIP (Table S2). Since pstS transcript levels were elevated over a range of DIP, it was
not surprising that there was not a significant correlation with PC1. Unlike pstS, a
more consistent relationship was observed between Crocosphaera arsB transcripts
and DIP concentrations. arsB gene transcript levels differed between low DIP and
high DIP stations (Fig. S1); there was a significant negative correlation (p<0.05)
between arsB and DIP (Table S2); and the highest transcript levels of arsB were
observed at the lowest DIP sites (Fig. 2). While Crocosphaera pstS transcript levels
increase rapidly in response to low P, arsB is expression is more indicative of
sustained P deficiency (Pereira et al., 2016). The prevalence of arsB at low DIP sites
implies that Crocosphaera populations in those sites had experienced a longer period
of P stress.

As the more reliable biomarker for P stress, arsB transcript levels were used to
determine the environmental factors that correlated with the P status of
Crocosphaera. The MRA identified PC1 as the most influential determinant of P
stress (Table 2). Unsurprisingly, this gene was not correlated with PC2, indicating
that Trichodesmium abundance has no significant influence on P limitation in
Crocosphaera. The positive relationship between arsB and PC1 shows that transcripts
are elevated in water masses characterized by high salinity and low DIP, and that
Crocosphaera populations comprise less of the total biomass in these regions. This

suggests that Crocosphaera does not compete well against other microorganisms in
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low P environments, possibly due to a high cellular P demand (Garcia et al., 2013).

While total Crocosphaera biomass is affected by DIP availability, there is also
a distinction between the abundances of the large and small cell ecotypes at low DIP.
The stronger correlation of large-cell ecotypes with DIP concentrations indicates that
fluctuations in P have a greater influence on the abundance of the large-cell type
Crocosphaera compared to the small-cell types (Bench et al., 2013). Genomic
evidence (more copies of P acquisition genes in large-cell ecotypes) might indicate a
higher P requirement or an increased competitive ability of this phenotype at low P.
The increase in arsB transcript levels that correlates with a decrease in abundances of
large-cell ecotypes as a factor of PC1 implies the former, suggesting that P limitation
is a driver of the decrease in abundance observed in the large-cell phenotype. With a
lower surface to volume ratio, large cells likely have an increased need for P
scavenging capabilities, as well as a higher cellular P requirement.

In contrast to Crocosphaera, populations of Trichodesmium did not show
evidence of P limitation in this study area. While Crocosphaera P stress biomarkers
were elevated at a variety of locations, Trichodesmium phoX was only elevated at one
site, suggesting that the high abundance of Trichodesmium cells present at lower DIP
are not experiencing physiological P limitation. Significantly higher transcript levels
(13-fold above average) of phoX were observed at station 4 at 45 m, which
corresponded with the lowest DIP in the dataset at 20 nmol L™. However, phoX was
not elevated at other station 4 sites, where DIP concentrations were similar at 21 nmol

L™ It was surprising that phoX was significantly higher at a DIP concentration of 20
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nmol L%, since P becomes limiting for Trichodesmium at an estimated DIP threshold
concentration of 9 nmol L™ (Moutin et al., 2005). However, DIP thresholds calculated
in lab-grown cultures can vary from those in natural populations (Karl, 2014).

Since phoX transcript abundances were largely constant in the samples, it was
not surprising that the transcript levels of this gene were not correlated with any
environmental factors. The PCA showed a positive relationship between
Trichodesmium and ammonium (Fig. 3b). Since nitrogen depletion confers a
selective advantage to diazotrophs (Karl et al., 2002, Knapp et al., 2012), it is
improbable that Trichodesmium abundances increase with higher ammonium
concentrations, and more likely that the increased ammonium concentrations are the

result of cellular leakage (Gardner and Boyle, 2017, Glibert and Bronk, 1994).

5. Conclusions

As climate change is expected to result in increasing stratification and further
depletion of nutrients in the NPSG, those environmental conditions will select for the
growth of diazotrophs. The resulting elevated No-fixation is hypothesized to shift the
NPSG toward an increasingly P-limited environment (Karl et al., 2001a). Thus, it is
important to understand how natural populations of diazotrophs adapt to P deficiency.
The use of genus-specific P stress biomarkers in this study revealed a contrast
between Trichodesmium and Crocosphaera in abundance, distribution, and P status.
The findings suggest that Trichodesmium has a competitive advantage over other

diazotrophs in low P environments, because it is not under physiological P stress until
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DIP is extremely depleted. In contrast, Crocosphaera, especially large-cell ecotypes,
relies on higher DIP availability to meet cellular P requirements. Future work using
molecular markers that differentiate between Crocosphaera ecotypes can be used to

further evaluate the response to P limitation in these two phenotypes.
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Figure 1. Sample locations and station numbers in the NPSG. Linear regression
shows the relationship between DIP and salinity at these stations (inset).
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Table 1. Environmental data from six stations over the BioLINCS cruise track

Variable Units Range Mean SD
DIP nmol L™ 20-137 68 45
Salinity PSS 34.95-35.29 35.16 0.12
Chlorophyll a pg L 0.05-0.21 0.09 0.04
Crocosphaera nifH copies liter?  1.3x10%-3x10°  1.1x10° 7.5x10°
Large-cell ecotypes gene copies liter”  6.1x10%-9.7x10*  2.8x10* 2.9x10*
Small-cell ecotypes gene copies liter’  2.1x10°-3.2x10° 1.5x10° 9.1x10°
Trichodesmium nifH copies liter?  1.6x10°-7.8x10°> 1.9x10° 2.3x10°
NH, nmol L™ 3-91 31 21
Temperature °C 25.5-26.4 26 0.3
Light PAR (V) 24-1014 342 340

Range, mean and standard deviation of ten environmental variables from the six

stations in this study.
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Figure 2. Relative quantification of three P stress biomarkers over a range of DIP
concentrations. Crocosphaera pstS (A) and arsB (B), and Trichodesmium phoX (C)
transcripts relative to the housekeeping gene rotA. Dotted lines represent the average
transcription for each gene during this study. Error bars represent the standard
deviation between statistical replicates.
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Figure 3. Principal component
analysis of ten environmental
variables. The variables were
grouped into three principal
components: PC1 — PC3, and each
panel displays the component
loadings for that principal
component. PC1 grouped DIP,
salinity, Chl a, Crocosphaera, and
large-cell ecotypes (A). PC2 grouped
Trichodesmium, ammonium (NH,)
(B). PC3 grouped temperature, light,
and small-cell ecotypes of
Crocosphaera (C).



Table 2. Multiple regression analysis evaluating principal components versus
Crocosphaera biomarkers

Principal pstS Regression p-value arsB p-value
Component Coefficient Regression
Coefficient
1 0.01 0.962 -0.424 0*
2 0.036 0.866 0.091 0.247
3 -0.072 0.378 -0.239 0.007*

Regression coefficients identifying the relationship between pstS and arsB to the
three principal components. * indicates a significant relationship between the gene
and principal component.

75



Table S1. Locations and sampling dates for the six BioLINCS cruise stations assessed
in this study.

Station Date Latitude Longitude
2 9-08-2011 24.505 157.75
3 9-09-2011 24.724 157.554
4 9-10-2011 24.902 157.427
5 9-11-2011 24.405 157.875
10 9-16-2011 25.037 157.725
12 9-18-2011 25.128 158.199
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Figure S1. Relative quantification of Crocosphaera P stress biomarkers at six stations
and over four depths: 5m, 25m, 45m, and 75m. pstS (top panel) and arsB (bottom
panel) transcripts relative to the housekeeping gene rotA. Dotted lines represent the
average transcription for each gene during this study. Error bars represent the
standard deviation between statistical replicates. Shaded areas represent low P sites
(<60 nmol L™).
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Table S2. Pearson correlation values between environmental variables and P stress

genes.
Environmental pstS arsB phoX
Variables
DIP -0.097 -0.732* 0.38
Salinity 0.044 0.684* -0.379
Chl a 0.011 0.692* -0.13
NH,4 -0.275 -0.111 -0.192
Crocosphaera 0.043 -0.667* 0.207
Trichodesmium 0.333 0.32 0.299
Small ecotypes 0.223 -0.605 0.01
Large ecotypes 0.152 -0.451 0.398
Temperature -0.346 -0.394 -0.269
Light 0.048 -0.142 -0.282

Significant correlations (p<0.05) are indicated by *.
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CONCLUSION

In oligotrophic regions of the ocean, the abundance and distribution of the
marine cyanobacterium Crocosphaera is controlled by nutrient availability. Although
N is often the key limiting nutrient in oligotrophic ocean gyres, Crocosphaera has
access to an abundant source of dinitrogen gas, so its growth is limited by other
nutrients such as P. Determining when environmental populations of Crocosphaera
are experiencing P stress can aid in understanding the ecological drivers of such
assemblages. Genetic biomarkers are commonly used to evaluate whether natural
populations are under P stress. They confer taxon specificity, have high sensitivity,
due to the rapid induction and degradation of mRNA, and transcript levels are
quantifiable through gPCR. Yet, because the Pho regulon is not well characterized in
most marine cyanobacterial species, it is difficult to predict which biomarkers will be
ideal for identifying P stress. Furthermore, the transcript levels of potential
biomarkers must be characterized in controlled culture experiments before their
environmental detection is interpretable. This body of work culminates in identifying
key diagnostic markers for P stress in Crocosphaera, characterizing their
transcription under various cultured conditions, testing their efficacy in the
environment, and utilizing them to assess the P status of natural assemblages in
comparison to another important marine diazotroph, Trichodesmium.

Out of the 11 biomarkers that were screened in Crocosphaera, two had a
significant increase in transcript levels during P deprivation. These were genes coding

for the high-affinity P binding protein (PstS) and the arsenite efflux protein (ArsB).
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Interestingly, the transcript levels of each gene were elevated at different stages of P
stress. pstS was up-regulated within 1 h of exposure to low concentrations of
orthophosphate (Pi), while arsB was elevated at later stages of P starvation. Since As
is an analog for phosphate, it is unsurprising that as external P becomes scarce, cells
need to contend with an increase in As influx. The segregated response in up-
regulation suggests that while one marker would not be ideal to represent the entire P
stress response in Crocosphaera, the two could be used in tandem. Transcript levels
of these markers were compared in shipboard bottle experiments in the North Pacific
subtropical gyre where natural assemblages were forced into P stress by the addition
of Fe. While pstS was initially detected at higher levels, arsB transcripts became
elevated in treatments without added P. Using high-resolution sampling to
characterize biomarker transcript levels, it was determined that pstS exhibited a diel
pattern of transcription in P replete conditions, and that this pattern was elevated
under P stress. Identifying that pstS transcript levels were highest at the late phase of
the light cycle allows for a more accurate interpretation of its detection in field
populations.

As basal transcription of pstS was detected in Crocosphaera, additional
culture experiments were conducted to assess its suitability as an environmental
marker for P stress. Transcript levels of pstS were elevated when Pi concentrations
dropped below 60 nmol L™, indicating that Crocosphaera would be experiencing P
stress at concentrations typical in oligotrophic regimes. Since natural populations

often contend with constant fluctuations in P supply, it was important for pstS to

80



rapidly respond to changes in bioavailable P. While pstS transcripts were repressed by
all P sources tested, transcripts were downregulated faster in response to inorganic P
than organic P sources. Induction of pstS at low Pi and the rapid and specific
repression by both inorganic and organic P sources indicated that it was a suitable
marker for P. However, since prior work in the marine cyanobacterium Synecocystis
showed that pstS transcripts could increase in response to light, pstS was additionally
evaluated under high light conditions. It was then discovered that Crocosphaera pstS
is also elevated transiently under high light (450 E m™ s™). pstS constitutes an
adaptive cellular response that mitigates P deficiency to avoid cells becoming P
limited. Therefore, it is conceivable that cells may use a high-affinity P binding
protein under conditions where rapid P acquisition is required. This could be in
response to high light conditions that may result in an increase in growth rate or prior
to the start of S phase in the diel cycle. The non-specific induction of pstS suggests
that although this gene is a key component of the P stress response, it would not be an
ideal standalone biomarker in Crocosphaera.

Because the projected goal of this work was the application of biomarkers to
interrogate the P status of environmental populations, biomarkers evaluated in
previous chapters were used to screen natural assemblages of diazotrophs in the North
Pacific subtropical gyre. Crocosphaera biomarkers pstS and arsB were used along
with a Trichodesmium biomarker for P stress, phoX, which codes for alkaline
phosphatase. arsB negatively correlated with dissolved inorganic phosphorus (DIP)

and was elevated below 50 nmol L-1 DIP. While pstS was also mainly elevated at low
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P locations, elevated transcripts were detected at some higher P sites. This was
unsurprising, given the findings from previous chapters, however diel transcription
and elevated light levels did not account for higher transcripts at these sites. To
account for co-linearity between environmental factors in this study, they were
grouped into principal components (PC) that were regressed against P stress
biomarkers. When Crocosphaera was under P stress, indicated by high arsB
transcript levels, both DIP concentrations and the abundance of this diazotroph were
low. Interestingly, the abundance of large cell ecotypes of Crocosphaera was more
negatively affected under P stress than small cell ecotypes. This suggests that
although large cell ecotypes contain more P stress genes, they may be less
competitive in low P environments, possibly due to a higher P requirement or higher
surface: volume ratio than smaller cell ecotypes. While P concentrations seemed to be
an important driver of Crocosphaera populations, it was not determined to be an
influencing factor of Trichodesmium. Rather, Trichodesmium populations were
increasingly abundant at low DIP and did not exhibit the P stress response, except at
one site. The difference between the P status of these diazotrophs within the same
study area indicates that Trichodesmium may be a better competitor at low P than
Crocosphaera.

Taken together, these data advances our understanding of the P stress response
in Crocosphaera and underscores the importance of evaluating biomarkers in culture
to allow for a more accurate interpretation of their detection in the environment.

While taxon-specific markers are valuable tools for evaluating nutrient stress in field
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populations, this work highlights the difficulty in finding ideal biomarkers due to the
variability and complexity of the P stress response within cyanobacteria. Research
clarifying the regulatory controls on cyanobacterial P stress genes will be key in
identifying and evaluating future genetic markers. Specifically, determining whether
Crocosphaera pstS is under regulatory control separate from the Pho regulon would
help to better inform the conditions under which immediate P acquisition is
necessary. Chapter 3 touches upon the potential disparity in P stress response between
Crocosphaera ecotypes, and phenotype-specific markers would be useful to assess

how P concentrations influence their distinct distributions in future.
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