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ABSTRACT: The planktonic cyanobacterium Trichodesmium spp. is a globally important diazotroph,
fixing at least 80 Tg N yr!in tropical waters. Despite its biogeochemical importance, the mechanisms
of Trichodesmium mortality, and the means by which its fixed N enters upper levels of the food web,
are poorly understood. Potential virus-like particle (VLP) production by Trichodesmium spp. was
observed in both culture (IMS101) and field samples from the tropical North Pacific Ocean, in oceanic
waters around the Hawaiian Islands. VLP observed by TEM in IMS101 lysate were approximately
56 nm wide and untailed, and VLP with similar morphology were observed in tissue treated with mit-
omycin C. A most-probable number cultivation technique (utilizing bacterized cultures of Tricho-
desmium) detected moderate abundances of Trichodesmium-infecting cyanophage (605 to 9750 ml™?
infecting only 1 cultured strain) in 0.2 pm-filtered seawater samples from surface, subsurface and
deep chlorophyll maximum samples. Estimation of mortality from virus production was not possible
due to rapid VLP release in the first 6 h of dilution incubations. Rather, an indirect approach using
burst size (determined from mitomycin C treatment of washed trichomes resuspended in virus-free
seawater), decay rate of VLP (from latter part of virus production incubations) and average
cyanophage titer was used to estimate mortality. These conservative calculations suggested that 0.3
t0 6.5% d~! (mean = 1.65 + 0.99% d!) of trichomes could potentially be lysed by viruses, represent-
ing the release of approximately 3 to 64 % fixed N d!. These estimates are based upon a steady-state
maintenance of observed VLP abundance, which in nature could be from lysogeny, pseudolysogeny,
carrier state, or successive lytic infection. Viral lysis therefore may represent a significant novel
mechanism of N release from Trichodesmium spp., even in non-bloom conditions.
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INTRODUCTION

Trichodesmium spp. are an important component of
the planktonic flora of the oligotrophic ocean. They
occur as colonies and free trichomes, which can
account for a large fraction of algal chlorophyll in the
upper water column and can form dense accumula-
tions on the surface (up to 1000 colonies 1"!) (Capone et
al. 1997). Moreover, they are diazotrophic, fixing N,
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into NH,* and organic N, which may be subsequently
released and taken up by surrounding microorganisms
in the putatively N-limited ecosystems in which they
occur (reviewed in Capone et al. 1997). Virus-like par-
ticles (VLP) have been previously observed in cells of
Trichodesmium spp. in both culture (NIBB1067) and
decaying bloom field samples collected from Carrie
Bow Bay, Belize, and viral lysis was induced by the
addition of mitomycin C, indicating temperate phage
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had lysogenized Trichodesmium spp. (Ohki 1999).
However, to date there have been no previous reports
of the potential Trichodesmium spp. mortality rate
caused by viral lysis. Temperate cyanophage have
been previously documented in several filamentous
cyanobacterial genera (Ohki & Fujita 1996, Hewson et
al. 2001), and temperate cyanophage of unicellular
cyanobacteria have attracted considerable attention
(for review see Suttle 2000). Virus-mediated release of
intracellular DOM occurs in bacteria and cyanobacte-
ria (Middelboe & Lyck 2002), and models indicate
greater community productivity in virus-infected com-
pared to uninfected food webs (Fuhrman & Suttle
1993). Extracellular release of a large fraction of
recently fixed N has been observed in natural samples
(Capone et al. 1994, Glibert & Bronk 1994, Glibert &
O'Neil 1999), which suggests that cell lysis from a pro-
cess like cyanophage infection of Trichodesmium spp.
may be common.

Trichodesmium spp. are not grazed by predominant
calanoid or cyclopoid copepods of the water column
because of toxins which act as grazing deterrents
(Hawser et al. 1992). Certain harpactacoids are able to
graze Trichodesmium spp. (Roman 1978, O'Neil &
Roman 1994, O'Neil et al. 1996); however, their popu-
lations are generally insufficient to have a major graz-
ing impact. Thus, apoptosis (Wolfe et al. 2003) and par-
ticularly viral lysis may be under-appreciated sources
of mortality.

Here, VLP production by Trichodesmium spp. was
estimated in culture (IMS101) and from field samples
collected in the North Pacific Ocean near the Hawaiian
archipelago (Fig. 1). Viral mortality of Trichodesmium
spp. cannot be measured directly; therefore an indirect
approach was used. Mortality was calculated by the
number of cyanobacteria that need to be lysed in order
to replace VLP lost by decay (assuming steady-state of
cyanophage abundance). We estimated burst size by
the addition of mitomycin C (Jiang & Paul 1994, Wein-
bauer & Suttle 1996) and a modified dilution technique
(Hewson et al. 2001), decay rate by decrease in VLP
abundance in the diluted incubations, and ambient
cyanophage abundance by most-probable number
(MPN) dilution culture (Suttle & Chan 1993).

MATERIALS AND METHODS

Burst size and decay rate estimation. Burst size of
trichomes was estimated by VLP abundance increase
in initially virus-free culture media or seawater con-
taining Trichodesmium spp. (Hewson et al. 2001) and
dividing this increase by the total number of trichomes
lost in incubations. Trichodesmium spp. colonies and
free filaments were collected from surface waters

Latitude (°N)
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using a 202 pm mesh plankton net aboard the RV ‘Kilo
Moana' in September 2002 (Fig. 1). Colonies were
picked from the plankton tow immediately after collec-
tion into 20 ml of GF/F (Whatman; nominal pore size
0.7 mm) filtered seawater from the same site using
polycarbonate inoculating loops. An attempt was made
to remove attached bacteria by first washing colonies
with ~200 ml virus-free (0.02 pm filtered) seawater
over a 47 mm, 8 pm pore size polycarbonate filter. Tri-
chomes were never dried on filter, and were always
suspended in a small volume of virus-free seawater
during the washing process. Washed trichomes were
resuspended in 50 ml virus-free seawater and trans-
ferred to an acid-washed and seawater-rinsed polycar-
bonate 60 ml bottle. Subsamples (10 ml) were with-
drawn from incubations after 0, 6, 12 and 24 h and
were preserved with 2%, 0.02 pm filtered formalin. At
several stations, mitomycin C (0.8 ng ml!, final con-
centration) was also added to washed trichome incuba-
tions, and samples were withdrawn at 0 and 24 h for
virus enumeration. Preserved samples were processed
for VLP and bacterial enumeration via SYBR Green I
microscopy (Noble & Fuhrman 1998) within 24 h of col-
lection. Sample volumes of 0.1 to 2.0 ml were used in
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slide preparations and more than 200 VLP and bacteria
were counted for each sample. Potential VLP produc-
tion rates were calculated from linear regressions of
the initial virus increase (i.e. within the first 6 h of incu-
bations). Trichome burst size was calculated by sub-
tracting an estimate of the number of viruses produced
by heterotrophic bacteria in the incubations as follows:
the abundance of heterotrophic bacteria was multi-
plied by 50 viruses/bacterium (Heldal & Bratbak 1991)
and then by 5 %, which assumes that 20 % of heterotro-
phic bacteria were infected (Suttle 1994) and lysed per
day (i.e. lysis of heterotrophic bacteria in the first 6 h of
incubation). Decay rates of viruses were calculated
from the rate of decrease in VLP abundance in the final
18 h of the VLP production experiments.

Transmission electron microscopy. The mitomycin
C-induced lysate of washed IMS101 culture, and sepa-
rate samples from the North Pacific Ocean (20°15"N,
159° 11" W) containing approximately 50 colonies each
of Trichodesmium erythraeum and T. thiebautii pheno-
types in virus-free water were collected and filtered
over 0.2 mm Durapore filters to remove most cell
debris. Filtered lysates (10 ml) were then spotted onto
formvar-coated 200-mesh copper electron microscope
grids and air dried. Grids were then desalted in sterile
deionized H,O, and negatively stained for 30 s in 0.5%
uranyl acetate. Samples were examined using a JEOL
1010 transmission electron microscope (TEM) under
200 kV accelerating voltage and 100 000x magnifica-
tion.

Thin sections of Trichodesmium treated for 24 h with
mitomycin-C were also prepared for electron micro-
scopy to confirm VLP presence in trichomes. The
Trichodesmium was fixed in 2 % EM-grade glutaralde-
hyde (Ted Pella) for 1 h, then centrifuged at 3000 x g
for 10 min to pellet Trichodesmium cells. The pellet
was then resuspended in 500 ml Karnovski Buffer (2%
paraformaldehyde and 2.5 % glutaraldehyde) for 48 h.
The resuspended Trichodesmium was washed 3 times
with 0.2 M cacodylate buffer, before staining with
OsOy (1% v/v) for 10 min. The stained Trichodesmium
was washed 2 further times with cacodylate buffer.
Samples were then dehydrated in an increasing series
of ethanol (30 to 100%) before being embedded in
SPUR resin (TAAB Laboratories). The embedded Tri-
chodesmium was thin-sectioned into 50 nm thick slices
and sections placed onto formvar-coated 200-mesh
copper grids before post-staining with 0.5% uranyl
acetate and 3.2 % lead citrate, and viewing by TEM.

Trichodesmium cyanophage abundance. To deter-
mine the ambient abundance of cyanophage of Tri-
chodesmium spp., we assayed seawater from the sur-
face, 20 and 100 m depth at 2 North Pacific stations
using MPN analysis (Suttle & Chan 1993), at 2 sites
where Trichodesmium biomass was high (surface

abundances of 100 to 400 trichomes I"!) and thus high
abundances of cyanophage were expected. Seawater
from the target depths was collected in a Niskin bottle
array and withdrawn into acid-washed, 50 ml poly-
propylene centrifuge tubes. The seawater was then
syringe-filtered through 0.2 pm Acrodiscs (Pall Gel-
man) into sterile 15 ml polypropylene tubes, to remove
most heterotrophic bacteria and particles. Dilutions of
the 0.2 pm filtered seawater were serially added to
exponentially growing bacterized (i.e. containing
bacteria) batch culture Trichodesmium sp. IMS101
(~0.2 d7!, Prufert-Bebout et al. 1993) in 96-well poly-
styrene microtiter plates (12 dilutions total, 8 repli-
cates), and after 7 d, cultures were scored visually for
presence/ absence of Trichodesmium spp. Negative
controls were wells to which no filtrate was added.

Calculation of Trichodesmium mortality rates. We
are able to estimate mortality from viral lysis, because
we can calculate the lysis rate necessary to maintain
the observed abundance of cyanophage, assuming
steady state of cyanophage abundance and the
observed viral decay rate. To estimate Trichodesmium
spp. mortality rates, the average number of cyano-
phage was first divided by the burst size of the
cyanobacterium (which was in turn calculated from the
total abundance increase in VLP at maximum abun-
dance in media or seawater divided by total number of
trichome loss), and this was multiplied by average VLP
decay rates.

RESULTS AND DISCUSSION
Burst size and decay rate estimation

VLP production in incubations was consistently non-
linear over 24 h, with large increases in VLP abun-
dance after 6 h of containment, followed by decreases
in VLP abundance during the remainder of the incuba-
tion (Fig. 2). We interpreted this initial VLP production
rate to be lysogenic induction of Trichodesmium spp.
triggered by collection or washing of trichomes. This
was unexpected considering the slow growth rate of
the Trichodesmium; however, the presence of VLP in
TEM samples of lysate and in thin sections of Tri-
chodesmium supports this conclusion. It is not clear
which factors cause lysogenic induction within our
incubations of Trichodesmium spp., but in previous
studies exposure to ultraviolet radiation, environmen-
tal contaminants, and significant changes in cell
growth rate have been proposed as mechanisms for
viral induction (reviewed in Fuhrman 1999).

Trichodesmium spp. is typically associated with a
large number of heterotrophic bacteria and microalgae
(Sheridan et al. 2002). We considered the possibility
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Fig. 2. Virus production by Trichodesmium in both culture
(IMS101) and ambient communities. The large increase in
virus abundance is presumably due to lysogenic induction
from Trichodesmium trichomes, triggered by containment.
Heterotrophic bacteria increased in all incubations, possibly
due to the release of large amounts if intracellular DOM.
Decay rates of viruses were calculated from the decrease in
virus abundance in the last 18 h of the incubations. Light
incubations are indicated by open symbols; dark incubations
are indicated by closed symbols. Error bars = +SE

that the induction was of bacteria other than Tri-
chodesmium in the cultures. Bacterial and VLP abun-
dances at the beginning of assays were low (4 to 15 x
10* bacteria ml™! and 1 to 8 x 10° VLP
ml™?!), and while they increased during
the incubation, their production of
viruses could not account for all VLP
produced in incubations. If all VLP pro-
duction resulted from heterotrophic
bacterial infection, we calculated that
the burst size would have to be 3.9 x 10?
to 1.2 x 10* cell"!, which is much larger
than most recorded burst sizes (Wom-
mack & Colwell 2000). Still, the bacteria
might have accounted for some virus
production, so to correct for possible
viral production by bacteria, production
and decay rates were corrected for by
subtracting from VLP abundances, the
multiple of bacterial abundance and
0.41, which assumes 0.83% of hetero-
trophic bacteria lyse per hour (Suttle
1994) and that the burst size of bacteria
was approximately 50 viruses per cell
(Heldal & Bratbak 1991).

Microscopic examination revealed a
large number of VLP originating from
the trichomes (Fig. 3). Several incuba-
tions were also treated with mitomycin
C (0.8 ng ml™!) in an attempt to induce
lysogens. VLP production in controls

Fig. 3.
demonstratimg VLP production. A: decomposing trichome; B: virus-like particles
emanating from trichome. Inset on left shows an unlysed trichome for compari-
son, and on right a mechanically lysed trichome (squashed beneath a coverslip)
demonstrating difference to viral lysis. Scale bars = 20 pm

(6.4 x 10% to0 2.9 x 10° VLP trichome™! h™! in the first 6 h)
were statistically indistinguishable from those with
mitomycin C addition (1.6 x 10* to 3.8 x 10* VLP tri-
chome™ h7! in the first 6 h; paired t-test, p = 0.24, n =
3). Unwashed IMS101 cultures do not lyse sponta-
neously over several months of observation (data not
shown). Since mitomycin C addition has been shown to
induce lysogens in other studies (Jiang & Paul 1994),
the similar results with and without mitomycin C sug-
gest that VLP production observed in unamended
samples could be due to either lysogenic induction or
advanced lytic infection.

We observed no relationship between trichome-
normalised VLP production and ambient trichome
abundance, which suggested that VLP production was
independent of trichome concentration. A previous
study (McDaniel et al. 2002) has indicated that induc-
tion of cyanophage follows a seasonal pattern, with a
greater proportion of lysogenic Synechococcus in win-
ter when their abundance was low. Since the calculated
contact rate of viruses to trichomes is very low (1.8 x 10*
VLP d! to each trichome based upon contact rate equa-
tions in Murray & Jackson 1992), approximately 5 x 103
trichomes ml™! (average concentration) are required to
propagate successful infection. Within ‘tuft’ colonies
trichome abundance can exceed 107 ml!, and thus
virus infection could proceed easily within colonies.

Photomicrograph of Trichodesmium after addition of mitomycin C
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Assuming all VLP produced by Trichodesmium spp.
were freed from trichomes, VLP decay rates were
approximately 1.1 + 0.2% h™! in natural samples (mean
+ SE of incubations where decay was measurable) and
4.4 + 0.6% h™!in culture. This is consistent with virio-
plankton decay rates in the pelagic ocean (Noble &
Fuhrman 1997).

TEM of Trichodesmium cells and lysates

We have several reasons to believe that the VLP
observed in incubations are viruses of Trichodesmium.
Microscopy of lysed trichomes showed a large number
of VLP emanating from trichomes (Fig. 3), which is
consistent with the large number of VLP released into
production incubations. VLP observed by TEM from
IMS101 culture lysates were approximately 50 nm

Fig. 4. Virus-like particles observed in lysate of Trichodesmium. (A) IMS101
culture; (B,C) T. erythraeum from North Pacific; (D-F) T. thiebautii from
North Pacific. Scale bars = 50 nm

wide, and were electron dense at the center (Fig. 4).
Lysates from field samples of Trichodesmium ery-
thraeum contained VLP of a similar size, but lysates of
T. thiebautii had notably larger VLP (70 to 100 nm).
Morphologically similar particles, although notably
smaller (26 to 40 nm), were observed in thin sections of
Trichodesmium treated with mitomycin C after 24 h,
while Trichodesmium with no mitomycin C treatment
had no VLP (Fig. 5). The smaller size of VLP observed
in thin sections of mitomycin C treated IMS101 could
be an artifact of sample preparation and dehydration
(thin sectioned healthy cells were collapsed by 2 to
5 mm between septa in trichome, indicating that
shrinkage may have occurred), or may indicate that
more than one phenotype of virus is present within Tri-
chodesmium. Interestingly, VLP observed in this study
were similar to those documented in Trichodesmium
strain NIBB1067 (Ohki 1999).

D Estimation of cyanophage abundance

We measured titers of cyanophage
capable of actively infecting the cultivated
Trichodesmium sp. strain, with MPN
between 6 x 102 and 1 x 10* viruses ml™
(mean = 3.96 x 10° viruses ml!). Negative
control plates containing Trichodesmium
spp. IMS101, but with no added seawater
filtrate, were also grown and had no cul-
ture clearing, indicating that the absence
of Trichodesmium spp. IMS101 in some
wells was due indeed to interaction with
filterable lytic agents. There was no clear
trend in cyanophage vertical distribution
with both highest and lowest cyanophage
titers occurring in 2 surface water sam-
ples. MPN analysis was also conducted on
the 0.2 pm filtered lysate of a Tricho-
desmium sp. bloom in Tampa Bay; how-
ever no culture lysis was observed even at
low dilutions, indicating that no cyano-
phage capable of infecting the culture
were detectable in this decomposing
bloom. It is important to note that the cul-
ture represents only a single strain of Tri-
chodesmium spp., tentatively identified as
T. erythraeum (Prufert-Bebout et al. 1993),
and the MPN titers represent a minimum
estimate of cyanophage abundance, be-
cause not all Trichodesmium-infecting
cyanophage present may affect this strain.
Additionally, since IMS101 apparently
contains a prophage (VLP produced when
washed or treated with mitomycin C), it
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Fig. 5. TEM of thin-sectioned Trichodesmium IMS101 (A) with no treatment and (B-D) 24 h after treatment with mitomycin C.
Untreated, but contained (for 24 h) IMS 101 contained polysomes (Ps) and carboxysomes (C) but no virus-like particles, while
mitomycin C treated samples had no recognizable carboxysomes, and polysomes were distributed throughout the cells. A large
number of virus-like particles (V) and fiber-like inclusions (F) were observed in the mitomycin C treated cells. Virus-like
particles (E-F) were approximately 26 to 40 nm wide and morphologically resembled particles in lysate. Scale bars = 50 nm

may be homoimmune to closely related viruses (Acker-
mann & DuBow 1979). This may be another source of
underestimation of cyanophage abundance.

Estimation of Trichodesmium mortality rates

Our mortality estimates in natural samples are based
upon a steady-state maintenance of observed cyano-
phage abundance, which could be from lysogeny,
pseudolysogeny, carrier state, or successive lytic infec-
tion, since MPN-detected cyanophage could arise as a

consequence of either process. VLP production rates
and disappearance of most trichomes from freshly
collected field populations are consistent with the pos-
sibility that a large number of cells contain prophage.
The large VLP production in incubations is probably
an artifact caused by handling or containment; how-
ever, this does not affect estimation of viral mortality
because the mechanism of cyanophage production is
not pertinent to our calculation. If all infective cyano-
phage observed by MPN arise as a result of Tri-
chodesmium spp. lysis, then approximately 0.3 to 6.5 %
trichomes d™! (mean = 1.65 + 1.00% d™!) were lysed in
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Table 1. Estimated mortality of natural Trichodesmium spp. populations in the

CONCLUSION

North Pacific Ocean in October 2002. Mortality of Trichodesmium was deter-

mined as described in the text using an average cyanophage titer of 3.69 x 10°
ml!, average decay rates shown here, ambient Trichodesmium spp. abun-
dances, and the estimated trichome burst size (number of viruses per trichome).

nd = not determined

In the absence of significant grazing
pressure, the fate of Trichodesmium
has been somewhat of a mystery. The
results presented here demonstrate

Stn Trichome burst size  Virus decay rate  Estimated mortality that cyanophage infecting Tricho-
(virus x 10° trichome™') (% VLP h™!) (% trichomes d') desmium spp. may cause significant

mortality of natural populations and

2 232 f 8(2)2 g‘é (1)22 may contribute substantially to DON
8 016+ 003 nd 6.53 release into surrounding waters. We
10 1.05 + 0.19 1.4 0.41 propose that these estimates of cell
13 0.70 = 0.04 nd 0.69 lysis represent the minimum amount of
16 1.75+0.06 1.2 0.32 mortality that can be attributed to viral
Avg. seawater 147+ 0.68 113 1.65 lysis because the MPN assay was con-
IMS101 0.20 = 0.03 4.4 - Y : Y :
ducted on only a single strain of Tri-

the surface waters (Table 1), which is consistent with
calculated mortality rates derived from models of Tri-
chodesmium sp. dynamics at the Bermuda Atlantic
Time Series Site (2.1 to 2.4% d!) (Hood et al. 2002)
and in the equatorial Atlantic (~2.5% d™!) (Hood et al.
2004).

The heterotrophic bacterial burst size used to correct
for bacterial abundance is larger than the average
burst size recorded for bacterioplankton (Wommack &
Colwell 2000), which range from 10 to 400 with a mean
of 24. We chose to use a larger burst size in our calcu-
lations, because bacteria observed in microscopy were
larger than most bacterioplankton cells (~1 pm long
and often chain-forming rods), which presumably
would result in larger numbers of viruses. Lower het-
erotrophic bacterial burst sizes would result in higher
trichome burst sizes and consequently lower mortality
rates of Trichodesmium from cyanophage MPN esti-
mates. For example, if the burst size of heterotrophic
bacteria is only 10 viruses cell!, then the number of
trichomes lysed by viruses would be 0.2 to 4.3 %.

Considering Trichodesmium spp. has a slow growth
rate (culture pu = 0.2 d™! (Prufert-Bebout et al. 1993)
and field samples are thought to grow at approxi-
mately 0.1 d! (Capone et al. 1997), viral lysis may
therefore release between 3 and 65% of Tricho-
desmium spp. production. Considering N, fixation
rates by Trichodesmium are on average approxi-
mately 43 pmol N trichome™ d! (Capone et al. 1997),
viral lysis could release between 3 and 65 % of fixed
N d7', which is consistent with rates of DON release
from trichomes in laboratory incubations (Glibert &
Bronk 1994). Since Trichodesmium fix from 100 to
300 pmol N m™2 d! in the tropical North Pacific
Ocean (reviewed in Capone et al. 1997), viral lysis
may account for the release of 3 to 195 pmol N m™
d™!, which represents a major mechanism by which
newly fixed N enters the food web.

chodesmium spp., and any additional
phage not affecting this strain would add to the esti-
mated virus production and thus increase the esti-
mated mortality rate. Viral lysis of Trichodesmium thus
represents a potentially large source of mortality in
natural populations, and may be responsible for signif-
icant release of N into the marine food web.
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