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apparatus to aerobic conditions and maintain a competent photosynthetic electron transport with
efficient photoheterotrophic metabolism.

Our search for photosynthetlc aeroblc phototrophs in the open ocean was stimulated by the report
of the occurr M a black-smoker plume above a deep-sea vent area on Juan
de Fuca RidgerHtwas-prepesed-thaitg IJIIPIIPIIIIIIIlﬂlllll“[ll(l]Ill-llllPllVl.llll:Il(llllllllIﬁ
provide a habitat for photosynthetic fifte—tsimgarewhydevetopet-nirared-fastrepetition
rate (IRFRR) fluorometer, we searched for variable fluorescence transients as evidence of
bacterial photosynthetic electron transport. We used water samples recovered from the
hydrothermal vent area at 9° N with the deep-sea submeibie, We also surveyed a 1,000-

km transect of the Pacific Ocean, and measured bacterial photosynthetic signals from waters off

the coast of New Jersey.

Within the detection limits of our instrument (about 10 pg bChl per I), we failed to detect
photosynthetic electron transport in black-smoker plumes and chimneys. However, we
consistently observed fluorescence kinetic transients at 880-905 nm in the surface waters,
indicative of bacterial photosynthetic electron transport. Representative kinetic profiles of
bacterial (880 nm) and phytoplanktonic (@htontaining; 685 nm) origin are showr{fig 1

Both kinetic transients were excited by radiation at 470 nm. At this wavelength, bacterial
reaction centres display a small effective absorption cross-section (aboticépared with

250 AZ for the Chla-containing phytoplankton), a high quantum yleIW
separation (0.55-0.60) estimated from the change in variable fluor wrate-of

overall photosynthetic electron transport and complete insensitivity to photo-inhibition.
Assuming that the biomass of these organisms is, to first order, proportional to the amplitude of
the measured fluorescence signal, we estimate a relative abundance of phototrophic bacteria
about 1% of phytoplankton at 9° N

Figure 1 Typical fluorescence kinetic transients at 685 nm (planktonic
photosynthesis) and 880 nm (bacterial photosynthesis). Full legend

High resolution image and legend|(44k)

Filtering surface seawater through a Whatman GF/F filter (approximate pore size of 0.8 um)
removed all of the 685-nm signal, but retained about 20% of the original 880-nm fluorescence
intensity. Filtration through a 0.22-um Nucleopore filter removed both signals. These results
indicate that the majority of the phototrophic bacteria were about 0.2—-0.8 um. In samples taken
off the coast of New Jersey in December 1999, only the bacterial (880-nm) fluorescence
transients were observed in water passing through a 1-pum Nucleopore filter. When cultured on
agar plates enriched with minimal F/2 media, the 1-um filtrate produced individual colonies
which, on transfer to liquid media, produced exclusively bacterial fluorescence transients. In all
of these samples, we observed efficient excitation energy transfer from the carotenoids to bChl.
The effective absorption cross-sections at 730 and 795 nm were, respectively, 15 and 3% of that
at 470 nm. Our observations indicate a high concentration of carotenoid pigments, well coupled
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with the reaction centre antenna, but probably a paucity of either light-harvesting complexes | or
[l. Such a pigment organization is consistent with high light environments in the upper ocean.

Phytoplankton in the surface waters undergo a strong diel cycle in variable fluorescence. The
diel pattern is manifested in variations in photochemical quantum efficiencly (Ehgratio),

the maximum quorescence yield{) and the effective absorption cross-section of photosystem
(PS) Il ( psi; [Fig. &. The midday minimum in the cycle Bf/ Fr, is indicative of photoinhibition

or downregulatlon of PSII photochemistry owing to overex0|tat|o
formation of singlet oxygen speC|es and damage of PS CartreEsTHghtt T
minimum correlateg T | j j
plastoquinone oﬁ ¢
consistently high over the dlel cycle |mpIy|ng a lack of photoinhibition and no diel coherence in
cell division (at least as reflected by photochemistry).

Figure 2 Diel cycle in bacterial photosynthesis (filled symbols) and
planktonic photosynthesis (open symbols). [Eull legend

High resolution image and legend|(54k)

Using the measured photosynthetic parameters, we calculated the photosynthetically driven
electron fluxesPR%, in bpthrttephytoptanktomandaerobicphototrophs under ambient
irradiance E, as follow§>

wherePR%, is the reaction-centre-normalized electron flbxis the saturation irradiancessis

the effectlve absorption cross-section of the respective photosystef/Bndepresents the
quantum vyield of the primary charge separation. The results presendicate that the
photosynthetic electron fluxes in both phytoplankton and aerobic phototrophs at the surface are
saturated for most of the day under clear skies, but the saturation level of bacterial electron flux
is about three times lower than that of phytoplankton. The difference is partially due to the
slower photosynthetic electron transport rate in aerobic phototrophs (about 11 ms per electron
compared with 3 ms in phytoplankton). At subsaturating irradiances, bacterial photosynthesis is
also lower as a result of the smaller effective absorption cross- sectlon Interestingly, the ratlo of

cross-section to turnover rate in phytoplankton and bacteria i ;
balanced light use and electron transport in both of these orggfisms
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Figure 3 Reaction-centre-normalized photosynthetic electron fluxes in
phytoplankton (open symbols) and aerobic phototrophs (filled symbols)

calculated from Equation 1 under clear sky, and photosyntheticall
available radiation (PAR) conditions (continuous line). [Eull legend

High resolution image and legend](33k)

Although bacterial photosynthesis has a consistently high yield of charge sep@(

the overall photosynthetic efficiency of the bacterial reaction centre is about three times lower
than that of the PSII/PSI reaction centre over the entire range of natural solar irradiance.
However, the lower photosynthetic efficiency does not explain the much lower abundance of
these organisms. We do not know the primary electron donor for these organisms, however,
dissolved organic matter (DOM) is a likely source of reductant. If so, the disproportionate
abundance of the phytoplankton compared with the phototrophic bacteria in the upper ocean
could be due to the availability of their electron source (water), as compared with a relatively
dilute pool of DOM, and the inability of these bacteria to grow photoautotrophically.

To explore the spatial relationship between bacterial and photoplankton distribution, we
measured their fluorescence signatures along a 1,000-km transect from 9.4° N t J. (

The distribution of these two phototrophs showed a correlation over the first 200 km; however,
the relative abundance of the aerobic phototrophs increased from 1% to 10% within a small
distance. Ché& distributions, obtained from ocean colour analyses of SeaWiFS satellite images,
correspond with our fluorescence-based estimates of the phytoplankton concelfiatiéh .

The sea surface temperature (SST) data from the same indicate a close

relationship between the physical structure of the water masses and the biological signals.
Measured from natural cell populations, these signals characterize photosynthetic properties of
phytoplankon/bacterial communities, each potentially composed of several different species.

Figure 4 Spatial distribution of photosynthetic bacteria and oxygenic
phytoplankton in the Pacific Ocean along 104° W in November 1999.
ull legend

High resolution image and legend|(86k)

Although observed in many different geographical areas, the occurrence of marine aerobic

phototrophs, has been assumed to ': timitedto smatt, organic-richecotogicat miches such as
beach sandstropical high tid% zon ‘—ma&m-eyﬁmbaekeﬂal—mg-t-&u#aees-ef—gmen—
seaweeds (buytottieseawatarjddeep-sga hydrothermal vents (but not the surface waters

directly abovej-Ourresults-indicate-thatphototrophic bacteria are not limited to nutrient-rich,
sheltered environments, but are distributed in surface waters throughout the oceans of the world.
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Their abundance, relative to oxygenic phototrophs, appears to increase in oligotrophic waters,
possibly reflecting the competitive advantage over non-phototrophic bacteria whose abundance
is controlled solely by the concentration and quality of DOM.

The bacterial photosynthetic energy fluxes have important implications for global carbon
cycling. Even though the described aerobic phototrophs may not fix inorganic carbon, the
generation of ATP by photosynthesis shq ll.lIl-llllll(-llll-ll.l-k’lllll“ll.llVl-lll-ll.lV.l-lllllll-llll-lllL’Ill
assimilating the DOM into bacterial blom L

dioxide released by heterotrophic respiratory metabolism, and increase the amount of DOM

assimilated into cell material.

Methods

Measurements of photosynthetic parameter®hotosynthetic parameters of phytoplankton and
photagymthetic bacteriawere measured using IRFRR fluorometry. This method is based on
FRRMand-medifiedto-dse excitation light at 470 nm (30 nm bandwidth, 6 W aptical

power), 730 nm (50 nm bandwidth, 160 mW optical power) and 795 nm (3 nm bandwidth, 8 W
cm optical power), and to measure the fluorescence transients at emission wavelengths selected
from 680 nm to 950 nm using an IR-sensitive avalanche diode. The fluorescence transients were
digitized at 10 MHz sampling rate and processed to calculate the effective absorptlon Cross-

section of the photosynthetic app ; and the rates of
the photosynthetic electron trans@rt

Sample handlingWater samples from the hydrothermal vents site were recovered using a pair
of 2 litre Niskin bottles mounted on the sample basket of the deep-sea subm&hgitld, total

of 18 water samples from 9 dives were recovered and processed within 2—4 h from sample
acquisition. Surface water samples were recovered using a small bucket and were processed
within 10 min from sample collection. Both the raw samples (effective instrument sensitivity of

4 ng bChl per I) and filter-concentrated water samples (effective sensitivity of 10 pg bChl per I)
were processed.
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