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RATIONALE & SIGNIFICANCE
Iron recycling in the Ferrous Wheel at SOTS. The biogeochemical cycle of iron (Fe) and carbon (C) 
are linked by the Fe:C uptake ratio in phytoplankton and heterotrophic bacteria. Previous results 
from the Southern Ocean Time Series (SOTS) site in the autumn show that small cells (<2.0 µm 
diameter) take up the most iron (Fe), but this size class is a mix of heterotrophs (bacteria) and 

photoautotrophs (phytoplankton) that compete for this limiting resource. Therefore, we sought to 
answer the question:

How much iron do heterotrophic bacteria take up compared to phytoplankton?

METHODS
We collected water cleanly using the Trace Metal Rosette from two sites during the SOLACE 
voyage on the RV Investigator (Dec 2020 – Jan 2021): 19 m at SOTS and from the deep biomass 
maximum at 83 m from a site south of the Polar Front. As previously observed, small cells took up 
most of the iron and large cells (> 20 µm diameter) fixed most of the carbon at both sites (Fig. 2).

Acknowledgements: We thank the crew of the RV Investigator and the SOLACE voyage participants, 
particularly Michael Ellwood (ANU) and Lennart Bach (UTAS). Funding was provided by AAPP.

RESULTS
A blunt tool made a sharp cut. Whilst unsophisticated, filtering through a 0.8 µm porosity 

filter did an exceptionally good job of separating phytoplankton from heterotrophic bacteria.

References: 1. Seymour et al. (2017) DOI: 10.1038/nmicrobiol.2017.65 2. Ellwood et al. (2020) 
https://doi.org/10.1038/s41467-020-14464-0 3. Bach et al. (2018) https://doi.org/10.1038/s41559-018-0474-x
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Answering this question is important 

because the fate of iron (recycled 

versus exported) and its efficiency 

in fueling primary production 

depend on whether bacteria or 

phytoplankton take it up. But 

competition is just one aspect of this 

story, as bacteria also rely on the 

dissolved organic carbon (DOC) 

released by phytoplankton and

Environmental drivers of iron and carbon uptake. Iron uptake is also less sensitive to changes in 

irradiance than Carbon uptake; the latter decreases exponentially with irradiance, suggesting that 

either/or: 1) Heterotrophic bacteria are responsible for much of the iron uptake in the small size 

fraction; 2) iron uptake in phytoplankton is less sensitive to changes in irradiance than C uptake. We 

thus asked:

How does light affect Fe uptake?

Possibilities include: 1) changes in the photolability of FeL complexes; 2) changes in community 

composition with depth (with higher heterotroph:autotroph ratios deeper in the water column); 3) 

physiological energetic requirements for Fe acquisition: direct for phytoplankton, indirect for 

heterotrophic bacteria (via DOC).

release iron-binding ligands (FeL) that can facilitate iron uptake in phytoplankton (Fig. 1).
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We exploited the difference in size between heterotrophic bacteria and phytoplankton to 

separate these groups using a membrane filter of appropriate porosity (0.8 µm). We performed a 

pre-incubation filtration to isolate the heterotrophic bacteria (< 0.8 µm) from phytoplankton and 

grazers and used unfiltered samples as the control (Fig. 3). We sampled the initial whole 

(unfiltered) and < 0.8 µm communities for community composition using flow cytometry and 

photosynthetic physiology using fast repetition rate fluorometry (FRRF) (2,3).
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Fourth, some of the chemical ÔcurrenciesÕ exchanged are identical 
between the two cases. Besides primary metabolites such as sug-
ars and amino acids, some more speci! c chemicals, including the 
organosulfur compounds dimethylsulfoniopropionate (DMSP) and 
2,3-dihydroxypropane-1-sulfonate (DHPS), can be released at both 
interfaces and metabolized by bacteria12,47 (Fig."2).

Physicochemical features of the phycosphere. While both healthy 
and moribund phytoplankton cells exude metabolites into the sur-
rounding water column48Ð50, the release of photosynthates by healthy 
cells was initially attributed to an over#ow mechanism by which 
cells excrete accumulated organic molecules when carbon ! xation 
rates exceed the rate of carbon incorporation into biomass51. $ is 
explanation would, however, imply that exudation should decrease 
or even stop at night, but constant exudation rates have been meas-
ured over diel cycles52,53. Instead, exudation by healthy cells occurs 
through both passive and active transport. Gases, solvent molecules 
and many small hydrophobic compounds can passively di%use 
through the cell membrane49, while large macromolecules, such as 
proteins, are synthesized as they are translocated to the extracellu-
lar space54. In contrast, small polar and charged organic molecules 
(for example, monosaccharides and amino acids) need to be actively 
transported across cell membranes55. $ e deliberate release of spe-
ci! c compounds would impose a signi! cant cost for phytoplankton 
in terms of both carbon and energy56, which could be justi! ed if 
these molecules enable the establishment of bene! cial associations 
with bacteria.

In addition to a%ecting di%usion across membranes, molecular 
polarity plays an important role in determining di%usivity within 
the phycosphere. Hydrophilic molecules (for example, polar amino 
acids) di%use more rapidly in water than hydrophobic molecules. 
Interestingly, many intercellular signalling molecules (such as diatom 
pheromones and bacterial homoserine lactones) are hydrophobic13 
and should exhibit limited di%usion away from cell surfaces.

$ e nature of the compounds exuded by a phytoplankton cell 
is in#uenced by the cellÕs health. During early growth phases, phy-
toplankton cells release soluble and generally highly labile, low-
molecular-weight molecules, such as amino acids, carbohydrates, 
sugar alcohols and organic acids29,49,50. Notably, many of these low-
molecular-weight compounds are also potent chemoattractants 
for bacteria42,57. When cells senesce, higher-molecular-weight mol-
ecules, including polysaccharides, proteins, nucleic acids and lipids, 
are released through exudation or cell lysis29,48,58,59. $ e di%erent sizes 

and lability of these molecules have potentially important implica-
tions for the physical dynamics of the phycosphere, as well as the 
metabolism of phycosphere-residing bacteria and potential colo-
nizers. Large molecules di%use more slowly than small ones, which 
increases their residence time in the phycosphere, limits their loss 
to the bulk seawater, and ultimately in#uences the size and stability 
of the phycosphere.

$ e size of the phycosphere is primarily governed by the size of 
the phytoplankton cell. Given that cell size varies by more than two 
orders of magnitude across phytoplankton taxa, a large range of 
phycosphere sizes is expected (Box"2). $ e phycosphere size further 
depends on phytoplankton growth rate and exudation rate, along 
with the di%usivity of the exuded compounds and their background 
concentration (see Supplementary Information for an extended 
discussion and calculations).

An inherent di%erence between the rhizosphere and the phyco-
sphere is that the interactions between phytoplankton and bacteria 
occur within a turbulent environment, which can a%ect the shape 
and size of phycospheres. For small phytoplankton cells or mildly 
turbulent conditions (for example, cells smaller than 70" &m in 
radius or a turbulent dissipation rate of 10Ð8"W"kg' 1; Box"2), the stir-
ring of the phycosphere by turbulence is negligible, with molecular 
di%usion instead leading to a symmetric spreading of the phyco-
sphere rather than complex stirring and mixing (Fig."3). For inter-
mediate phycosphere sizes or turbulent conditions, turbulence will 
stretch the phycosphere and somewhat reduce its size, but will not 
signi! cantly disrupt gradients (Fig."3). Deformation increases with 
the intensity of turbulence and the size of the phycosphere, until 
the phycosphere is so large, or the turbulence so strong, that the 
chemical plume is stirred into a tangled web of ! laments60 and ulti-
mately mixed. $ ese scenarios are discussed quantitatively in the 
Supplementary Information.

Mechanisms for bacterial colonization of the phycosphere
A( er evaluating the theoretical considerations above, we suggest 
that ColeÕs question regarding the existence of the phycosphere2 
can be answered in the a) rmative. Next, we consider whether 
bacteria can gain access to this potentially important microenvi-
ronment, and, if so, how. $ ere are three potential mechanisms by 
which this can occur: random encounters, chemotaxis and vertical 
transmission (Fig."4).

Random encounters. $ e abundance of phytoplankton and bac-
terial cells in the water column, as well as the di%usivity of these 
cells, governs the occurrence of random encounters between them. 
For non-motile bacteria and phytoplankton, encounters occur ran-
domly by Brownian motion and are relatively rare. In a scenario of 
106"bacteria per"ml (each with a diameter of 1"&m) and 103"phyto-
plankton per"ml (each with a diameter of 15"&m), a bacterium will 
encounter 0.0035 phytoplankton cells per day (or only one every 
286"days), while a phytoplankton cell will encounter 3.5 bacteria 
per day (see Supplementary Information for calculations). A( er 
this initial random encounter, bacteria may maintain their position 
within the phycosphere if they can attach to either the surface of 
the phytoplankton cell61 or the matrix of extracellular polymeric 
materials surrounding some phytoplankton species62.

Motility and chemotaxis. Beyond random encounters, bacteria 
may use motility and chemotaxis to actively gain access to the phy-
cosphere. Given the seemingly homogenous, turbulent and dilute 
nature of the pelagic environment, it is perhaps not immediately 
intuitive that motility and chemotaxis should be important proper-
ties for planktonic bacteria. However, many marine bacteria exhibit 
these behaviours63, which provide a ! tness advantage38 within a hab-
itat that is in fact sometimes highly heterogeneous at the microscale 
and awash with localized hotspots of organic material64Ð67. Indeed, 

DOC, POC, complex algal polysaccharides
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Figure 1 | PhytoplanktonÐbacteria interactions and exchanges. 
Interactions between phytoplankton and bacteria can range from the 
reciprocal exchange of resources required for growth (for example, 
nutrients and vitamins) to competition for limiting inorganic nutrients. 
POC, particulate organic carbon.
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We then incubated both fractions in temperature-controlled on deck incubators under in situ

irradiance (L) (12.4 % incident irradiance (Io) = 18.8 m at SOTS; 1.1 %Io = 83.2 m at the polar 

site) and in the dark (D) to examine the dependency of Fe uptake on irradiance. We then again 

used size fractionation (post-incubation filtration) to separate the heterotrophic bacteria (0.2 –

0.8 µm) and phytoplankton communities (>0.8 µm). Each treatment was sampled for FRRF, Fe 

and C uptake, and flow cytometry after 24 and 48 h (2).

Fig. 3. Conceptual illustration of the experimental design. Treatments (size-fractions, light, dark) are in black; 
measurements (C and Fe uptake) are in red; variables manipulated are in blue.
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Phytoplankton hold their own. Bacteria take up more iron than phytoplankton due to their 
abundance. However, when Fe uptake is normalized to biomass (Fpop) the rates of 
phytoplankton often meet or exceed those of bacteria, despite their larger size and 

disadvantageous surface area:volume ratios.

Bacteria Phyto All

F
e 

up
ta

ke
 (

F
po

p 
no

rm
al

iz
ed

)

0

20

40

60

80

100

120

Treatment
L 24 D 24 L 48 D 48

Bacteria Phyto All

F
e 

up
ta

ke
 (

F
po

p 
no

rm
al

iz
ed

)

0

1

2

3

Treatment
L 24 D 24 L 48 D 48

SOTS Polar

Phyto Bacteria <0.8 treat

F
e 

up
ta

ke
 (

lig
ht

/d
ar

k)

0

1

2

3

4

Time
T24 T48

Phyto Bacteria <0.8 treat

F
e 

up
ta

ke
 (

lig
ht

/d
ar

k)

0

10

Time
T24 T48

Light accelerates iron uptake. SOTS: 8- to 17-fold higher rates of Fe uptake for 
phytoplankton in the light vs the dark; 3.8- to 10-fold higher rates of Fe uptake for 
heterotrophic bacteria. This effect was greatly attenuated at the lower irradiance of the 
Polar site.
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