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ATP regulates cell motility through the P2Y12 
receptor — and potentially later on during the 
activation process via other purinergic recep-
tors — whereas UTP triggers phago cytosis 
through P2Y6 receptors. In other words, 
ATP seems to send a ‘find-me’ signal from a 
damaged cell, whereas UTP relays an ‘eat-me’ 
message, thereby alerting and activating the 
microglia, respectively. 

The findings of Koizumi et al.1 indicate that 
nucleotides and purinergic receptors con-
stitute a core series of switches that control 
microglial function. Purinergic receptors also 
regulate other aspects of microglial activity, for 
example the release of the pro-inflammatory 
molecules, such as tumour-necrosis factor α 
and interleukin-6 (ref. 4; Fig. 1). However, 
these receptors are not the only elements that 
control microglial activity, as other functions 
of these cells, such as migration, are control-
led by several other elements. Following brain 
injury for instance, migration of microglia 
into the degenerating cell layer is mediated by 
a protein called CXCR3 (ref. 5). In CXCR3-
deficient animals, not only is microglial 
invasion impaired but so also is the removal of 
the neuronal pro cesses that have been deprived 
of electrical input and thus are non-functional. 
Therefore, it seems that microglia can remove 
cellular parts, as well as whole cells1,5. 

The identification1 of the P2Y6 receptor as 
a mediator of microglial phagocytosis could 
aid the development of therapeutic agents 
to interfere with microglial activity in brain 

Figure 1 | Microglial activation. Microglia are 
activated in response to pathological events such 
as disease or injury, and change from a ramified 
to an amoeboid morphology. This enables them 
to migrate to the site of injury. In the course of 
microglial activation, P2Y12 receptors, which 
mediate the motility of microglial projections, 
are downregulated3. Koizumi et al.1 now report 
that, by contrast, P2Y6 receptors are upregulated 
and trigger phagocytosis. 

diseases. However, whether microglial acti-
vation is a beneficial event in the context of 
neuronal degeneration and regeneration is 
still debated. For example, it may be necessary 
to remove electrical-input-deprived neuronal 
pro jections for new ones to sprout and make 
fresh connections. Similarly, irreversibly dam-
aged cells might need to be removed to make 
space for newly generated neurons. On the 
other hand, partially preventing microglial 
activation represses the development of a 
condition called experimental autoimmune 
encephalo myelitis in mice, indicating that 
microglia may augment brain damage under 
some circumstances6. Nonetheless, one issue 

is clear: the activation, and particularly the 
phagocytic activity, of microglia must be under 
stringent control because the brain has to 
be protected from an unwanted response by 
these cells. ■

Helmut Kettenmann is at the Max Delbrück 
Center for Molecular Medicine, Robert-Roessle-
Strasse 10, 13092 Berlin, Germany.
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Iron findings
Philip W. Boyd

A huge phytoplankton bloom in the Southern Ocean yields estimates of 
how a continuous supply of iron affects oceanic carbon sequestration. 
But iron is not the only factor — nutrient supply is crucial too. 

The ocean is a daunting place to study, where 
investigations must contend with a wide range 
of scales — from intracellular to ocean basins, 
from nanoseconds to seasons1. The difficul-
ties are evident in the variety of approaches 
used to study the ecological productivity of its 
microscopic algae, or phytoplankton. Small-
scale perturbation experiments, for example 
incubating seawater samples in small bottles 
with added elements such as iron, provide 
useful information on phytoplankton phys-
iology and other intrinsic processes. They 
cannot, however, represent processes occur-
ring across entire ecosystems, as the sampled 
phyto plankton are enclosed and isolated. In 
contrast, ‘mesoscale’ in situ studies, which 
per turb patches of ocean on the scale of 
hundreds of square kilometres, can address 
ecosystem-scale questions2. But even month-
long experiments at this scale have flaws, such as 
pronounced mixing of the enriched patch with 
surrounding waters, altering its properties.

Elsewhere in this issue, Blain et al. (page 
1070)3 overcome these scaling issues by inves-
tigating a naturally occurring phytoplankton 
bloom covering an area of 45,000 km2. Such 
large blooms photosynthetically convert so 
much carbon into an organic form that they 
have a marked effect on the atmospheric carbon 
dioxide concentration, and hence the global 
climate: a significant proportion of the carbon 
thus ‘fixed’, known as particulate organic car-
bon, is sequestered in the ocean depths. Iron 
is now recognized to be of equal importance 
to nutrients such as nitrate4 in stimulating the 
development of these blooms. A larger sup-
ply of iron to the surface ocean — from dust 
deposition, for instance, as recorded from the 

geological past5 — can increase phytoplank-
ton productivity and thus carbon sequestration 
and CO2 drawdown6.

Blain and colleagues3 used satellite images 
to pinpoint an annually recurring bloom near 
Kerguelen, an island archipelago in the South-
ern Ocean south of, and at a longitude about 
equidistant from, South Africa and Australia. 
This ‘natural laboratory’ was sustained for 
months through constant iron and nutrient 
enrichment from below (Fig. 1, overleaf ). The 
larger spatial and temporal scales of the bloom 
permitted Blain and colleagues to address 
questions inconclusively covered by previous 
mesoscale iron-enrichment studies in polar 
regions (see ref. 2 for a review). Chief among 
these was how much of the carbon fixed by the 
bloom was sequestered into the ocean depths. 

The determinant of whether iron enrich-
ment can alter global climate is the magnitude 
of carbon sequestration per unit of iron added. 
During their 30-day study, Blain et al. report 
10 to 100 times more carbon export per unit 
of iron supplied than was estimated during 
the previous studies. These higher ratios are 
particularly significant, because they indicate 
that the higher iron supply evident during 
glaciation maxima5 had a greater impact on 
atmospheric CO2 drawdown than has generally 
been assumed. The contribution of iron enrich-
ment to the total glacial–interglacial shift of 80 
parts per million (p.p.m.) in atmospheric CO2 
might therefore approach the upper bound of 
24 p.p.m. cited recently6.

What are the reasons for this discrepancy2,3? 
Blain et al.3 provide two explanations. First, the 
polar mesoscale iron-enrichment measure-
ments2 underestimated carbon export, because 
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they were too short-term (lasting just weeks) 
to observe its full extent. Second, they overesti-
mated iron supply: pulses of extra iron into the 
surface ocean are prone to rapid removal, for 
example by sticking to sinking particles.

The ratios of carbon export to iron supply 
estimated by Blain et al. for particles sinking 
from the Kerguelen bloom are very similar to 
carbon–iron ratios in phytoplankton in high-
iron laboratory cultures7, pointing to little 
biological modification of these ratios between 
photosynthesis and subsequent sequestration. 
The similarity of the ratios is difficult to rec-
oncile with recent reports that the organic 
carbon on sinking particles is broken down 
into dissolved forms, or remineralized, more 
rapidly than is iron8. The authors also report 
high stocks of zooplankton grazing on the Ker-
guelen blooms that would be absent from the 
laboratory cultures. The presence of zooplank-
ton aids the remineralization of both iron and 
carbon, and thus reduces carbon export while 
resupplying iron to the phytoplankton.

The phytoplankton bloom at Kerguelen, 
fuelled by a sustained supply of iron and nutri-
ents, was of exceptional duration, lasting some 
months. Although it used up virtually all of the 
iron and silicic acid in surface waters, it did 
not deplete its nitrate stock. Under high-iron 
conditions, a bloom should use equal amounts 
of nitrate and silicic acid9. The implication is 
that, despite the continuous vertical supply of 
nutrients characteristic of the Kerguelen site, 
the growth rate of the resident bloom is prob-
ably suboptimal owing to insufficient iron.

Together with other measurements2, Blain 
and colleagues’ results provide a powerful tool 
for modellers investigating the effects of the 
mode of iron supply on ocean biogeochemistry. 

The main modes, in the geological past, have 
been episodic iron enrichment of the upper-
most ocean through dust deposition and/or 
sustained enrichment of overlying waters 
through the upwelling of deep waters. The 
sustained iron and nutrient supply through 
internal wave activity at Kerguelen means 
that the intensity  — and, more importantly, 
the ratio of its iron and nutrient supplies — 
may differ from those of polar upwellings. A 
quantification of the effects of upwelling and 
internal waves on this ratio is needed to deter-
mine whether the Kerguelen data are a proxy 
for the polar ocean during the glacial maxima.

But does Blain and colleagues’ evidence3 of 
more carbon export per unit iron supply mean 
that iron enrichment is a viable short-term 
climate-mitigation strategy? The authors say 
no: the enhanced export resulted from bloom 
longevity that was driven not just by sustained 
iron enrichment, but also by continuous nutri-
ent enrichment.  Moreover, the ratio of carbon 
export to iron supply is notoriously difficult to 
measure, and only a fifth of the phytoplankton’s 
requirements were accounted for in the study’s 
iron budget. 

Nevertheless, the work is a novel and valuable 
addition to the library of phytoplankton-
biogeochemistry studies. A final testament 
to the challenges of marine research, and the 
technical difficulties in assessing the efficacy 
of iron enrichment as a climate-mitigation 
strategy, is given by the story of Blain and col-
leagues’ sediment traps, particle interceptors 
used to measure carbon sequestration at great 
depth. These could not in the first instance be 
recovered, but have just finally been salvaged 
— one year on. ■

Philip W. Boyd is at the NIWA Centre for 

Figure 1 | Kerguelen blooming. The Kerguelen plateau is about 600 m under the ocean surface; in 
this region, internal waves enhance the vertical mixing of the deep waters above the plateau, which 
have higher iron and nutrient concentrations, with those in the 80-m-thick surface mixed layer. Up 
to half of the particulate iron and other nutrient elements were broken down (remineralized) to 
dissolved forms in the upper ocean. Both of these processes supplied continual nourishment to the 
phytoplankton studied by Blain et al.3, which — through photosynthesis and the subsequent sinking 
of organic carbon into the deep ocean over several months — contribute to higher than previously 
reported2 sequestration of atmospheric CO2 per unit iron supplied. 

50 YEARS AGO
In 1920 a German, Freiherr von 
Pohl, propounded the theory 
that certain rays emanate from 
the Earth which are injurious to 
the health of man... He followed 
this with the publication of a 
book… in which the use of the 
divining rod is recommended 
for detecting the presence of 
such rays. Credence was given 
to his theory by an astonishing 
number of people, particularly 
in Germany, Switzerland and 
the Netherlands... Spread of the 
belief, however, gave scope for 
the activities of large numbers 
of diviners, professional and 
otherwise. They appeared mostly 
to act in good faith, although one 
feels that the lady who claimed 
for her divining rod the ability 
not only to detect the presence 
of Earth rays, but also to extract 
them from the ground and deposit 
them in a ditch or rubbish heap…
was making rather a good thing 
out of her neighbours’ troubles… 
In the Netherlands, agriculture 
was at first unaffected by von 
Pohl’s theory, until about ten years 
ago intensive propaganda on the 
part of the diviners proclaimed the 
efficiency of the protective boxes 
for controlling animal and plant 
disease. The propaganda was so 
successful… that uneasiness was 
felt in scientific circles. 
From Nature 27 April 1957.

100 YEARS AGO
In addition to the usual record 
of measurements taken during 
the year 1906 at Epsom College, 
the report of the college Natural 
History Society for last year 
gives the average height, weight, 
and chest girth of all boys who 
have been measured in the ten 
years 1897–1906… On the whole, 
the average Epsom College 
boy would appear to be rather 
superior in physique than inferior 
to the average public-school boy. 
One marked exception is evident 
in the curves for the ages 17 yr. 
10 mo. to 18 yr. 4 mo., though… 
the number of observations on 
which the curves are based is, 
for these months, much smaller 
than the rest.
From Nature 25 April 1907.
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An unseen component of forest ecology is 
the emission, by both plants and animals, of 
a cocktail of volatile organic compounds into 
the atmosphere. Emissions from plants exceed 
those from animals by several orders of magni-
tude, and have various purposes, such as repel-
ling herbivorous animals or attracting specific 
insects for pollination. A little-understood 
aspect of the chemistry of these compounds 
is the possibly different emission patterns of 
different chiral (mirror-image) forms, known 
as enantiomers, of the same compound. With 
a Lear jet as one of their platforms, Williams 
et al.1 have undertaken an ecosystem-scale 
sampling of air over tropical forest. As they 
report in Atmospheric Chemistry and Phys-
ics, they find distinct differences between 
the enantiomeric composition of a common 
volatile compound emitted by tropical forest 
compared with boreal forest. 

Plant emission of volatile organic com-
pounds occurs on a vast scale, estimated at 
1,150 Tg carbon (1 Tg = 1012 g) annually2. 
Many of these compounds are built up from 
isoprene (C5) subunits and are traditionally 
given the collective name terpenes3. Together, 
isoprene and its monoterpene derivatives 
(C10H16) make up 55% of the estimated emis-
sions2. Many monoterpenes are produced in 
two enantiomeric forms: α-pinene, a common 
example, occurs as both (+)-α-pinene and 
(–)-α-pinene.

The light-induced oxidation of natural and 
man-made volatile organic compounds affects 
the chemical and physical properties of the 
atmosphere4,5. But although the importance of 
different enantiomers for the biological activity 
of a compound is well known, the implications 
for atmospheric chemistry have not been estab-
lished6. Indeed, the global effect of compounds 
such as monoterpenes has been estimated 
by measurements and models that consider 
the enantiomeric forms as one2. The work of 
Williams et al.1 is an attempt to use a detailed 
enantiomeric characterization of monoterpene 

patterns in the atmosphere as a tool to enable a 
better understanding of the mechanisms under-
lying their emission from plants.

This is where the Lear jet came in. Williams 
et al. took air samples from an aircraft making 
flights of 3 hours, with a range of 1,800 km, 
over the tropical forest of the northeast coast 
of South America, and subsequently analysed 
the monoterpene content. They also sampled 
ambient air at the level of the forest canopy at 
a site in Suriname, within the region surveyed. 
The other sites of investigation were boreal 
pine forest in Finland, samples being taken at 
a height of 8 m from the ground, and the green-
house of the botanical garden of the Johannes 
Gutenberg University in Mainz, Germany, 
where 8,500 plant species from all over the 
world are cultivated.

Most notably, monoterpenes emitted from 
the tropical forest showed an excess of the (−) 
enantiomer of α-pinene, and also of the (+) 
enantiomer of β-pinene. The monoterpene 
emissions from a mixture of three tropical spe-
cies in the greenhouse of the botanical garden 
likewise showed an excess of (−)-α-pinene. 
Laboratory studies6 have shown that both 
enantiomers of α-pinene react at the same 
rate with atmospheric oxidants (hydroxyl 
radicals and ozone). So the dominance of one 
enantiomer over the other does not imply 
preferential atmospheric removal of one of 
them. Rather, the explanation probably lies 
in the factors influencing emissions by plants. 
In that respect, studies of leaf chemistry2 have 
shown that the strength of isoprene emission 
is a function of both light and temperature. 
In contrast, although monoterpene emission 
rates increase with temperature, plant spe-
cies show differential sensitivity to tempera-
ture; different monoterpenes can also exhibit 
differing temperature dependence.

To interpret their observations, Williams 
et al. compared the concentrations of isoprene,  
(−)-α-pinene and (+)-α-pinene measured over 
tropical forest. They observed a surprising 

correlation between (−)-α-pinene and isoprene, 
but no correlation between its mirror image (+)-
α-pinene and isoprene. The converse applied 
to emissions from the boreal forest: there was 
a clear predominance of (+)-α-pinene and 
(−)-β-pinene. A previous study7 conducted in 
the same boreal forest showed that rates of emis-
sion of non-enantiomerically resolved α-pinene 
were temperature dependent. On the basis of 
both their own results1 and this earlier work7, 
Williams and colleagues propose that over 
the tropical forest, emission of (−)-α-pinene 
is — like that of isoprene — light-dependent, 
whereas that of (+)-α-pinene over the boreal 
forest is temperature-dependent.

Volatile organic compounds have a funda-
mental role in the coexistence of the flora and 
fauna in ecosystems. But there is still much to 
learn about the relationships and inter actions 
between species that can be related to an effect 
of naturally produced compounds such as 
monoterpenes. Studies8 of the biosynthesis 
and the enantiomeric composition of mono-
terpenes in forest trees has shown that different 
enzymes (terpene cyclases) are responsible for 
the production of the two enantiomers. This 
supports the observation that enantiomeric 
composition varies in different tissues and in 
different individual trees8. Research aimed at 
correlating the enantiomeric composition of 
monoterpenes from different parts of specific 
trees with the corresponding enantiomeric 
composition of emissions by the same trees 
under specific environmental conditions 
— light, temperature and humidity — will 
be necessary for a fuller understanding of the 
mechanisms of the emission of volatile organic 
compounds into the atmosphere.

Microbial degradation and plant metabolism 
might be selective towards a specific enantio-
mer; but processes in the atmosphere such as 
photo-oxidation are not. So chiral analysis will 
be a powerful additional tool in atmospheric 
chemistry for investigating the sources of emis-
sion and the fates of chemical compounds in 
various environments9. The main message 
of Williams and colleagues’ work is that eco-
system-scale field studies involving sophisti-
cated sampling and analytical techniques are 
required to make sense of the biochemistry 
and ecology of these natural emissions, and of 
other physical and chemical observations in 
the atmosphere. ■
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A sophisticated survey of certain volatile organic compounds in the air 
over forest ecosystems shows how such work can reveal varied emission 
patterns of different chiral, or mirror-image, forms of these compounds.
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