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T

he annual cycle of greening and
degreening of plants is probably
the most obvious sign of life on
Earth. It is caused by the biosynthesis of ∼109 tons of chlorophylls
(Chls) in spring and their degradation in
fall. The biochemistry of Chl breakdown to
linear tetrapyrroles has been worked out
in land plants (1), but little was known
about the process in marine organisms,
which contribute a comparable share to
global biomass production. In PNAS, Kashiyama et al. (2) now provide evidence
for a rather different pathway that is
widespread in aquatic ecosystems and relates to protist feeding on picoplankton.
Chls are the pigments of photosynthesis, the process providing the basis for life
on Earth, the oxygen in the atmosphere,
and fossil fuels. These pigments have
been optimized during evolution for the
efﬁcient harvesting of sunlight, and the
subsequent energy transduction into
high-energy compounds like ATP and
NADPH. Chemically, Chls are cyclic tetrapyrroles. They share the basic carbon
skeleton and large parts of their biosynthesis with hemes. The biophysical
properties are nonetheless very different
and reﬂect the different functions. Chls
have, in particular, several properties that
apparently render them indispensible for
photosynthesis (3). They strongly absorb
visible and near-infrared light, which is
essential for light harvesting, and they
have long-lived excited states that prevent
loss of the transiently stored energy
into heat.
Chls are nonetheless a mixed blessing,
because the very properties beneﬁcial to
photosynthesis also render them highly
phototoxic. This is no problem as long as
the system works perfectly. Under optimum conditions, the primary processes,
the so-called “light reactions,” proceed
with quantum efﬁciencies near the theoretical limit (4, 5). Whenever there are
internal or external disturbances and the
energy stored in the Chls’ excited states
cannot be used productively within picoseconds, these pigments can, however,
raise havoc. The long-lived excited states
of Chls and reverse electron ﬂow processes now allow the formation of triplet
states, which, in turn, can react efﬁciently
with molecular oxygen. The resulting reactive oxygen species are among the most
aggressive agents in nature, capable of
attacking almost any cellular component.
Situations generating such overload are
common in a changing light environment.
www.pnas.org/cgi/doi/10.1073/pnas.1214999109

Photosynthetic organisms therefore need
to optimize photosynthesis continuously
in competition with others without being
scorched by excess energy (6). Sudden
and unpredictable increases can occur,
for example, under moving clouds or under a canopy of other plants. They can
also arise from imbalances of electron
ﬂow or lack of electron donors or acceptors caused by environmental conditions and repair of the complexes

Conversion of Chl a
to cyclopheophorbide
a-enol is a major
detoxiﬁcation pathway
for protists feeding on
unicellular algae.
involved. Photosynthetic organisms possess a hierarchical set of efﬁcient photoprotective systems that have coevolved
with and comprise a considerable fraction
of the photosynthetic apparatus. They act
by preventing the formation of reactive
oxygen species, as well as by detoxifying
them in case the ﬁrst lines of defense
prove inefﬁcient. The danger in the absence of such an effective mechanism
against the photodynamic action of Chls is
witnessed by their severe toxicity in animals, which is exploited in their application in cancer therapy (7).
Photodynamic damage is also a problem during Chl metabolism and the assembly, disassembly, reorganization, and
repair of the photosynthetic apparatus.
The biosynthetic intermediates preceding
protoporphyrin IX are colorless, but all
subsequent ones are colored and photodynamically active. Also, Chls are unsafe
unless integrated into the photosynthetic
pigment protein complexes. These processes are tightly regulated, and interception is a powerful means of weed
control (6). Last but not least, the photodynamic potential of Chls becomes
a problem when the photosynthetic apparatus is disassembled. Land plants have
solved the problem of photodynamic
damage during degreening in the fall
by converting the macrocyclic Chls into
open-chain tetrapyrroles. The early steps
involve demetalation of the Chls and
subsequent cleavage of the macrocycle at
the C-5 methine bridge (Fig. 1). The re-

sulting open-chain tetrapyrroles pose
only slight photodynamic danger; they
contribute to the coloration of leaves in
fall; they can be diagnostic for tissue
damage; and they may also be involved
in other processes, including photoprotection (8).
Much less is known about Chl degradation in aqueous environments. There
are scattered reports on a number of different compounds that accumulate in
aging cultures of algae or phototrophic
bacteria (9–11), but their signiﬁcance under natural conditions has remained unclear. Protection from damage by Chls is
likely to be less important for short-lived
unicellular phototrophs than for perennial
plants. Instead, protection now becomes
a problem for organisms feeding on them.
Cyclopheophorbide a-enol has been reported in marine animals (12, 13) and
sediments (14); the study of Kashiyama
et al. (2) now links its formation to protist
predation. From these microscopic eukaryotes, it is further distributed along the
food chain and by sedimentation processes. Evidence is provided that conversion of Chl a to cyclopheophorbide a-enol
(Fig. 1) is a major detoxiﬁcation pathway
for protists feeding on unicellular algae
and, in particular, on photosynthetic
picoplankton. Although the tetrapyrrole
macrocycle is retained in the process,
Chl enols are nonﬂuorescent and nonphototoxic (2, 15, 16). They contribute up
to 43% of the total chlorophyllous pigments in a water column and up to 81% in
sediments, making them a major breakdown product on a global scale. It is further argued that the pigment seems to be
a useful marker for herbivory by heterotrophic protists, which is difﬁcult to assess
otherwise because the majority of these
organisms cannot be cultured; their diversity is derived from community sequencing (17).
The ﬁnding of such large amounts of
cyclopheophorbide a-enol in protist metabolism poses a number of questions.
The enzymology needs to be worked out;
ring closure between the 17-propionic
acid side chain and the isocyclic ring in
the test tube requires a strong base (10,
16). It is also unclear if the protist predators produce the enzyme or if it is
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Fig. 1. Annual changes of Chl and degradation products on land and in the seas. (Left) Global Chl distribution in northern winter (Upper) and summer (Lower);
the false-color coding scales are shown on the right for land (Upper) and the seas (Lower). White areas are due to cloud cover, ice, or, at polar winter, lack of
illumination by the sun. (Images courtesy of NASA/SeaWIFS/GeoEye.) Land plants degrade Chl a by ring opening of the tetrapyrrole macrocycle (Upper Right)
(1); the major breakdown product of Chls from phytopicoplankton in the aqueous habitats is cyclopheophorbide a-enol (Lower Right) (2). In both cases, the
resulting products are nonphototoxic. Degradation to cyclopheophorbide a-enol occurs largely in heterotrophic protists after plankton ingestion.

induced in the prey, which sometimes
survives for a considerable time internally
after ingestion. Another question concerns the pigment structure. Although
it is clearly derived from Chl a, Prochlorococcus, as one of the dominant
members of picoplankton, contains Chl b
as well (18), and both pigments carry
a second vinyl group at C-8 that is absent
in the product found. In phototrophic
organisms, reductases are known that
convert Chl b to Chl a, as well as reductases of the 8-vinyl group. Do the protists

also have such enzymes, or do they use
the ones from the picoplankton? In land
plants, Chl b is converted to Chl a before
degradation (1), but direct degradation
has been reported in a green alga (9). It
may also be worthwhile to check multicellular herbivores for the enzyme(s).
Mammals can actively excrete Chl derivatives that have crossed the intestinal
barrier (19), but there may be additional
mechanisms. Last but not least, large
unicellular as well as multicellular algae
do not enter the food chain by protist
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predators. How are their Chls degraded?
It seems that understanding of Chl
breakdown in aqueous environments is
now at the same point that breakdown
in land plants was about 15 y ago, when
the corner of the blanket was just
being lifted.
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