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Abstract: The evolution of carnivorous plants has been modeled
as a selective tradeoff between photosynthetic costs and bene-
fits in nutrient-poor habitats. Although possibly applicable for
pitfall and flypaper trappers, more variables may be required
for active trapping systems. Bladderwort (Utricularia) suction
traps react to prey stimuli with an extremely rapid release of
elastic instability. Trap setting requires considerable energy
to engage an active ion transport process whereby water is
pumped out through the thin bladder walls to create negative
internal pressure. Accordingly, empirical estimates have shown
that respiratory rates in bladders are far greater than in leafy
structures. Cytochrome c oxidase (COX) is a multi-subunit en-
zyme that catalyzes the respiratory reduction of oxygen to wa-
ter and couples this reaction to translocation of protons, gener-
ating a transmembrane electrochemical gradient that is used for
the synthesis of adenosine triphosphate (ATP). We have previ-
ously demonstrated that two contiguous cysteine residues in
helix 3 of COX subunit I (COX I) have evolved under positive Dar-
winian selection. This motif, absent in ≈ 99.9% of databased COX
I proteins from eukaryotes, Archaea, and Bacteria, lies directly at
the docking point of COX I helix 3 and cytochrome c. Modeling
of bovine COX I suggests the possibility that a vicinal disulfide
bridge at this position could cause premature helix termination.
The helix 3-4 loop makes crucial contacts with the active site of
COX, and we postulate that the C-C motif might cause a confor-
mational change that decouples (or partly decouples) electron
transport from proton pumping. Such decoupling would permit
bladderworts to optimize power output (which equals energy
times rate) during times of need, albeit with a 20% reduction in
overall energy efficiency of the respiratory chain. A new model
for the evolution of bladderwort carnivory is proposed that in-
cludes respiration as an additional tradeoff parameter.
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Abbreviations:
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COX II: cytochrome c oxidase subunit II
cyt c: cytochrome c
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Introduction

Carnivorous plants exist in a delicate balance between the
costs and benefits of nutrient acquisition (Givnish, 1989; Juni-
per, 1989; Ellison and Gotelli, 2001). Trapping structures that
are often less photosynthetic may stress carnivores in terms
of carbon production (Juniper, 1989; Adamec, 1997). However,
nutrients acquired from prey can offset photosynthetic limita-
tions imposed by carnivory (Givnish, 1989; Juniper 1989; Mén-
dez and Karlsson 1999; Ellison and Gotelli, 2001; Wakefield et
al., 2005). Givnish (1984) modelled carnivorous plant evolu-
tion in terms of photosynthetic costs/benefits in nutrient-poor
habitats. According to this model, nutrient acquisition by car-
nivory can be adaptive via higher photosynthetic rates in
moist, sunny environments. The Givnish framework has been
a useful one (Ellison, 2001), but it does not generalize well to
all carnivorous trapping systems. Plants that invest resources
in passive traps, such as pitfall and flypaper devices (e.g., Sar-
racenia and Drosera, respectively), may indeed have photosyn-
thesis as their greatest limitation, but active trappers also in-
vest energy (Juniper, 1989; Knight, 1992; Adamec, 2006). The
extent to which energy investment is required depends upon
the degree of activity involved.

In the venus flytrap, Dionaea, fluid movement is required for
establishment of leaf curvature, the geometry of which is sole-
ly responsible for trap closure after triggering (Hodick and
Sievers, 1989; Forterre et al., 2005). In bladderworts, Utricula-
ria, active water transport generates negative pressure within
the thin-walled suction traps, but triggering involves a release
of elastic instability upon pressure equilibration (Sydenham
and Findlay, 1973 a; Juniper et al., 1989; Skotheim and Maha-
devan, 2005). Whereas the biochemical-hydrodynamic mech-
anism through which Dionaea leaves attain curvature is only
poorly known, bladderworts transport water out of their traps
via a two-step ATP-driven ion pumping process, initiated by
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respiration-dependent transport of chloride ions against an
electrochemical gradient (Sydenham and Findlay, 1973a, b,
1975; Fineran and Lee, 1980; Juniper et al., 1989). This active
water removal process likely requires considerably more ener-
gy than the relatively gradual reopening of Dionaea leaves that
follows prey digestion (Sydenham and Findlay, 1975; Juniper
et al., 1989). Physiological studies (Adamec, 2006) show that
respiration in Utricularia bladders is 75 – 200% greater than
in leaf-like structures, whereas photosynthetic rates are 7 –
10-times lower. As such, maintenance of bladder traps consti-
tutes a significant metabolic tradeoff between energy and car-
bon production (Adamec, 2006).

Previously, we have reported explicit molecular evolutionary
evidence that the rate-limiting enzyme in the cellular respira-
tion pathway, cytochrome c oxidase (COX) (Saraste, 1999), may
be functionally altered in bladderworts (Jobson et al., 2004).
We identified 12 amino acid sites in subunit I of COX (COX I)
that showed evidence for positive Darwinian selection in the
lineage that includes Utricularia and its sister group, the cork-
screw plant, Genlisea. These changes were absent in the butter-
worts, Pinguicula, which we and others have found to be the
sister clade to Utricularia plus Genlisea (Jobson and Albert,
2002; Jobson et al., 2003; Müller et al., 2004). Two of the pos-
itively selected sites are contiguous and lie near the end of
COX I helix 3. In bladderworts (and one Genlisea species), a
double cysteine (C-C) motif substituted for small, hydrophobic
residues otherwise known from many organisms. No other
cysteines were found in the vicinity. We hypothesized that
the two cysteines could form a vicinal disulfide bridge under
some conditions, probably causing helix 3 to unravel prema-
turely. Although vicinal disulfides have not been reported in
alpha helices, we successfully modelled the possibility in sili-
co based on the bovine COX enzyme. Our proposal was that
premature termination of COX I helix 3 could lead to changes
in the proposed docking base (Roberts et al., 1999; Flöck and
Helms, 2002) for the electron carrier cytochrome c (cyt c),
which must associate/disassociate with the COX holoenzyme
four times to reduce an O2 molecule, as COX generates a poten-
tial difference worth 8 unit charges over the inner mitochon-
drial membrane. The electrochemical potential generated is
used to power ATP synthesis. Specifically, we hypothesized
that docking base changes between COX and cyt c could alter
their association/dissociation kinetics to affect the rate of pro-
ton pumping and therefore the rate of ATP production. We
supposed that unravelling of COX I helix 3 might modify the
surface area of the COX/cyt c docking base, thereby increasing
the kinetics of respiration (unpublished).

Here, we propose a second mechanism whereby the C-C motif
might affect bladderwort energetics. The hypothetical Utricu-
laria disulfide could disturb the conserved loop between COX I
helices 3 and 4, which is in contact with the active site of the
holoenzyme. We consider the possible effects of changed in-
teractions at the active site, and their implications for the evo-
lution of bladderwort carnivory in terms of energetic as well as
photosynthetic tradeoffs. The two hypotheses we present are
not mutually exclusive, and could well act in concert. They are
discussed separately because they refer to different mecha-
nisms.

Materials and Methods

CHARMM C30B1 (Brooks et al., 1983) was used for protein
structural modelling. Protein models were visualized by using
VMD 1.8.2 (Humphrey et al., 1996).

Results and Discussion

Cytochrome c oxidase (COX): a review

The vast majority of living organisms depend on the ability to
use O2 as the acceptor of electrons harvested during the citric
acid cycle. The terminal respiratory enzymes in aerobic pro-
karyotes and all eukaryotes are called heme-copper oxidases
(EC 1.9.3.1), after their active site composed of two hemes and
a copper atom. They are large membrane protein complexes,
whose three central subunits are homologous in all kingdoms
of life (Saraste, 1999). In eukaryotes, the central subunits are
encoded by the mitochondrial genome, whereas the addition-
al 4 – 10 subunits are nuclear-encoded, and their function is
largely unknown (Fig. 1) (Kadenbach, 2003). The only abso-
lutely conserved amino acids in the enzyme are the ligands of
the metal ions, which indicates that the electron transfer paths
are identical, as is fitting for extra-fast tunnelling effects. How-
ever, electron entry to the catalytic subunit does vary, as do the
structures for proton channels and clearly also the mobile
parts of the active site that expel the reaction product, water.

The catalytic reaction, O2 + 8H+ in + 4 e– → 2H2O + 4H+ out, takes
place inside the membrane-embedded parts of the protein,
and produces a charge and pH difference, the proton motive
force (ΔμH+), across the membrane; first, because the charged
reagents are taken up from opposite sides of the membrane
(Mitchell, 1961, 1966) and, second, because additional pro-
tons are pumped across the membrane (Wikström, 1977). The
built-up potential opposes further reaction, and then the activ-
ity of the respiratory chain slows down. In the cell/mitochon-
dria, ΔμH+ drives several transport processes, and most impor-
tantly, it powers ATP synthase. For maximal power output of
ATP production, partial decoupling of catalysis from pumping
is beneficial, as this eliminates the back pressure caused by
ΔμH+ (Stucki, 1980).

Electrons are donated to COX by cytochrome c (cyt c), a small
protein on the +-side of the membrane. Cyt c is guided to its
docking site by electrostatic forces, and forms a transient com-
plex with the oxidase for electron transfer. The slowest and
rate-determining step in the electron transfer process is the
dissociation of this donor-acceptor complex (Ferguson-Miller
et al., 1976). Protons enter the active site via hydrogen-bonded
water chains found in protein cavities. The channels are exper-
imentally well defined and are called D and K channels, for
their invariable amino acids (Saraste, 1999). Crystal structures
of bovine heart COX and four bacterial oxidases are known
(Ostermeier et al., 1997; Abramson et al., 2000; Soulimane et
al., 2000; Svensson-Ek et al., 2002; Tsukihara et al., 2003). The
number of nuclear-encoded subunits (Fig. 1) varies from ani-
mals to plants to fungi, and the sequences are highly divergent.
Their role is not clear, but the fact that several of them have tis-
sue- and developmental stage-specific isoforms indicates a
regulatory role in catabolism (Burke and Poyton, 1998).
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Regulation of COX could occur by two conceptually different
ways that are not mutually exclusive. First, if it were possible
to change the dissociation kinetics of cyt c, the reaction rate
could be easily enhanced or retarded. Structurally, this trans-
lates to changes in the docking base of cyt c. No docked com-
plex has been isolated experimentally, but there are computed
structures that agree with mutational and spectroscopic data
(Roberts et al., 1999; Flöck and Helms, 2002). Cyt c is in contact
with several of the nuclear subunits, while the largest contact
areas are to COX I and COX II. Another possibility to regulate
would be to loosen the coupling between catalysis and pump-
ing and, in this way, increase the rate of ATP production at the
cost of efficient use of reductive equivalents (Stucki, 1980).

The C-C motif in COX I: structural and taxonomic disposition

Among the 12 amino acid sites we determined to be under
positive Darwinian selection in bladderworts is a double cys-
teine (C-C) motif near the C-terminus of COX I helix 3. This mo-
tif corresponds to Leu-113-Ser-114 in the bovine enzyme. As
we reported previously, no other cysteine residues lie nearby
in the structure, including in the nuclear-encoded subunit
COX VIIa (Fig. 2; unpublished data). COX VIIc, which together
with nuclear-encoded COX VIIa and mitochondrially-encoded
COX I forms a “tripod”-like interaction point near the proposed
docking base of cyt c (Fig. 2), is not known in plants.

The C-C motif is common to all investigated bladderwort spe-
cies, one corkscrew plant taxon, and the phylogenetically iso-
lated gymnosperm, Welwitschia. No other carnivorous plant
families have the motif, and neither does it appear in any other
of the > 33 000 COX I sequences currently databased for eu-
karyotes, Archaea, and Bacteria. Of the investigated corkscrew
plant species, Genlisea hispidula has C-C, Genlisea aurea has
C-S, whereas Genlisea violacea has L-S, like Pinguicula and
asterids. Genlisea, the sister genus to Utricularia, may have dif-
ferentially lost the C-C motif after loss of selection pressure
for active water transport (Jobson et al., 2004). This model as-
sumes an active trapping ancestor for both genera.

Hypothesis 1: Bladderwort COX is regulated by altered
cytochrome c association-dissociation kinetics

We have previously hypothesized that a vicinal disulfide
bridge at the bladderwort C-C motif could lead to early termi-
nation of helix 3, thereby altering the tripod-like region and
cyt c docking base. A reversible (or non-reversible) conforma-
tional change in the docking base could theoretically lower the
surface area for cyt c association-dissociation and upregulate
COX/cyt c kinetics. A similar functional hypothesis has been
suggested by Schmidt et al. (2005) for COX/cyt c in anthropoid
primates. A number of amino acid residues in both cyt c and
COX appear to have co-evolved with charge-neutralizing ami-
no acid replacements at the docking base. Reduced electro-

Fig. 1 Bovine cytochrome c oxidase. Left, core subunits only, right, all
10 subunits. COX I is shown in silver, heme groups in red, and cop-
per ions as orange dots. COX II is coloured yellow, and COX III pale
blue. Three nuclear subunits are highlighted: COX IV (green), COX Va

(orange), and COX VIc (purple); the rest are coloured grey. The actual
membrane is not visible in the crystal structures, but approximate
membrane level is marked in the figure, intermembrane space up, mi-
tochondrial matrix down.
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static interaction between the proteins could then upregulate
dissociation kinetics. The basic concurrence between these hy-
potheses is attractive, yet both lack the necessary experimen-
tal proof; for example, direct measurements of reaction rates
in the targeted organisms, or measurements of COX kinetics
in mutagenized yeast.

Hypothesis 2: Bladderwort COX is regulated by decoupling
of electron transport and proton pumping

The C-C motif in COX I helix 3 lies very near the loop between
helices 3 and 4 (Fig. 2), which is extremely well conserved
among eukaryotes. In the bovine structure, the loop dips deep
into the helix bundle, and the innermost tryptophan (Trp)
forms a hydrogen bond to heme a3 (Figs. 3,4). There is also a
conserved double proline motif in cis conformation in the loop,
in contact with COX subunit II (COX II; Fig. 4). Intriguingly, mu-
tation of the Trp residue is known to affect proton pumping
(Ribacka et al., 2005). The same loop 3-4 is dramatically differ-
ent between mitochondrial oxidases and their distant bacteri-
al relatives, the cbb3 oxidases, strongly suggesting an impor-
tant functional role (Sharma et al., 2006).

Fig. 2 Protein structural reconstruction of COX I and the nuclear sub-
units COX VIIa and VIIc based on the bovine enzyme model. COX I is
in silver, and hemes and coppers show through in purple and orange,
respectively. COX subunits VIIa, VIIc are shown in dark blue. COX VIIa
exists in plants, including Utricularia. Leu-113-Ser-114 of bovine I are
shown as red space-filling models. Cytochrome c, in green, is shown
superimposed by using coordinates from the P. denitrificans oxidase
(1ar1.pdb)/cytochrome c docked complex. COX I residues 113 and 114
and the C termini of COX VIIa, VIIc form a “tripod” directly at the
cytochrome c docking base. See Jobson et al. (2004).

Fig. 3 Loop 3-4 of COX I extends deep into the COX active site. The
carbon backbone of the loop and helix ends is shown in red. The ter-
minal Trp residue, in aqua, makes contact with heme a3. The yellow
carbon chain is part of nearby COX II. Other structural elements are as
in Fig. 1.

Fig. 4 Loop 3-4, shown as a transparent space-filling model. The car-
bon backbone shows through in red, and the C-C motif on helix 3 is
in green. COX II is shown in cartoon (yellow) except for two regions
(aqua and green, respectively) that independently contact loop 3-4
via a double proline motif.
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It is perhaps significant that in silico modelling suggests only
1 – 2 amino acids would be required to construct a loop 3-4
that had no other function (unpublished). The potential struc-
tural implication is that free cysteines would form a longer
helix, whereas a disulfide would terminate the helix about
two turns earlier (as above), causing a conformational change
at Trp/heme a3 that leads to uncoupling of proton pumping
from electron transport. Moreover, this hypothetical confor-
mational change at loop 3-4 would still be expected to alter
the COX/cyt c docking base, as in Hypothesis 1.

Functional implications

Implicit in Hypothesis 1 is that electron transport and proton
pumping are still coupled despite increased COX/cyt c associa-
tion-dissociation rate. As such, overall energy production could
be increased, but only by a constant linked to this protein in-
teraction rate. Molecular evolutionary changes permitting in-
creased COX/cyt c association-dissociation rates would be
fixed for the lifetime of the organism, as opposed to permitting
physiologically-induced flexibility.

Hypothesis 2, which is our preferred hypothesis based on
structural evidence, could permit fine scale, physiologically-
based regulation of energetic power, albeit at an overall energy
cost, via the possibility for total or partial uncoupling of elec-
tron transport from proton pumping. If complete decoupling
occurred and the enzyme no longer pumped protons, one
charge would still be transferred across the membrane for the
electron and proton needed in water formation. At five charges
total per the respiratory chain, the net loss is 20%. Despite the
overall loss in energetic efficiency, decoupling could permit H+

ions to build up a positive energy potential in the intermem-
brane space that is independent from the electron transport
rate. Since ATP synthase interconverts the proton motive force,
ΔμH+ to ATP, greater ΔμH+ would mean greater ATP production.
Via a conformational change at loop 3-4, an organism could
then fine-tune the speed of ATP production to needs, albeit at
some cost to overall efficiency. With experimental evidence
showing respiration in active trapping Utricularia bladders to
be 75 –200% greater than in the passive leaf-like structures
(Adamec, 2006), Hypothesis 2 suggests that decoupling is spa-
tially regulated in bladderworts, perhaps by expressing dif-
ferent nuclear-encoded isoforms in different tissues. In mam-
mals, differential expression of such isoforms is known to have
regulatory implications (e.g., Grossman et al., 2001). While
nothing is known of COX isoforms in plants, in the bovine en-
zyme, loop 3-4 is implicated in the tissue-specific isoform dif-
ferences of the small subunits in mammals (unpublished).

Adaptive tradeoffs and a model for the evolution of
bladderwort carnivory

The massive respiratory output of Utricularia traps places a
severe metabolic constraint on the plant, which can have blad-
ders as a significant portion of its biomass (Juniper et al., 1989;
Friday, 1992; Guisande et al., 2000, 2004; Richards, 2001). The
metabolic cost of traps is made all the more severe by their
7 – 10-times lower photosynthetic capacity relative to leaf-like
structures (Adamec, 2006). Clearly, bladderworts “walk a fine
line” in terms of adaptive tradeoffs.

Givnish’s (1984) model for carnivorous plant evolution was
parameterized in terms of photosynthetic cost/profit in nu-
trient-poor habitats. Investment of carbon in elaborate traps
must be balanced by nutrient gain. Passive- or even moderate-
ly active-trapping carnivores may indeed have photosynthetic
capacity as their principal limitation, but the highly active-
trapping bladderwort requires – and has been demonstrated
to use – massive amounts of energy (Sydenham and Findlay,
1973 a; Adamec, 2006).

We present a new model for the evolution of bladderwort car-
nivory in Fig. 5. The lower graph follows the Givnish model and
its emphasis on photosynthetic rates (see Ellison, 2001). Al-
tered from that model are the labels on the curves represent-
ing photosynthetic rates. Givnish (1984, 1989) considered
rates in moist, high-light habitats (upper black curve) versus
those in dryer, low-light environments (lower black curve).
The green and red curves, respectively, represented net photo-
synthetic profits (rates minus costs [diagonal]) given the pho-
tosynthetic costs of carnivory. Givnish envisioned carnivory to
become adaptive in terms of cost-benefit tradeoffs when the
net profit curve for moist, high-light habitats sloped upward
(roughly speaking, at the black dot on the green curve). For
our purposes with Utricularia, and based on empirical data
(Adamec, 2006), we merely replace photosynthetic rate differ-
ences between moist, high-light versus dryer, low-light habi-
tats with those for leaves versus bladders (respectively). Im-

Fig. 5 Model for the evolution of bladderwort carnivory including both
photosynthesis and respiration as parameters. See text for details.
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mediately apparent is that the photosynthetic cost incurred
by producing bladders does not favour their evolution under
Givnish’s (1984, 1989) model (yellow star). However, as we
have argued, bladderwort respiration must also become an
evolutionary parameter.

The boxed graph at the top of Fig. 5 represents bladderwort
respiration via three axes, two of which correspond to the pho-
tosynthetic graph below. In parallel with photosynthesis, met-
abolic cost and metabolic profit are evolutionary tradeoffs for
bladderworts. The third axis on the graph is overall energy
produced by the respiratory chain, expressed in terms of effi-
ciency. Under Hypothesis 2, reduced overall energy efficiency
(metabolic cost), with or without uncoupling of electron trans-
port from proton pumping (i.e., 80% vs. 100% efficiency), must
be balanced with the gain in nutrients conferred by carnivory
(metabolic gain). The solid green and red lines track total ener-
gy along the e– axis, and the like-coloured dashed lines inter-
cept the metabolic cost/benefit diagonal as follows: (1) 100%
(green) incurs low metabolic cost, but the metabolic invest-
ment is insufficient to make bladderwort carnivory adaptive
(black dot). (2) 80% (red) incurs a higher metabolic cost, but
the gain in terms of respiratory power outweighs it (yellow
star).

Given that the common ancestor of the carnivorous butter-
worts (Pinguicula), corkscrew plants (Genlisea) and bladder-
worts (Utricularia) was very likely to have been a flypaper
trapper (Albert et al., 1992), overcoming the net photosynthet-
ic cost of carnivory (black dot in lower graph) would have pre-
dated evolution of the bladder mechanism. As such, we hy-
pothesize that metabolic tradeoffs would have become the
most important parameters during the evolution of bladders.
The red line between the graphs illustrates this relative param-
eter importance.

Conclusions

If our structural and mechanistic hypotheses are correct, the
nearly unique C-C motif in bladderwort COX I may have signif-
icant functional and evolutionary implications:
1. Early termination of COX I helix 3 by a vicinal disulfide

bridge could alter the functionally vital loop 3-4, which
makes direct contact with the COX active site. Such a confor-
mational change could alter the COX/cyt c docking base or
inactivate proton pumping, the latter decoupling proton
pumping from electron transport.

2. Fine-tuned regulation of proton motive force, ΔμH+, would,
in turn, permit fine-tuned regulation of ATP production, i.e.
at times and in tissues where it is needed the most.

3. Respiratory regulation in this manner could be responsible
for greater respiration in the bladders of Utricularia versus
their leaf-like structures.

4. Given that photosynthesis in bladders in much less than in
leaf-like structures despite the bladders’ significant contri-
bution to biomass, metabolic versus photosynthetic gain
must exist in a very delicate balance.

5. A new model for bladderwort carnivory that assumes carni-
vory itself evolved first in the common ancestor of the but-
terworts, corkscrew plants, and bladderworts, suggests that
metabolic gain permitted by optimization of energetic pow-
er was the decisive scaffolding parameter underlying blad-
der evolution from non-active trapping structures.

Future research would first require isolation and characteriza-
tion of Utricularia COX. We would need the protein complex
both from leaves and bladders to be able to assign the ob-
served tissue-level difference in respiratory activity (Adamec,
2006) unequivocally to the function of cytochrome c oxidase.
Further, the existence of the C-C vicinal disulfide should be ad-
dressed with mass spectrometry. Another useful experiment
could be in vitro mutagenesis to produce the C-C motif in yeast
COX I, followed by physical and physiological characterization.
Further research on nuclear COX subunits in plants could also
be illuminating.
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