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Cyanobacteria must prevent imbalances between absorbed light
energy (source) and the metabolic capacity (sink) to utilize it to
protect their photosynthetic apparatus against damage. A number
of photoprotective mechanisms assist in dissipating excess
absorbed energy, including respiratory terminal oxidases and
flavodiiron proteins, but inherently reduce photosynthetic effi-
ciency. Recently, it has been hypothesized that some engineered
metabolic pathways may improve photosynthetic performance by
correcting source/sink imbalances. In the context of this subject,
we explored the interconnectivity between endogenous electron
valves, and the activation of one or more heterologous metabolic
sinks. We coexpressed two heterologous metabolic pathways that
have been previously shown to positively impact photosynthetic
activity in cyanobacteria, a sucrose production pathway (consum-
ing ATP and reductant) and a reductant-only consuming cyto-
chrome P450. Sucrose export was associated with improved
quantum yield of phtotosystem II (PSII) and enhanced electron
transport chain flux, especially at lower illumination levels, while
cytochrome P450 activity led to photosynthetic enhancements pri-
marily observed under high light. Moreover, coexpression of these
two heterologous sinks showed additive impacts on photosynthe-
sis, indicating that neither sink alone was capable of utilizing the
full “overcapacity” of the electron transport chain. We find that
heterologous sinks may partially compensate for the loss of pho-
tosystem I (PSI) oxidizing mechanisms even under rapid illumina-
tion changes, although this compensation is incomplete. Our
results provide support for the theory that heterologous metabo-
lism can act as a photosynthetic sink and exhibit some overlapping
functionality with photoprotective mechanisms, while potentially
conserving energy within useful metabolic products that might
otherwise be “lost.”
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Cyanobacteria, equipped with photosynthetic machinery to fix
CO2 into reduced forms, have been increasingly engineered

as biotechnological platforms for light-driven production of a
wide variety of bioproducts (1). However, although the theo-
retical maximum efficiency of solar-to-biomass energy conver-
sion in cyanobacteria has been estimated as 8 to 10%, the best
sustained efficiencies that have been reported are in the range of
1 to 2% (2). A major loss to photosynthetic efficiency occurs
when source energies (absorbed solar radiation) exceed the ca-
pacity of sink metabolism (total cellular energy demand),
resulting in increased activation of dissipative photoprotection
mechanisms (3). Balancing source/sink energies is one strategy
for improving photosynthetic efficiency, and this has typically
been pursued by dampening the light energy that is absorbed by
cyanobacteria (2, 4), though it has been hypothesized more re-
cently that enhancing sink capacity through rewiring downstream
metabolism may achieve similar effects (5).

Cyanobacterial alternative electron transport pathways that
accept electrons in the electron transport chain (ETC) and cat-
alyze the reduction of O2 to water to avoid the uncontrolled
formation of damaging reactive oxygen species, include fla-
vodiiron proteins (FDPs) and respiratory terminal oxidases
(RTOs) (Fig. 1) (6, 7). Electron flux to RTO and FDP pathways
still contribute to proton motive force formation; FDP water–
water cycle activity is located downstream of proton-pumping
complexes of the ETC (8), and cytochrome oxidase (COX)
also directly pumps protons to the lumen (9) (Fig. 1). None-
theless, by effectively short-circuiting the canonical linear flow of
electrons through the ETC, the activity of FDPs and RTOs de-
crease photosynthetic generation of reducing equivalents (e.g.,
NADPH) and reduce conversion of potential energy into bio-
molecules. While the mechanisms underlying the regulation of
these pathways have not been elucidated, it is clear that electron
flux to them can be dynamically altered on short time scales
(seconds to minutes) (10). These mechanisms have been found
to be important for energy homeostasis, especially in dynamic
environments such as fluctuating light intensities, where they
may assist in balancing the overreduction of the ETC (11–13).
There is evidence that FDPs and RTOs can exhibit prolonged
activity even under controlled-light laboratory conditions, po-
tentially consuming a significant portion of electrons originating
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from water splitting in the photosystem II (PSII) in certain
conditions and species (14, 15).
Sink engineering is a recent strategy that is under investigation

to improve photosynthetic efficiency in cyanobacteria by im-
proving source/sink energy balance. The expression of a number
of distinct heterologous metabolic pathways has been demon-
strated to improve photosynthetic properties, such as in strains
engineered with carbon sinks [e.g., sucrose (16, 17), 2,3-buta-
nediol (18), isoprene (19), and glycerol (20)], or electron sinks
[e.g., cytochrome P450 (21–24)]. One explanation proposed for
these observations is that the additional metabolic costs
(i.e., ATP and/or NADPH) associated with the expression of the
heterologous metabolic pathway utilizes the “overcapacity” of
the ETC under sink-limited conditions, increasing the intensity
at which photosynthesis becomes saturated or reducing loss of
potential energy in the ETC to photoprotective mechanisms.
This hypothesis remains to be rigorously tested.
We reasoned that if heterologous metabolic pathways can act

to capture excess energy within sink-limited photosynthetic sys-
tems, such engineered pathways might exhibit competition with

one another or endogenous photoprotective pathways. Indeed, if
heterologous metabolism competes substantially with FDPs and
RTOs, they might exhibit latent photoprotective qualities
themselves. To explore these possibilities, we examined the in-
terplay between two different heterologous sinks (sucrose export
and cytochrome P450) in Synechococcus elongatus PCC 7942,
and compared their competition with native photoprotective
sinks (FDPs and RTOs). Surprisingly, we found that a single
heterologous sink alone does not appear to utilize the full ETC
overcapacity. Furthermore, our data suggest that under specific
conditions, these engineered sinks may be used to redirect en-
ergy away from less energetically efficient pathways and increase
energy stored in more useful metabolic products.

Results
Expression of a Single Heterologous Sink Leads to Distinct
Photosynthetic Enhancements. We validated the effect of
expressing a carbon sink (sucrose production) (16, 17) or an
electron sink (cytochrome P450) (21, 22) separately in S. elon-
gatus (Fig. 1). In the case of the previously reported inducible

Fig. 1. Overview of ETC, photoprotective mechanisms, and heterologous sinks in S. elongatus. When excess energy is absorbed in the light reactions of
photosynthesis, it can result in damage to the photosystems and photoinhibition. Energy can be dissipated before charge separation as heat and fluorescence
by nonphotochemical quenching (NPQ) mediated by NPQ ascribed to state transitions, a change in the relative antenna size of PSI and PSII. Energy can also be
dissipated after charge separation via electron transfer to major electron acceptors, FDPs (Flv3 and Flv1), and to alternative acceptors, RTOs (Cyd and COX)
during photoprotection. NADH dehydrogenase-like complex 1 (NDH-1) participates in cyclic electron flux around PSI and CO2 acquisition.

Fig. 2. Engagement of heterologous sinks enhances indicators of photosynthesis. (A) ΦII values measured at three different light intensities 24 h after the
induction of sucrose export. (B) ΦII values measured at three different light intensities 24 h after the induction of cytochrome P450 activity. (C) P700+ τ values
(in seconds) measured at three different light intensities 24 h after the induction of cytochrome P450 activity. (D) P700 oxidation levels, expressed as per-
centage of a completely oxidized PSI pool, measured at four different light intensities 24 h after the induction of cytochrome P450 activity. Averages of ≥3
independent biological replicates are shown with SD reported with error bars. Significance was calculated by unpaired Student’s t test relative to uninduced
strain as control. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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sucrose export system (16), genes for sucrose phosphate synthase
(SPS) and sucrose permease (CscB) are controlled by isfopropyl-
β-D-thiogalactopyranoside (IPTG) and facilitate the accumula-
tion of cytosolic sucrose and its export from the cell, respectively.
A second heterologous electron sink consisting of the cyto-
chrome P450 protein, CYP1A1, was originally characterized in
Synechococcus sp. PCC 7002 (21, 22). CYP1A1 is able to utilize
reductant generated from the photosynthetic ETC to catalyze a
monooxygenase reaction, and has been successfully used to de-
toxify the herbicide atrazine, a widespread environmental pol-
lutant (25, 26). When expressed in Synechococcus sp. PCC 7002
(22), CYP1A1 expression increased atrazine resistance, im-
proved photosynthetic flux at higher light intensities, and po-
tentially catalyzed monooxygenase reactions with other cytosolic
substrates. We constructed an expression cassette carrying the
cyp1a1 gene controlled by a conII promoter with a theophylline
riboswitch regulator (27). These expression cassettes were in-
dependently evaluated for photosynthetic impacts after inte-
grating them into the genome of S. elongatus.
We first evaluated the effect of heterologous sinks on the

activity of PSII, beginning with the quantum yield of PSII (ΦII), a
parameter that estimates the fraction of light absorbed by PSII-
associated antenna complexes used for photochemistry at a given
actinic light intensity (28, 29). As expected (16), we observed
strong induction of secreted sucrose following induction of CscB
and SPS (SI Appendix, Fig. S1A), and this was associated with an
increase of ΦII values upon sucrose export (Fig. 2A). The ex-
pression of cytochrome P450 (SI Appendix, Fig. S1B) led to a
significant increase in cytochrome P450 activity, as measured by
the fluorometric ethoxyresorufin-O-deethylase (EROD) assay
(SI Appendix, Fig. S1C), and an increase in the quantum effi-
ciency of PSII (Fig. 2B) that was modest at illumination near the
growth intensity (100-μmol photons m−2 s−1), and becomes sig-
nificant at higher light intensities (≥275-μmol photons m−2 s−1).
These results are generally in agreement with prior observations
reported for CYP1A1 expression in Synecococcus sp. PCC 7002
(22). It should be noted that slight changes in basal levels of ΦII
were observed in different genetic backgrounds (SI Appendix,
Fig. S2), which is not unexpected when comparing between dif-
ferent genotypes (see ref. 30 for detailed explanation). The effect
of either sink on photochemical quenching (qP), an estimate of
PSII redox state (31), was more modest and was only statistically
significant at selected actinic illuminations for the sucrose sink
(SI Appendix, Fig. S3A) and cytochrome P450 sink (SI Appendix,
Fig. S3B).
Next, we evaluated the effect of the expressing heterologous

sinks on electron transport to photosystem I (PSI) using P700+

rereduction kinetics. First, we measured the time constant of
dark P700 decay (reduction) in PSI using dark-interval relaxation
kinetics (DIRK) (32), an indicator of the steady-state electron
flux to PSI [e.g., from cytochrome b6f (33)]. The P700+ rere-
duction kinetics were fitted to single exponential decays, and the
resulting rate constants (τ) are indicative of electron transfer to
the donor side of PSI. Based on the half-time of the decay ki-
netics, an increased rate of P700+ rereduction during a dark
pulse was observed following cytochrome P450 expression
(Fig. 2C). Moreover, an increase in P700 oxidation under pro-
longed exposure to constant actinic light was also observed
(Fig. 2D). One possible explanation for this observation is that
cytochrome P450 activity may consume excess reductant from
the acceptor side of PSI. Because there is a linear relationship of
P700 oxidation to alleviation of PSI photoinhibition (34), this
may be indicative of less PSI photodamage when cytochrome
P450 is active. This result is similar to strains of Synechocystis sp.
PCC 6803 engineered for ethylene production, where a decrease
in P700+ rereduction half-time was also indicative of increased
electron flux through the ETC relative to wild-type background
(35). In contrast, no effects on τ values (SI Appendix, Fig. S3C)

or P700 oxidation levels (SI Appendix, Fig. S3D) were observed
following sucrose export.

Coexpression of More than One Heterologous Sink Has Additive
Photosynthetic Effects. To evaluate the interplay between multi-
ple heterologous sinks, we constructed strains with independent
control of expression of both the sucrose export mechanism
(IPTG induced) and CYP1A1 (theophylline induced). Activation
of either CYP1A1 or sucrose export in this genetic background
led to changes in photosynthetic parameters that matched trends
shown previously (i.e., in ΦII, τ, and P700 oxidation) (Fig. 2 B–D,
respectively), while simultaneous activation of both sinks often
led to additive effects. For example, higher quantum efficiencies
of PSII were observed in strains with both sucrose and cyto-
chrome P450 sinks activated, and this effect was most pro-
nounced at higher light intensities (≥275-μmol photons m−2 s−1)
(Fig. 3A). The differences in calculated ΦII values were mainly
due to an increase of the maximum fluorescence level in the light
(F′M) rather than changes in the steady-state fluorescence level
(Fs) (SI Appendix, Fig. S4). Furthermore, declining in PSII yields
at higher light intensities is an expected outcome of saturating
photosynthetic processes; this effect was diminished when both
sucrose and cytochrome P450 sinks were activated (Fig. 3A).
Similarly, P700 was maintained at a higher oxidation state with
both sinks activated, especially at higher illumination (Fig. 3B).
In contrast, the time constant of P700+ rereduction was slightly
decreased under conditions when CYP1A1 was expressed, and
sucrose sink activation had little effect on this parameter
(Fig. 3C). Moreover, estimates of the relative electron transport
rate (rETR) increased with either CYP1A1 or sucrose export,
but were most improved when both sinks were active (Fig. 3D).
Estimates of PSII (ETRII) activity relative to PSI (ETRI) indi-
cated the expected linear relationship (SI Appendix, Fig. S5).
However, when only cytochrome P450 was expressed, ETRI was
elevated relative to ETRII. This indicates that CYP1A1 pro-
motes PSI maximal activity, and has implications for PSI limi-
tations in uninduced cultures (Discussion) (36).
Although coexpression of both sinks generally promoted ad-

ditive effects on photosynthetic performance based on these
measurements, we observed potential competition between the
introduced pathways. Expression of the sucrose export pathway
in strains expressing CYP1A1 led to reduced cytochrome P450
monooxygenase activity (Fig. 3E). On the other hand, cyto-
chrome P450 coexpression did not impact total levels of sucrose
exported at 100-μmol photons m−2 s−1; however, a slight but
significant decrease in sucrose exported was observed at inten-
sities >100-μmol photons m−2 s−1 when cytochrome P450 activity
was coinduced (Fig. 3F). Sucrose export led to major changes in
biomass distribution in the cells (SI Appendix, Fig. S6 A and B),
significantly increasing the total biomass accumulated (dry cell
mass + exported sucrose) relative to uninduced controls (SI
Appendix, Fig. S6C). Induction of cytochrome P450 activity did
not have the same large change in carbon allocation (as expected
because it is solely an electron sink), although a slight increase in
per cell biomass accumulation was observed with both sinks ac-
tive (SI Appendix, Fig. S6C).

Alternative Electron Acceptors Do Not Account for Carbon
Sink–Induced Photosynthetic Enhancements. One possible inter-
pretation of the photosynthetic enhancements caused by heter-
ologous sink expression is that the spectroscopic data resulted
from an unanticipated increase in activity of natural alternative
electron acceptors. We therefore examined the impact of
expressing sinks under conditions with disabled alternative
electron acceptors. We first tested the elimination of FDPs, a
major electron sink downstream of PSI that has been reported to
consume ∼20 to 30% of electrons generated from PSII under
quasi-steady state in Synechocystis sp. PCC 6803 in the 10 to
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20 min following a dark-to-light transition (37). The genome of
S. elongatus encodes for two FDPs, Flv1 and Flv3, that function
as a heterodimer (11, 38), but lacks the Flv2/4 pair found in some
other cyanobacterial species (e.g., Synechocystis sp. PCC 6803).
The FDP knockout mutants (Δflv1/3) we generated exhibited
substantial differences in fluorescence and spectroscopic kinetics
compared to a wild-type background (SI Appendix, Fig. S7), as
reported previously in Chlamydomonas reinhardtii (39). Chloro-
phyll a fluorescence continued to rise throughout the duration of
a 1.5-s saturating flash in FDP mutants in comparison to the
wild-type (contributing to higher apparent F′M values measured
during saturation pulses), and the relaxation of chlorophyll
fluorescence following the flash was substantially slower (SI
Appendix, Fig. S7). We observed a similar enhancement in ΦII
when sucrose export was induced in an FDP knockout (Fig. 4A
and SI Appendix, Fig. S9A), suggesting FDP activity cannot ac-
count for the improvement in photosynthetic parameters when a
sucrose sink is engaged. However, somewhat unexpectedly,
knockout of FDPs significantly impacted the photosynthetic
enhancements observed following cytochrome P450 expression,
decreasing the values of ΦII, especially at low light intensity
(Fig. 4B and SI Appendix, Fig. S9B), mostly due to a decrease of
F′M (SI Appendix, Fig. S8A).
RTOs participate in the ETC of S. elongatus, including cyto-

chrome bd quinol oxidase (Cyd) and COX, which accept elec-
trons from the plastoquinone and plastocyanin/cytochrome c6

pools, respectively (6). Relative to FDPs, RTOs are thought to
consume only a minor fraction of photosynthetic reductant
(∼6%) (14) and may not typically play dominant roles in pho-
toprotection, although RTO activity may be up-regulated under
certain conditions [e.g., when FDP activity is insufficient to
prevent linear electron transport blockage at the level of cyto-
chrome b6f or PSI (14)]. Addition of 1 mM potassium cyanide
(KCN), which is known to inhibit RTOs (40, 41), did not di-
minish the increase in ΦII observed following sucrose export
(Fig. 4C and SI Appendix, Fig. S9C). A similar pattern was ob-
served for cyanide treatment in a Δflv1/3 background (SI Ap-
pendix, Fig. S9E). Taken together, these data suggests that
inhibition of at least three of the most dominant alternative
electron acceptors does not impair the ability of a sucrose sink to
enhance photosynthesis. Similarly, the addition of KCN did not
impact the gain in photosynthetic efficiency obtained by the ac-
tivity of cytochrome P450 at ≤275-μmol photons m−2 s−1 inten-
sities (Fig. 4D and SI Appendix, Fig. S9D), but not at 500-μmol
photons m−2 s−1, where ΦII decreases due to a decrease of F′M
(SI Appendix, Fig. S8B), indicating that RTOs are not involved in
the increase in ΦII observed after CYP1A1 expression. Fur-
thermore, KCN treatment did not exacerbate the loss of ΦII
caused by CYP1A1 expression in FDP knockout strains (SI
Appendix, Fig. S9F).
The apparent competition between heterologous sinks for

electrons from PSI seen in the above results prompted us to

Fig. 3. Simultaneous expression of both sinks has additive effects on photosynthetic capacity. (A) ΦII values measured at three different light intensities 24 h
after activation of sucrose and/or cytochrome P450 sinks. (B) P700 oxidation levels, expressed as a percentage, measured at three different light intensities
24 h after activation of sucrose and/or cytochrome P450 sinks. (C) P700+ τ values, expressed in seconds, measured at three different light intensities 24 h after
coactivation of both sucrose and cytochrome P450 sinks. (D) rETR measured at three different light intensities 24 h after activation of sucrose and/or cyto-
chrome P450 sinks. (E) CYP1A1 activity measured at three different light intensities 24 h after of coactivation of both sucrose and cytochrome P450 sinks. (F)
Sucrose exported levels measured after 24 h of coactivation of both sucrose and cytochrome P450 sinks. CscB/SPS/P450 strain was used for the experiments
showed in all panels. Sucrose export was induced by adding 1 mM IPTG to induce cscB and sps (±sucrose, respectively). Cytochrome P450 activity was induced
by addition of 1 mM theophylline to promote cyp1a1 expression (±P450, respectively). Averages of ≥3 independent biological replicates are shown + SD.
Significance was calculated by one-way ANOVA followed by Tukey’s multiple comparison test. Bars labeled with different letters are significantly different
(P < 0.05).
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investigate if heterologous sinks compete with natural photo-
protective sinks. We first examined sucrose export capacity in
cells with and without FPDs. Sucrose export was enhanced on a
per cell basis in the Δflv1/3 background (Fig. 4E and SI Appendix,
Fig. S1A), albeit at the expense of growth rate (Fig. 4F). This
provides indirect evidence that endogenous FDP activity may

compete for reductant that could otherwise be used for bio-
production and biomass formation, potentially even under con-
stant moderate illumination (i.e., 150-μmol photons m−2 s−1).
These results demonstrated the existence of an interconnection
between biomass formation, PSI oxidation, and sucrose pro-
duction. The highest rates of biomass accumulation (both total

Fig. 4. The nature of the heterologous sink influences its competition with endogenous sinks. (A and B) ΦII values in absence of FDPs measured at three
different light intensities 24 h after activation of sucrose sink (A) or cytochrome P450 sink (B). (C and D) ΦII values in absence of RTOs (activity blocked with
KCN) measured at three different light intensities 24 h after activation of sucrose sink (C) or cytochrome P450 sink (D). (E) Sucrose exported per OD750 unit at
different time points following induction of cscB and sps genes by IPTG in the presence/absence of FDPs (Δflv1/3). (F) Cell growth of cultures shown in E at
different time points following induction of cscB and sps genes by IPTG in the presence/absence of FDPs (Δflv1/3). Averages of ≥3 independent biological
replicates are shown ± SD. Significance was calculated by unpaired Student’s t test relative to uninduced strain as control; *P < 0.05, **P < 0.01, ***P < 0.001;
ns, not significant. A–E are by one-way ANOVA followed by Tukey’s multiple comparison test. Bars labeled with different letters are significantly different (P <
0.05) (F). An extended version of A–D can be found in SI Appendix, Fig. S9 A–D, respectively.

Fig. 5. Heterologous sinks can partially compensate for PSI overreduction caused by fluctuating light conditions. (A) Redox kinetics of P700 during a sat-
uration pulse measured after 24 h of coactivation of sucrose and cytochrome P450 sinks individually and together in a strain lacking the protective FDP
proteins (CscB/SPS/P450/Δflv1/3). (B and C) Redox kinetics of P700 during a saturation pulse in presence of different concentrations of BV measured after 24 h
in a strain lacking the protective FDP proteins without (B) and with (C) coactivation of both sucrose and cytochrome P450 sinks. CscB/SPS/P450/Δflv1/3 strain
was used for the experiments showed in all panels. Sucrose export was induced by adding 1 mM IPTG to induce cscB and sps (±sucrose, respectively). Cy-
tochrome P450 activity was induced by addition of 1 mM theophylline to promote cyp1a1 expression (±P450, respectively). Averages of ≥3 independent
biological replicates are shown. P700 kinetic measurements were taken with 500-μmol photons m−2 s−1 of blue actinic light (yellow boxes). Saturation pulses
(SP) of ∼0.5 s (orange boxes) were applied to promote complete oxidation of P700 and were turned on at the time point indicated by upward arrows and off
at the time point indicated by a downward arrow.
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biomass and on a per cell basis) were observed in strains
expressing both heterologous sinks within a Δflv1/3 background
(SI Appendix, Fig. S6C). On the other hand, cytochrome P450
activity was not impacted by the removal of FDPs (SI Appendix,
Fig. S1C). Taken together, these data show that heterologous
sucrose export significantly enhanced photosynthetic perfor-
mance under our culture conditions (Fig. 2A) in a manner that
was independent of endogenous water–water mechanisms
(Fig. 4 A and C and SI Appendix, Fig. S9 C and D), whereas
cytochrome P450 expression had moderate photosynthetic ef-
fects (Fig. 2B) that were more pronounced under high light
(Fig. 2A), which may be linked to the activity of natural sinks
(e.g., FDPs) (Fig. 4B and SI Appendix, Fig. S9B).

Heterologous Sinks Can Partially Compensate for the Loss of PSI
Oxidation Mechanisms. The observation of increased rETR
(Fig. 3D) and higher P700 oxidation levels (Fig. 3B) suggested
that both heterologous sinks act as efficient acceptors of reduc-
tant from PSI, and thus may partially compensate for a loss of
FDPs (11). As reported previously in cyanobacteria (42) and
algae (43), the lack of the protective FDP proteins impaired the
ability of S. elongatus to maintain an oxidized PSI pool during a
transient pulse of saturating light (SI Appendix, Fig. S10).
Expressing one of the two sinks had a minor effect on P700
oxidation kinetics in a strain lacking FDPs (Fig. 5A), but when
both sinks were simultaneously activated, the kinetics of PSI
reduction were significantly slowed (Fig. 5A). This improvement
in P700+ levels was correlated with sucrose production and ex-
port, but was not observed upon supplementation with extra-
cellular (exogenous) sucrose (SI Appendix, Fig. S11). A similar
effect was observed in ΦII levels, where the presence of exoge-
nous sucrose has a negative impact (100-μmol photons m−2 s−1)
or no significant effect (≥275-μmol photons m−2 s−1) regardless
of cytochrome P450 activation (SI Appendix, Fig. S12). These
results were consistent across all tested light conditions (SI Ap-
pendix, Fig. S13 A and D), although the heterologous sinks were
not sufficient to recover the fully oxidized PSI pool under
fluctuating light.
To test if the changes in P700 oxidation were due to a partial

mitigation of excess reductant building up on PSI, we supple-
mented cells with benzyl viologen (BV), an artificial electron
acceptor capable of accepting electrons from PSI. First, we
verified that titrating BV into FDP knockout mutants was able to
eliminate the acceptor side limitation of PSI and restore an ox-
idized PSI pool during a saturating pulse. Addition of 50 μM BV
was required to completely rescue the P700 oxidation kinetics
during a saturating light pulse in Δflv1/3 cells without activated
sinks (Fig. 5B). However, when both sinks were activated in this
background, 10 μM BV was sufficient to recover wild-type–like
oxidation kinetics during a saturating light pulse (Fig. 5C), sug-
gesting that sucrose export and cytochrome P450 sinks were
mitigating a substantial proportion of reductant building up on
the PSI acceptor side during a light transient. These results were
consistent across all steady-state light conditions analyzed (SI
Appendix, Figs. S13 B, C, E, and F).

Discussion
Taken together, our results demonstrate the expression of het-
erologous sinks have a positive effect on photosynthetic perfor-
mance, and are broadly consistent with an emerging
phenomenon of many different heterologous bioproduction
metabolic pathways that can impart photosynthetic benefits in
engineered cyanobacterial strains (44). One parsimonious hy-
pothesis for these effects is that heterologous metabolic sinks
may capitalize on excess potential energy in the ETC, providing
an outlet for captured energy that might otherwise be directed
toward photoprotective systems or other “release valves,” al-
though this theory would have interesting implications for

cyanobacterial metabolism. We show that two different sinks
when operated individually lead to enhanced photosynthetic
performance, although the effects are not identical and may
depend on the nature of the sink introduced. Furthermore, ac-
tivating these sinks simultaneously can lead to additive photo-
synthetic improvements, especially at high light intensities where
cytochrome P450 activities are more pronounced (≥275-μmol
photons m−2 s−1). We find that many such photosynthetic im-
provements cannot be explained simply as an effect of up-
regulated native sinks. Indeed, heterologous metabolism may
be capable of substituting for some PSI oxidizing activities, albeit
to a limited extent.
Our data validate and expand upon recent reports of improved

photosynthesis in cyanobacteria engineered with carbon heter-
ologous sinks [e.g., sucrose (16, 17), 2,3-butanediol (18), iso-
prene (19), and glycerol (20)]. In particular, we corroborate the
positive effect on multiple photosynthetic parameters observed
following expression of a sucrose export, including improved
PSII activity (Figs. 2A and 3A). An increase in the photosynthetic
efficiency was also observed when we explored the impact of an
electron sink, the cytochrome P450 CYP1A1, similar to obser-
vations when this gene was expressed in Synechococcus sp. PCC
7002 (21, 22). Expression of cytochrome P450 sink leads to en-
hancements in quantum yield of PSII, electron turnover time in
PSI and P700 oxidation levels (Fig. 2 B–D), demonstrating that
this is not a species-specific effect. We also find that a number of
the sink-dependent photosynthetic enhancements we observed
are maintained after eliminating the activity of endogenous al-
ternative electron acceptors (FDPs and RTOs) (Fig. 4 and SI
Appendix, Fig. S9), indicating that the changed photosynthetic
parameters are not the result of increased engagement of energy-
consuming mechanisms. Conversely, eliminating the water–water
cycle catalyzed by Flv1/3 can enhance the yield of sucrose on a
per cell basis under some of the conditions we tested (Fig. 4 A
and E and SI Appendix, Figs. S6 and S9A). This is broadly con-
sistent with recent reports that FDP inactivation increases poly-
β-hydroxybutyrate and glycogen production in Synechocystis sp.
PCC 6803 (45) or H2 production in C. reinhardtii (46, 47), al-
though it remains to be definitively demonstrated if this is a di-
rect effect of redirecting photosynthetic electron flux that would
have otherwise been consumed by Flv1/3. For example, since
water–water cycles contribute to the generation of proton motive
force (and ATP generation), other alterations in energy balance
likely occur when flux to such pathways is restricted which could
influence bioproduction pathways.
More surprisingly, we showed that combining more than one

heterologous sink in the same strain shows additive effects in the
photosynthetic efficiency of PSII (Fig. 3A) and P700 oxidation
levels (Fig. 3B). These results provide support for the hypothesis
that neither sink alone is capable of utilizing the full overcapacity
of the ETC. However, there are indications of diminishing
returns with additional sinks, and we find evidence that there is
competition between two heterologous sinks (Fig. 3E). This
observation is conceptually similar with other reports in the lit-
erature, such as in C. reinhardtii cells, where the Calvin–Benson
cycle has been shown to “outcompete” the hydrogenase, HydA,
for electrons, thereby hindering H2 production (47–50). Cur-
rently, it is unclear why CPYA1’s activity seems to activate
predominately at higher light intensities in comparison to the
heterologous sucrose export pathway. However, this may suggest
that CYP1A1 activity is linked to the saturation of downstream
processes such as carbon fixation.
Photosynthetic improvements observed upon expression of

cytochrome P450 were mainly concentrated around PSI—for
example, decrease in τ (Figs. 2C and 3C), increase in P700 oxi-
dation levels (Figs. 2D and 3B), and preferential ETRI increases
(SI Appendix, Fig. S5)—although enhancements in ΦII were
observed particularly at higher illumination intensities. The
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preferential enhancement under high illumination suggests that
cytochrome P450 may be acting as a heterologous dissipation
valve and increasing the illumination at which photosynthesis is
saturated, consistent with work in other cyanobacterial species.
The beneficial effects of activating sucrose export were more
pronounced in parameters related to PSII activities (e.g., in-
crease in ΦII levels) (Figs. 2A and 3A). These observations are
intriguing, and may prove to be related to the distinctions be-
tween the type of metabolic sink that each of these pathways
represent (i.e., cytochrome P450 primarily consumes reducing
potential while sucrose export consumes fixed carbon, requiring
ATP and NADPH). Another unexpected result that may be re-
lated to this is our observation that chlorophyll fluorescence
kinetics (associated largely with PSII) were substantially altered
in Δflv1/3 strains where cytochrome P450 was induced, especially
at low light (Fig. 4B and SI Appendix, Figs. S8 and S9B). It might
be naïvely expected that cytochrome P450 activity could be
better suited to replace Flv1/3 activity, as they both utilize re-
ductant from the acceptor side of PSI, although FDP activity is
finely regulated in response to the status of the ETC, while
heterologous enzymes are not sophisticatedly integrated into the
photosynthetic system. One speculative possibility is that cyto-
chrome P450 activity may exacerbate ATP/NADPH imbalances
caused by elimination of dissipative water–water cycles, and this
may be more problematic under some illumination regimes than
others. Further analysis of the physiological and regulatory re-
sponses related to these distinct metabolic sinks would be critical
for maximizing realized gains in photosynthetic efficiency, and
sustaining them over long-term cultivations.
We demonstrate that these heterologous sinks may partially

compensate for the loss of the PSI oxidation mechanisms even
under rapid illumination changes (Fig. 5), mitigating accumula-
tion of electrons at the acceptor side of PSI. The same phe-
nomenon has been recently reported in C. reinhardtii, where H2
photoproduction was able to compensate for the loss of FDPs,
but only during steady-state conditions (46). Although we find
the heterologous sinks are insufficient to fully replace the activity
of Flv1/3, this is an intriguing observation with implications for
the stability of engineered metabolic circuits in real-world ap-
plications. The inability of the heterologous sinks we examined
to totally replace the function that FDPs performed could be
explained in several possible ways. O2 photoreduction catalyzed
by FDPs has a fast induction after exposure to high flashing-light
frequencies (39, 51), whereas there is no inbuilt regulation to
enhance the activity of either heterologous sink under certain
conditions: Indeed, Calvin–Benson cycle activation may be
delayed relative to changes in irradiation (52). Localization of
the respective pathways may also play a critical role: Whereas
FDPs are soluble enzymes thought to be dynamically regulated
to rapidly quench excess NADPH (43), the localization of cyto-
chrome P450 has not been rigorously tested under heterologous
conditions, though it is suspected to be membrane-anchored,
which could reduce the speed of its activity to accept electron
flow from PSI.
Increasing the capacity of heterologous metabolism to effi-

ciently accept electrons from PSI could be an area for future
improvement (53). Genetic fusions could be employed for the
coupling of sink acceptors to PSI. A number of analogous fusions
have been reported to increase electron transfer in the literature,
including cytochrome P450 fusion to PsaM (54) or Fd (53, 55), or
hydrogenase fusion to PsaC (56), PsaD (57), PsaE (58), or Fd
(59). Reducing the affinity of FNR (Fd-NADP+-oxidoreductase)
interaction by point mutations could be used as strategy to re-
direct photosynthetic electrons through heterologous production
pathways (60). Rationally designing engineered metabolic path-
ways could be used to generate heterologous sinks more re-
sponsive to dynamic conditions, analogous to natural sinks. This
also could help to increase the stability of heterologous

pathways, effectively creating a selective pressure and reducing
the metabolic burden in the engineered strains. Laboratory
evolution might offer an interesting approach to improve the
capacity of heterologous sinks to act as photoprotective mecha-
nisms (61, 62).
Given the observations above, it is interesting to consider what

endogenous pathways limit cyanobacterial photosynthetic utili-
zation. The fact that multiple cyanobacterial species appear to be
able to up-regulate photosynthetic activity to “match” an in-
creased metabolic burden implies that other factors required for
growth may be rate-limiting or that their metabolism is regulated
to underutilize the full potential of their photosynthetic pro-
ductivity. Indeed, we find a capacity to fix a significantly higher
amount of biomass is unveiled when both heterologous sinks are
activated relative to uninduced controls (SI Appendix, Fig. S6).
Since the potential to increase photosynthetic activity and/or
carbon fixation are inherent within the system, then either: 1) the
cells could be operating below their “highest potential” meta-
bolic rate; or 2) the light reactions and light capture are not
sufficiently tuned down to better match metabolism. This di-
chotomy between photosynthetic potential and captured energy
utilization has important implications for bioproductivity and
bioengineering.
Overall, our work provides additional support for the hy-

pothesis that activation of heterologous metabolic sinks can act
to improve photosynthetic efficiencies in part by utilizing excess
energy transiently captured by photosynthetic machinery under
sink-limiting conditions. The concept of “sink engineering” for
improving photosynthetic efficiency is akin to, but distinct from,
other strategies for source/sink engineering, such as truncation of
the light-harvesting antenna (63, 64). If heterologous metabolic
circuits can be suitably programmed to be dynamically regulated
in response to energetic inputs, it is theoretically possible that
they could be used to conserve some of the large amount of total
reducing equivalents that can be otherwise directed toward
energy-quenching photoprotective processes [up to 90% under
some environmental conditions (65, 66)]. However, fully realiz-
ing the potential of sink engineering in cyanobacteria and algae
will require more fundamental research into the molecular
mechanisms used to sense and poise source/sink energy balance
in unicellular photosynthetic microbes. Such mechanisms are
beginning to be uncovered in microalgae (67), but remain rela-
tively undiscovered in cyanobacteria (44).

Materials and Methods
Strains and Culture Conditions. All strains used in this study are listed in SI
Appendix, Table S1 and described in SI Appendix, Fig. S14. S. elongatus was
grown in a Multitron incubator (Infors HT) at 32 °C and supplemented with
2% CO2 with ∼150-μmol photons m−2 s−1 of light provided by Sylvania 15 W
Gro-Lux fluorescent bulbs. Cultures were shaken at 150 rpm in BG11 sup-
plemented with 1 g L−1 Hepes to a final pH of 8.3 with NaOH. Cultures were
back-diluted daily to an OD750 of 0.3 and acclimated to the medium/irradi-
ance for at least 3 d prior to experiments or IPTG induction. Where appro-
priate, 1 mM IPTG or 1 mM theophylline was added to induce cscB and sps
gene expression or cyp1a1 gene expression, respectively. Chloramphenicol
(Cm; 25 μg mL−1), Kanamycin (Kn; 50 μg mL−1), and Spectinomycin (Sp;
100 μg mL−1) were used to maintain cscB-, sps-, and cyp1a1-containing cells,
respectively. Gentamicin (Gm; 2 μg mL−1) was used to maintain the FDP in-
activation mutant Δflv1/3. In all cases, antibiotic selection was removed prior
to conducting any of the reported experiments to minimize any
unintended effects.

Strain Construction. S. elongatus with genomically integrated copies of cscB
and sps under an IPTG-inducible promoter were previously described (16).
The gene sequence for cyp1a1, as described in Berepiki et al. (22) (pSy21),
was cloned into NS1 (pSyn_1/D-TOPO; Thermo Fisher Scientific) modified
with an upstream theophylline-responsive riboswitch together with a conII
promoter (27). Genomic loci encoding FPDs were disrupted by inserting a
gentamicin-resistance cassette. We confirmed the insertion of all these
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constructs in the genome of S. elongatus by PCR. Plasmid details are
reported in SI Appendix, Table S2.

Sucrose Quantification. Secreted sucrose was quantified from supernatants
using the Sucrose/D-Glucose Assay Kit (K-SUCGL; Megazyme), and converted
into cell basis via OD750 standard curve calibration.

Dry Cell Weight Measurement. Dry cell mass was determined as previously
described with some modifications (68). S. elongatus cultures (∼45 mL) were
harvested after 24 h postinduction by centrifugation at 4,000 rpm for
30 min. Pellets were washed twice with distillated water and transferred
onto cellulose acetate membranes (0.45 μm; Whatman) and immediately
dried in a stove for ≥4 h at 90 °C. The mass of each membrane was measured
with an analytical balance before and after adding the cells, and these data
were used to calculate the dry cell weight per volume.

EROD Assay for Cytochrome P450 Activity. CYP1A1 activity was measured
using an EROD assay, as described previously (22). Briefly, cells from an ex-
ponentially growing culture were adjusted to OD750 = 0.1 with BG11 me-
dium and 100-μL suspension was dispensed in triplicate to a black 96-well
microplate (Grenier Bio-One) and allowed to equilibrate for 10 min under
standard growth conditions. Then, 100 μL of BG11 containing 5 μM
7-ethoxyresorufin was added to each well, and the fluorescent product
resorufin was monitored via microplate reader (excitation 544 nm, emission
590 nm; Fluostar Optima by BMG Labtech).

Fluorescence Measurements. Quantum yield of PSII (ΦII) measurements were
performed on a custom-built fluorimeter/spectrophotometer (69) modified
for liquid samples by using a cuvette holder with a pulsed measuring beam
(590-nm peak emission light-emitting diode [LED], Luxeon Z Color Line). The
sample was then illuminated at three different intensities of photosyn-
thetically active radiation (PAR), 100-, 275-, and 500-μmol photons m−2 s−1

(460-nm peak emission; Luxeon Rebel Royal-Blue LED). Before the first sat-
urating pulse, and between each pulse, the cuvette was illuminated at the
relevant actinic light for 3 min and 2 min, respectively, to acclimate the
sample and minimize the impact of successive saturating pulses. Chlorophyll
fluorescence was filtered with a long-pass RG 695-nm filter in front of the
detector. Samples containing cyanobacteria (2.5 μg mL−1 chlorophyll)
resuspended in fresh medium sparged with 2% CO2 in air were dark-
adapted for 3 min before measuring. The relative yields of chlorophyll
fluorescence were measured under steady-state illumination (Fs), during a
1.5-s saturating pulses of actinic light (∼5,000-μmol photons m−2 s−1) (F′M)
and after exposure to ∼2 s of darkness with far red illumination (F′0).
Chlorophyll fluorescence was used to calculate ΦII and the coefficient of
photochemical quenching (qp) (29). The following equations were used ΦII =
(F′M − Fs)/(F′M) and qp = (F′M − Fs)/(F′M − F′0), where F′M is the value of
maximal fluorescence in the light-adapted state, Fs is the steady-state fluo-
rescence in the light-adapted state, and F′0 is the minimal fluorescence in the
light-adapted state. rETR was calculated as the product of ΦII and PAR (70).
Where applicable, KCN was added to a final concentration of 1 mM.

PSI Absorbance Changes. To evaluate P700 redox changes, samples were
monitored semisimultaneously with fluorescence measurements, using the
instrument described in Hall et al. (69) by measuring absorbance changes at
about 703 nm. The measuring beam was generated by a pulsed LED (720-nm
peak emission; Rebel LUXEON Far Red) filtered with a 5-nm band-pass filter
centered at 700 nm, resulting in a measured emission peak at ∼703 nm (16).
The signals were detected with a photodiode (69) filtered with a Schott RG-
695 filter to block actinic light. The sample was illuminated at three different
intensities of PAR, 100-, 275-, and 500-μmol photons m−2 s−1 (460-nm peak
emission; Luxeon Rebel Royal-Blue LED) for 3 min prior to every saturating

pulse analysis. Samples containing cyanobacteria cells were prepared by
resuspended cells in fresh medium to a concentration of 5 μg mL−1 chloro-
phyll and sparged with 2% CO2 in air. Samples were dark-adapted for 3 min
before starting measurements. The percentage of oxidized P700 was calcu-
lated as [(Pox − Pss)/(Pred − Pox)] × 100, where Pox was the maximum extent of
P700 absorbance signal induced by a saturating pulse of light during ∼0.5 s
(∼5,000-μmol photons m−2 s−1); Pss, taken to be the fraction of P700+ in
under steady-state illumination, estimated by the extent of P700 absorbance
signal induced by a short dark interval, and assuming that P700 reaches full
reduction; and Pred is the level of P700 reduced in the dark. PSI traces were
normalized to the last point of the steady-state level of oxidation (Pss).

DIRK Absorbance Changes. Steady-state levels of photooxidized P700 (P700+)
were estimated by DIRK analysis (32), after 21 s of actinic illumination at
three different intensities (100-, 275-, and 500-μmol photons m−2 s−1).
Samples containing cyanobacteria (2.5 μg mL−1 chlorophyll) resuspended in
fresh medium containing 2% CO2 and were dark-adapted for 3 min before
measuring. The half-time of P700+ rereduction (τ), was measured from the
absorbance change at 703 nm (ΔA703) during a dark interval of 2,100 ms; τ
was calculated by the monotonic decay kinetic of ΔA703 produced after
extinguishing the actinic light (71), whereas that the velocity of P700+

rereduction (Vin) was calculated as the quotient of the amplitude (A) of this
decay divided by τ (Vin = A/τ).

Detection of CYP1A1 by Western Blotting. S. elongatus whole-cell extracts
were prepared as described previously (22), with minor modifications. Cells
were disrupted using a tissue lyser (Qiagen) with zirconium beads (0.1 mm;
Biospec Products) for two cycles of 30 s at a frequency of 30 Hz. After cen-
trifugation, the supernatants were used to determine protein concentration
by the BCA method using bovine serum albumin (BSA) as a standard. Next,
30 μg of total protein was separated in a Bis-Tris NuPAGE gel and transferred
to a 0.45-μm polyvinyl fluoride (PVDF) membrane using a transfer apparatus
according to the manufacturer’s protocols (Invitrogen). After incubation
with blocking solution (TBS-T; 20 mM Tris-Cl, 150 mM NaCl, 0.02% [vol/vol]
Tween-20, pH 7.6 supplemented with 2% [wt/vol] ECL Advance blocking
reagent; GE Healthcare) for 1 h, the membrane was washed once, and in-
cubated with mouse monoclonal anti-FLAG M2-peroxidase (HRP) antibody
(Sigma; 1:1000). Membranes were washed three times for 5 min in TBS-T
then developed with the SuperSignal West Dura (Thermo Scientific) ECL
system and imaged using a Versa-Doc Imaging system (Bio-Rad).

Statistical Analysis. Recorded measurements are represented as mean values,
with error bars expressing the SD of n ≥ 3 biological replicates experiments,
as indicated. The significance of differences between groups was evaluated
by one-way ANOVA followed by Tukey’s multiple comparison test or by an
unpaired Student’s t test. Statistical analyses were carried out using
GraphPad Prism software (GraphPad Software). Differences were considered
statistically significant at P < 0.05.

Data Availability. All study data are included in the article and SI Appendix.
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