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The diffusion efficiency of oxygen in the atmosphere, like that of CO,, is approximately 10* times greater than that in aqueous
environments. Consequently, terrestrial photosynthetic organisms need mechanisms to protect against potential oxidative
damage. The liverwort Marchantia polymorpha, a basal land plant, has habitats where it is exposed to both water and the
atmosphere. Furthermore, like cyanobacteria, M. polymorpha has genes encoding flavodiiron proteins (FLV). In cyanobacteria,
FLVs mediate oxygen-dependent alternative electron flow (AEF) to suppress the production of reactive oxygen species. Here, we
investigated whether FLVs are required for the protection of photosynthesis in M. polymorpha. A mutant deficient in the FLV1
isozyme (AMpFlv1) sustained photooxidative damage to photosystem I (PSI) following repetitive short-saturation pulses of light.
Compared with the wild type (Takaragaike-1), AMpFlvl showed the same photosynthetic oxygen evolution rate but a lower
electron transport rate during the induction phase of photosynthesis. Additionally, the reaction center chlorophyll in PSI, P700,
was highly reduced in AMpFIv1 but not in Takaragaike-1. These results indicate that the gene product of MpFlv1 drives AEF to
oxidize PSI, as in cyanobacteria. Furthermore, FLV-mediated AEF supports the production of a proton motive force to possibly
induce the nonphotochemical quenching of chlorophyll fluorescence and suppress electron transport in the cytochrome b,/f
complex. After submerging the thalli, a decrease in photosystem II operating efficiency was observed, particularly in AMpFlv1,

which implies that species living in these sorts of habitats require FLV-mediated AEF.

A decrease in the efficiency of light usage for photo-
synthetic CO, fixation in the Calvin-Benson cycle en-
hances the likelihood that oxygenic phototrophs will
suffer from photooxidative damage caused by reactive
oxygen species (ROS; Miyake, 2010). For example, un-
der conditions of high light, low CO,, and/or low
temperature, the light energy absorbed by PSI and PSII
in thylakoid membranes exceeds requirements, because
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turnover of the Calvin-Benson cycle limits the regen-
eration of NADP". Consequently, electrons accumulate
in the photosynthetic electron transport (PET) system.
The accumulated electrons start to flow to oxygen,
producing ROS, including superoxide anion radicals
and hydrogen peroxide, in PSI (Krieger-Liszkay, 2005;
Sejima et al., 2014; Zivcak et al., 2015a, 2015b; Takagi
etal., 2016). Furthermore, the accumulation of electrons
in the PET system suppresses the charge separation of
the reaction center chlorophylls (Chls), P680 in PSII and
P700 in PSI, which stimulates the production of another
ROS, singlet oxygen (Cazzaniga et al., 2012; Fischer
etal., 2013). Itis proposed that the reduced state of P700
in PSI under illuminated conditions stimulates the pro-
duction of singlet oxygen and superoxide anion radicals
to inactivate PSI, resulting in a decline in photosynthetic
CO, fixation (Cazzaniga et al., 2012; Rutherford et al.,
2012; Sejima et al., 2014; Zivcak et al., 2015a, 2015b;
Takagi et al., 2016).

Oxygenic phototrophs have various systems that can
be used to suppress electron accumulation in the PET
system; they are broadly divided into two groups. The
first group uses regulation of the absorption efficiency
of photon energy into the PET system, which includes
nonphotochemical quenching (NPQ) of Chl fluorescence
and state transition (Derks et al., 2015). In the second
group, electron sinks consume excess photon energy
as futile electron pathways with heat dissipation. These
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electron sinks constitute alternative electron flow (AEF),
and the representatives are observed as photorespiration
and Mehler-like reactions (Kozaki and Takeba, 1996;
Asada, 1999; Helman et al., 2003; Takahashi et al., 2007;
Hayashi et al., 2014; Shimakawa et al., 2015; Sejima et al.,
2016).

With regard to the protection of PSI against photo-
oxidative damage, there is a further strategy in addition
to NPQ and AEF that suppresses photosynthetic elec-
tron transport in the cytochrome b,/f complex in the
center of the PET system. This suppression is triggered
by the integration of a proton gradient across thylakoid
membranes (ApH; Kramer et al., 1999) or the reduction
of the plastoquinone (PQ) pool (Shaku et al., 2016),
which contributes to the oxidation of PSI. Furthermore,
ApH also is involved in the induction of the molecular
mechanisms of some NPQ (Derks et al., 2015). Collec-
tively, oxygenic phototrophs harbor many systems for
the alleviation of photooxidative damage that are rich
in diversity and have been acquired or lost by species
over their evolutionary history.

One of the most enduring mysteries is whether a
molecular mechanism of AEF has been lost over the
long history of evolutionary processes in oxygenic
phototrophs. In the progenitor cyanobacteria, Helman
et al. (2003) found a large AEF to oxygen, which is not
photorespiration, and showed that the AEF is driven
by FLAVODIIRON PROTEINT1 (FLV1) and FLV3. Some
cyanobacteria have four isozymes of FLV (FLV1—FLV4),
whereas others have just two: FLV1 and FLV3. FLV1/3
and FLV2/4 function as heterodimers (Zhang et al.,
2012; Allahverdiyeva et al., 2013). In Synechocystis sp.
PCC 6803 (S. 6803), both FLV1/3 and FLV2/4 mediate
oxygen-dependent AEF as well as oxidize the PET
system under CO,-saturated and CO,-limited condi-
tions, respectively (Helman et al., 2003; Hayashi et al.,
2014; Shimakawa et al., 2015). An S. 6803 mutant de-
ficient in FLV1/3 was shown to sustain oxidative
damage under fluctuating light (Allahverdiyeva et al.,
2013), and another mutant deficient in FLLV2/4 also
suffered under low-CO, conditions (Zhang et al,
2012). These data indicate that FLV is essential for the
alleviation of photooxidative damage in cyanobacte-
ria. Surprisingly, during the course of evolution, the
isozymes of FLV have been lost in seed plants at the
gene level (Yamamoto et al.,, 2016). On the basis of
accumulated genomic information, FLV1/3 isozymes
are found to be broadly conserved in the photosyn-
thetic green plant lineage, including cyanobacteria,
green algae, bryophytes, pteridophytes, and pino-
phytes; there is more sequence variation between basal
land plants and cyanobacteria than there is among
cyanobacteria (Yamamoto et al., 2016). This suggests
that, at some point in the course of evolution, oxygenic
phototrophs no longer had a need for FLV. However,
the physiological functions of FLV in phototrophs
other than cyanobacteria have yet to be elucidated.

The liverwort Marchantia polymorpha is positioned be-
tween algae and plants in the photosynthetic green plant
lineage (Bowman et al., 2007) and has two genes encoding
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isozymes of FLV1/3 (MpFlv1 [Mapoly000550210] and
MpFLV3 [Mapoly0103s0039]). Additionally, one of the
habitats of M. polymorpha is the marginal area between
aquatic and land environments; thus, this plant some-
times experiences both submergence and drought stress.
Submergence limits the diffusion of gases. The diffusion
coefficient of CO, in water is approximately 10™* times
lower than that in the atmosphere, which depresses
photosynthetic CO, fixation (Raven et al., 1985; Badger
and Spalding, 2000). Furthermore, another habitat of the
liverwort is the forest floor, where photon energy from
the sun is provided as fluctuating light termed sunfleck
(Boardman, 1977). These habitat situations suggest that
M. polymorpha would require sufficient AEF activity to
escape from oxidative damage through the dissipation
of excess photon energy.

In this study, we sought to clarify the physiological
functions of FLV in M. polymorpha by comparing the
wild type (Takaragaike-1 [Tak-1]) and a mutant defi-
cientin MpFlv1 (AMpFlvl). We found that the activity of
AEF was mediated by FLV, which supports the for-
mation of ApH that contributes to the protection of PSI
against photooxidative damage under the fluctuating
light conditions in which M. polymorpha grows.

RESULTS AND DISCUSSION

Effects of FLV on Photooxidative Damage to PSI
in M. polymorpha

We constructed the mutant AMpFlvl through targeted
disruption of the gene MpFlv1 (Supplemental Fig. S1). We
found that the maximum quantum efficiency of PSII
photochemistry (F,/F,) in AMpFlvl was not different
from that of the wild-type Tak-1 or of the complement
mutant to AMpFlv1 (cMpFlv1; Table I). Additionally, total
amounts of Chla and b were almost the same among these
plants (Table I). Furthermore, the total nitrogen content of
AMpFIv1 also was at the same level as those in Tak-1 and
cMpFlv1 (Table I). These data indicate that the deletion of
MpFlvl has little effect on the growth of M. polymorpha
under the growth conditions used in this study.

To investigate the physiological functions of FLV in
the protection of PSI and PSII in M. polymorpha, we il-
luminated the thalli of Tak-1, AMpFlvl, and cMpFlvl
with short-saturation pulses. Repetitive short-saturation
pulse (rSP) illumination saturates the PET system with
electrons to selectively inactivate PSI, with oxygen re-
quired in C; plant leaves (Sejima et al., 2014; Zivcak et al.,
2015a, 2015b). In sunflower (Helianthus annuus) leaves,
total oxidizable P700 (P,,) decreased to about 10% of the
initial value through rSP treatment (300 ms, 20,000 wmol
photons m™* s™', every 10 s) for 4 h, whereas F,/F,,
decreased to about 80% (Sejima et al., 2014). Hence, rSP
treatment is a useful method of inducing the photo-
inhibition of PSI in vivo and of investigating the robust-
ness of PSI against photooxidative damage.

In AMpFlvl, rSP treatment (1 s, 3,000 umol
photons m™*s~", every 10 s) significantly decreased both
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Table 1. Characteristics of Tak-1, AMpFlvi, and cMpFlvi
Data are shown as means = sp of three independent measurements.

Plant F/F, Total Chl Chl a/Chl b Total Nitrogen
gm”’ gm”

Tak-1 0.811 = 0.008 0.20 £ 0.03 2.97 £ 0.12 0.79 £ 0.12

AMpFIvi 0.804 = 0.004 0.20 £ 0.01 3.08 * 0.04 0.76 £ 0.06

cMpFlvi 0.803 = 0.018 0.22 = 0.04 3.03 = 0.08 0.73 £ 0.11

P and F,/F,, as compared with its effect in Tak-1 (Fig. 1),
which suggests that photoinhibition of PSI and PSII
occurs during rSP treatment in AMpFlvl. Posttreatment
P and F /F, were measured after a 30-min incubation
in the dark to relax the influence of NPQ, state tran-
sition, and chloroplast movements. Complementation
of AMpFlv1 with MpFlv1 partially relieved the photo-
inhibition of both PSI and PSII (Fig. 1). In AMpFlv1, the
degree of decrease in P, was greater than thatin F/F
(Fig. 1), indicating that, in liverworts as in C; plants,
rSP treatment leads to photooxidative damage mainly
in PSI (Sejima et al., 2014; Zivcak et al., 2015a, 2015b).
Compared with rSP treatment in air, the extent of PSI
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Figure 1. Effects of rSP treatment on P, (A) and F/F, (B) in Tak-T,
AMpFIvi, and cMpFIv1 in ambient air (dark-colored bars) and pure N,
gas (light-colored bars). These values were obtained 30 min (in the dark)
after 15-min treatments. For rSP treatments, rSPs (3,000 umol photons
m~2s”', 1s) were applied every 10 s in the dark. Data are represented as
means * sp of six independent measurements. Differences between
Tak-1 and AMpFIv1 were analyzed using Student’s t test. Asterisks in-
dicate statistically significant differences between Tak-1 and AMpFIv1
at P < 0.05.
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damage was smaller in AMpFlv1 during treatment in
the absence of oxygen (Fig. 1A), which suggests that
the photoinhibition of PSI in AMpFlv1 is caused by
ROS. In contrast, the decrease in F,/F,, during rSP
treatment was accelerated in the absence of oxygen
(Fig. 1B). In PSII, oxygen-insensitive photodamage
might occur during rSP treatment (Krause et al., 1985).

Effects of FLV on Photosynthesis in M. polymorpha

As shown in Figure 1A, FLV is required to protect PSI
against photooxidative damage, which implies that the
functions of FLV-mediated AEF in M. polymorpha are
similar to those in cyanobacteria. To test this hypothesis,
we simultaneously monitored oxygen exchange and the
quantum yield of photochemical energy conversion in
PSII (PSII operating efficiency), Y(II), in Tak-1, AMpFlv1,
and cMpFlvl (Fig. 2). Before illumination with actinic light
(AL), we determined dark respiration rates to be 1.5 = 0.5,
1.7 = 0.7,and 1.6 = 0.5 umol oxygen m s ™" in the thalli
of Tak-1, AMpFlvl, and cMpFlvl, respectively (n = 6).
Upon illumination of the thalli, gross photosynthetic
oxygen evolution rates (net oxygen evolution rate + dark
respiration rate) increased gradually during photosyn-
thetic induction. Similar to Tak-1, AMpFlvl showed an
induction of photosynthesis (Fig. 2A). Furthermore,
cMpFlvl also showed the same rate of photosynthetic
induction as Tak-1 and AMpFlv1. That is, the deficiency of
MpFlv1 did not affect photosynthesis. However, the be-
havior of Y(II) in these plants differed in the oxygen ev-
olution rate during the induction of photosynthesis. In
Tak-1, Y(II) started to increase before the increase in the
oxygen evolution rate, just after the commencement of
illumination (Fig. 2B). In contrast, in AMpFlv1, the in-
crease in Y(II) was delayed and started to increase at 1 min
after illumination was started. Y(II) in cMpFIv1, however,
showed the same behavior as in Tak-1. These data in-
dicate that, in M. polymorpha, the gene product of
MpFlv1 functions in AEF before the start of steady-state
photosynthesis, which also is observed in the cyano-
bacterium S. 6803 (Supplemental Fig. S2). Both gross
photosynthetic oxygen evolution rate and Y(I) in
AMpFlv1 reached the same values as those in Tak-1 and
cMpFlvl at steady-state photosynthesis (Fig. 2). We
evaluated the dependence of the gross photosynthetic
oxygen evolution rate and Y(II) on photon flux density
in Tak-1, AMpFlvl, and cMpFlvl (Supplemental Fig.
S3). These data suggest that the effect of FLV on pho-
tosynthesis is smaller at steady state compared with the
induction phase.
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Figure 2. Time course of gross photosynthetic oxygen evolution rate (A;
A) and Y(Il) (B) in the induction phase of photosynthesis in Tak-1 (black
circles), AMpFlIv1 (red triangles), and cMpFlvi (blue diamonds). Rd,
Dark respiration rate. CO,-saturated conditions were generated by
adding 1 M NaHCO, to the felt mat in the reaction chamber. AL
(200 wmol photons m~2 s~ ") was turned on at the zero time point. Data
are represented as means * sp of three independent measurements.
Differences in Y(Il) between Tak-1 and AMpFlv1 were analyzed using
Student’s t test. Asterisks indicate statistically significant differences
between Tak-1 and AMpFlvT at P < 0.05.

Effects of FLV on Photosynthetic Parameters in PSII and
PSI in M. polymorpha

In M. polymorpha, the gene product of MpFlvl medi-
ates AEF (Fig. 2), and its absence accelerates photooxi-
dative damage to PSI (Fig. 1A). In plant leaves and
cyanobacterial cells, photoinhibition of PSI is alleviated
by the oxidation of P700, owing to a decrease in the
amount of photooxidizable P700 (Sejima et al., 2014;
Shimakawa et al., 2016b). These data indicate that FLV-
mediated AEF contributes to the oxidation of P700 in M.
polymorpha. To clarify the effects of FLV on the PET
system in M. polymorpha, we investigated photosyn-
thetic parameters in PSII and PSI in Tak-1, AMpFlv1,
and cMpFlv1 in the response to illumination with AL.

First, we examined the photosynthetic parameters in PSII
using Chl fluorescence measurement. In both Tak-1 and
cMpFlvl, Y(II) was higher than that in AMpFlv1 during
the induction phase of photosynthesis (Fig. 3A).
Thereafter, the Y(II) in AMpFIv1 became more similar to
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those in Tak-1 and cMpFlvl with photosynthesis in-
duction (Fig. 3A). Additionally, compared with
AMpFlvl, the observed NPQ also was higher in Tak-1
and cMpFlvl in response to illumination with AL
(Fig. 3B). Furthermore, the coefficient of photochem-
ical quenching of Chl fluorescence (qP) was higher in
Tak-1 and cMpFlvl than in AMpFlvl (Fig. 3C). The
light-response curves of Y(II), NPQ, and gqP during
steady-state photosynthesis also are shown (Fig. 4, A-C).
Similar to Y(II), NPQ and gP had almost the same
values at steady-state photosynthesis in these three
plants, with the exception of illumination with high
light leading to lower Y(II), NPQ, and qP in AMpFlv1
than in Tak-1 and cMpFlv1 (Fig. 4, A-C). Some of the
discrepancy between Y(II) values depicted in Figure
4A and Supplemental Figure S3B might be due to
differences in the equipment used to measure Chl
fluorescence. Thus, we can draw the following tenta-
tive conclusions from the foregoing results. FLV drives
photosynthetic linear electron flow as AEF, which
would induce ApH to trigger NPQ (Derks et al., 2015).
Both the stimulated electron sink and the enhanced
NPQ caused by FLV-mediated AEF contribute to oxi-
dation of the PET system, as demonstrated by the in-
crease in qP (Figs. 3C and 4C; Miyake, 2008).

Next, we investigated the effects of FLV on the pho-
tosynthetic parameters in PSI, evaluated by examining
changes in the absorbance of P700 (Klughammer and
Schreiber, 1994; Schreiber and Klughammer, 2008).
Similar to Y(II), we found higher quantum yields of PSI,
Y(I), in Tak-1 and cMpFlv1 than in AMpFlv1 (Fig. 3D).
We note that we cannot exclude the possibility that
the deletion of FLV affects the distribution of PSII and
PSI. Additionally, we measured the redox state of P700
in the induction phase of photosynthesis. Both Tak-1 and
cMpFlvl showed larger donor-side limitation of PSI,
Y(ND), than AMpFlvl (Fig. 3E), indicating that
FLV-mediated AEF causes the Y(ND). In contrast, the
acceptor-side limitations of PSI, Y(NA), were lower in
Tak-1 and cMpFlvl than in AMpFlv1 (Fig. 3F). That is,
deletion of MpFlvl changed the limiting step from the
donor side to the acceptor side of PSI. Thus, FLV con-
tributes to the oxidation of P700 in the induction phase of
photosynthesis in M. polymorpha, which might be re-
sponsible for the protection of PSI against photo-
inhibition (Fig. 1A). In cMpFlvl, lower Y(ND) and
higher Y(NA) than those in Tak-1 were observed just
after starting illumination (Fig. 3, E and F). The reason
for this difference is unclear, but the recombinant gene
product of MpFlvl in cMpFlvl might not function as
well as the gene product expressed in Tak-1. The
amount of the recombinant protein present in
cMpFlvl also should be considered. The photosyn-
thetic parameters, including Y(I), Y(ND), and Y(NA),
in AMpFlvl changed in a time-dependent manner to
reach almost the same values as those in Tak-1 and
cMpFlvl at steady-state photosynthesis (Fig. 3, D-F).
The light-response curves of Y(I), Y(ND), and Y(NA)
during steady-state photosynthesis suggest that the
contribution of FLV-mediated AEF to regulating the
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redox state of PSI is smaller at steady-state photosyn-
thesis, compared with the induction phase, although
significant differences were found between Tak-1 and
AMpFlvl under high light (Fig. 4, D-F).

Furthermore, we measured photosynthetic param-
eters in PSII and PSI under a fluctuating light condi-
tion in Tak-1, AMpFlvl, and cMpFlvl. The thalli of
these plants were illuminated with AL (200 wmol
photons m 2 s™?) to reach steady-state photosynthesis,
and then we increased the photon flux density of AL by
approximately 4-fold (840 wmol photons m > s
During the transition from moderate to high light, Chl
fluorescence and P700 absorbance were monitored
simultaneously.

Both Y(II) and qP decreased in response to the
transition to high light in all strains, with the largest
decrease being observed in AMpFlv1 (Fig. 5, A and
C). Thereafter, lowered Y(II) and qP in AMpFlv1 in-
creased gradually to reach constant values approxi-
mately 4 min after the change in photon flux density,
although both Y(II) and qP were initially maintained
at constant levels in Tak-1 and cMpFlv1 after the transi-
tion (Fig. 5, A and C). Additionally, the induction of

1640
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NPQ by illumination with high light was retarded
significantly in AMpFlvl compared with its induc-
tion in the other strains (Fig. 5B). The behaviors of
these photosynthetic parameters in PSII were con-
sistent with those in photosynthesis induction (Fig.
3, A-C).

In the case of PSI, the decrease in Y(I) during the
transition from moderate to high light was largest in
AMpFlv1 (Fig. 5D), similar to the responses of Y(II) and
qP (Fig. 5, A and C). Inboth Tak-1 and cMpFlv1, Y(ND)
rose rapidly in response to high light and then de-
creased gradually to a constant level (Fig. 5E). How-
ever, AMpFlvl showed a slower induction of Y(ND)
than was observed in Tak-1 and cMpFlv1 (Fig. 5E). In
contrast, a rapid increase in Y(NA) was observed in
AMpFlv1 during the transition to high light, whereas
in Tak-1 and cMpFlvl, Y(NA) was not affected by the
change in photon flux density (Fig. 5F). These data
suggest that FLV-mediated AEF is required to main-
tain P700 in an oxidized state under fluctuating light in
M. polymorpha, which is similar to observations of the
cyanobacterium S. 6803 (Allahverdiyeva et al., 2013;
Shimakawa et al., 2016b).
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Figure 4. Dependence of Y(Il) (A), NPQ (B), qP
L (C), Y(I) (D), Y(ND) (E), and Y(NA) (F) on photon
flux density at steady-state photosynthesis in Tak-1
(black circles), AMpFIvT (red triangles), and cMpFlv1
(blue diamonds). Measurements were taken in am-
3 bient air. Data are represented as means = sp of three
independent measurements. Differences between
Tak-1 and AMPpFlv1 were analyzed using Student’s
t test. Asterisks indicate statistically significant differ-
g ences between Tak-1 and AMpFIvT at P < 0.05.
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Effects of FLV on Thylakoid Membrane Potential
in M. polymorpha

To clarify the relationship between the FLV-mediated
AEF and P700 oxidation, we evaluated the effects of
FLV on thylakoid membrane potential in M. polymorpha
by analyzing electrochromic shift (ECS, or P515, because
the absorption measurements are made at 515 nm) sig-
nals (Klughammer et al., 2013) in the response to high
light in Tak-1, AMpFlv1, and cMpFlvl. The ECS signal is
considered an intrinsic optical voltmeter that responds
rapidly to changes in the electrical potential across the
thylakoid membrane (Witt, 1979) and can be utilized in a
noninvasive spectroscopic measurement (Baker et al.,
2007; Bailleul et al., 2010; Klughammer et al., 2013;
Johnson and Ruban, 2014). The thylakoid membrane
potential during photosynthesis is defined as the total
rapid (less than 1 s) change in the ECS signal (ECSt) upon
rapidly switching off AL from steady state, which re-
flects the light-dark difference in proton motive force,
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and includes two components: transmembrane differ-
ences in the concentration of protons (ApH) and in the
electric field (AV; Sacksteder and Kramer, 2000; Cruz
et al., 2001, 2005; Baker et al., 2007). In this study, the
values of ECSt were normalized by dividing the mag-
nitude of ECS decay in dark-interval relaxation kinetics
(DIRK) analysis by the magnitude of ECS induced by a
10-us single-turnover flash (Klughammer et al., 2013).
The initial decay rate of the ECS signal following light-to-
dark transitions can be used to estimate relative light-
driven proton flux through the chloroplast ATP synthase
(H" efflux rate [V7]), which is known to have a linear re-
lationship with the photosynthetic linear electron transport
rate only if there is no contribution to proton flux from
cyclic electron flow around PSI (Avenson et al., 2005).
Furthermore, the first-order decay time of the ECS decay in
the light-to-dark transitions is required for the estimation
of proton conductance in ATP synthase (gj; Kanazawa
and Kramer, 2002). We note that the ECS parameters are
dependent on the properties of the leaves, not only the
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density of chloroplasts but also the content of light-
harvesting complexes that house the shifted pigments.

Alack of FLV had some impact on the ECS parameters
during the transition to high light in M. polymorpha. The
representative original kinetics of the ECS signal fol-
lowing light-to-dark transitions in Tak-1 and AMpFlv1l
are shown in Supplemental Figure S4 and were uti-
lized to estimate the ECS parameters of the following
results. In response to high light, ECSt in Tak-1 and
cMpFlv1 first increased rapidly and thereafter decreased
gradually (Fig. 6A; Supplemental Fig. S5A). Compared
with Tak-1 and cMpFlvl, ECSt in AMpFlvl decreased
just after the start of illumination with high light, which
was accompanied by an increase in gj,, and thereafter
increased gradually (Fig. 6A; Supplemental Fig. S5, A
and B). We divided ECSt into ApH and AV following
the method described by Klughammer et al. (2013),
indicating that, in M. polymorpha, FLV-mediated AEF
stimulates photosynthetic linear electron flow to sup-
port the establishment of ApH (Fig. 6). It is still unclear
why gf; increased in AMpFlv1 just after the thalli were
exposed to high light (Supplemental Fig. S5B). In contrast,
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Vi increased slightly in response to high light in all
three of the plants (Supplemental Fig. S5C).

We evaluated the dependence of the relative electron
transport rate at PSII (tfETR), calculated as the product
of Y(II) and photon flux density, and ECS parameters
on photon flux density during steady-state photosyn-
thesis in Tak-1, AMpFlv1, and cMpFlvl (Supplemental
Figs. S6 and S7), which shows the increase in rETR
uncoupled with ECSt in the range of photon flux den-
sity approximately over 200 wmol photons m 2 s™*
Unfortunately, we could not determine the reasons for
the gap between ECSt and rETR in M. polymorpha. In
intact chloroplasts and plant leaves, cyclic electron flow
within PSII drives to oxidize the PQ pool, which is sen-
sitive to ApH (Miyake and Yokota, 2001; Miyake et al.,
2002; Miyake and Okamura, 2003; Laisk et al., 2006).
In M. polymorpha, FLV-mediated AEF might function
in the induction of cyclic electron flow within PSII
through the formation of ApH, resulting in the in-
creases in Y(II) and qP (Fig. 4C; Supplemental Figs.
S6, A and B, and S7, A-D). The other possibility is
that changes in the ratio between components of the
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Figure 6. Time course of ECSt (A), ApH (B), and A¥ (C) during the
transition from moderate light (200 umol photons m~ s™'; light gray
bars) to high light (830 umol photons m™2s™'; white bars) in Tak-1 (black
circles), AMpFlv1 (red triangles), and cMpFlvi (blue diamonds).
Measurements were taken in ambient air. Data are represented as
means * sp of three independent measurements. Differences be-
tween Tak-1 and AMpFIv1 were analyzed using Student’s t test. As-
terisks indicate statistically significant differences between Tak-1 and
AMpFlv1 at P < 0.05.

photosynthetic machinery, including state transition,
might be related to these results.

We also evaluated the relationship of NPQ with rETR
during steady-state photosynthesis in Tak-1, AMpFIv1,
and cMpFlvl. In plant leaves, NPQ is observed mainly
in the form of energy-dependent quenching (qE), which
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is proportional to ApH but not to AY¥, and involves a
fast (seconds to a few minutes time scale) PSII an-
tenna reorganization (Avenson et al., 2004; Takizawa
etal., 2007; Derks et al., 2015). Nevertheless, NPQ did
not show the linear relationship with rETR in all
three strains of M. polymorpha (Supplemental Fig. S8)
in the range of rETR that was proportional to ApH
(Supplemental Fig. S7D). We measured the time scale
of the relaxation of NPQ after turning off AL in Tak-1
(Supplemental Fig. S9), which suggests that ApH-
insensitive NPQ, including state transition- and
photoinhibition-dependent quenching (qT and ql,
respectively) (Derks et al., 2015), might occur, par-
ticularly under high light, in M. polymorpha.

Response of PSII Operating Efficiency to a Submerged
Condition in M. polymorpha

We measured the responses of Y(II) to a submerged
condition in Tak-1, AMpFlvl, and cMpFlvl using an
imaging-PAM. M. polymorpha thalli on agar were illu-
minated with blue AL. After photosynthesis reached
steady state, we added distilled water to completely
submerge the thalli in water. During the transition to a
submerged condition, decreases in Y(II) were observed
in all three strains, although the change was most prom-
inent in AMpFlvl SFig. 7). The diffusion efficiency of CO, is
approximately 10" times lower in aqueous environments
compared with in the atmosphere. Submergence limits
CO, supply to Rubisco in chloroplasts. This suppressed
photosynthesis would stimulate the FLV-mediated AEF.

CONCLUSION

We clarified the physiological functions of FLV in the
liverwort M. polymorpha, which has two genes homol-
ogous to flvl and flv3 found in the cyanobacterium S.
6803. In S. 6803, most of the linear electron flow can be
passed to FLV1/3 in photosynthesis induction (Helman
et al., 2003; Hayashi et al., 2014; Supplemental Fig. 52),
and the FLV-mediated AEF partially proceeds at steady-
state photosynthesis (Helman et al., 2005). Similar to FLV
in S. 6803, the gene product of MpFlv1 drives AEF in M.
polymorpha. In the induction phase of photosynthesis, the
electron flux mediated by FLV is estimated to contribute
to approximately one-quarter of the linear electron flow,
at least at the photon flux density we used in this study (Fig.
2), which is smaller than that observed in S. 6803. Never-
theless, FLV-mediated AEF contributes to the oxidation of
the PQ pool (Figs. 3C and 5C) and P700 (Figs. 3E and 5E).
An absence of MpFlvl promotes the photoinhibition of PSI
and PSILin M. polymorpha (Fig. 1). These results indicate that
the physiological roles of FLV have been conserved at the
current evolutional stage of basal land plants.

Liverworts probably require FLVs and their functions
due to the environmental conditions of their habitats,
which is implied by the results in Figure 7. Land plants are
exposed to CO, limitations when submerged, because the
diffusion rate of CO, in the water is much lower than in
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Figure 7. Responses of Y(II) to submersion in Tak-1,
AMpFIv1, and cMpFlIvi. A, Representative images of
thalli on an agar medium. B, Y(1l) in Tak-1 (light gray
bars), AMpFIv1 (pale red bars), and cMpFIv1 (pale
blue bars) before and 20 s after submersion at steady-
state photosynthesis. Data are represented as means =
sb of three independent measurements. Differences
between Tak-1 and AMpFIvi were analyzed using
Student’s ttest. Asterisks indicate statistically significant
differences between Tak-1 and AMpFlv1at P<0.05.C,
Representative fluorescence images of Y(Il) before and
20 s after submersion at steady-state photosynthesis.
Photon flux density of blue AL was adjusted to

240 pmol photons m 2 s,

the atmosphere. Generally, in C; plants exposed to low-
CO, conditions, photorespiration functions as an alterna-
tive electron sink to replace photosynthesis (Kozaki and
Takeba, 1996; Takahashi et al., 2007), which contributes to
the dissipation of excess photon energy and suppresses
photooxidative damage. However, in aqueous conditions,
the efficiency of ribulose 1,5-bisphosphate oxygenation
catalyzed by Rubisco is low, because the affinity of ribu-
lose 1,5-bisphosphate oxygenation reactions for oxygen,
K, for oxygen, ranges from 250 to 450 um oxygen (Jordan
and Ogren, 1981). The concentration of oxygen in the
water equilibrated with the atmosphere is about 250 um at
25°C. These facts imply that the photorespiration rate is
limited by the supply of oxygen from the atmosphere, and
Rubisco cannot turn over at the maximum rate under
these conditions. On the other hand, K, for oxygen in FLV
reactions is below a few micromolar oxygen (Vicente et al.,
2002; Shimakawa et al., 2015), and FLV catalyzes the re-
duction of oxygen to water at its maximum rate in the
water. In fact, in some species of cyanobacteria (S. 6803,
Synechococcus elongatus PCC 7942, and Synechococcus sp.
PCC 7002), under suppressed photosynthesis conditions
equilibrated with air, AEF is driven by FLVs, not by
photorespiration (Hayashi et al., 2014; Shimakawa et al.,
2015, 2016b; Shaku et al., 2016). Furthermore, some eu-
karyotic algae, including the green alga Chlamydomonas
reinhardtii and the diatom Phaeodactylum tricornutum, do
not utilize photorespiration as the main alternative elec-
tron sink under suppressed photosynthesis conditions
(Shimakawa et al., 2016a, 2017). These facts suggest that
oxygenic phototrophs that reside in or are exposed to
aqueous environments use FLV in AEF to oxidize P700 in
PSI. Recently, the moss Physcomitrella patens was reported
to show FLV-mediated AEF, similar to M. polymorpha
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(Gerotto et al., 2016). The physiological functions of FLV
may be conserved in whole bryophytes.

Here, we propose a model of the mechanisms involved
in oxidizing P700 for the suppression of photooxidative
damage in PSI derived from ROS in the liverwort
M. polymorpha (Fig. 8), which appears to be broadly ap-
plicable to various oxygenic phototrophs, with the ex-
ception of the extent of FLV activity. In angiosperms,
which generally do not possess FLV, this mechanism
might be replaced with other molecular mechanisms,
including the photorespiratory C, cycle, plastidial ter-
minal oxidase, the Mehler-ascorbate peroxidase path-
way, cyclic electron flow (including chloroplast NADPH
dehydrogenase and ferredoxin-quinone reductase), and

Calvin-

Figure 8. Model of the system for P700 oxidation to alleviate photoox-
idative damage to PSI in M. polymorpha. Photosynthetic linear electron
flow is indicated by orange arrows. Blue arrows indicate proton flux. Red
dashed arrows represent signal pathways regulating flux valves. pmf,
Proton motive force. Details are described in the text.
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malate dehydrogenase. Additionally, electron transport
in the cytochrome b,/f complex also is suppressed by
sensing the redox state of the PQ pool in the reduction-
induced suppression of electron flow (RISE) system,
which has been characterized in the cyanobacterium
Synechococcus elongatus PCC 7942 (Shaku et al., 2016) but
not yet in photosynthetic eukaryotes. In the RISE system,
accumulation of the reduced form of PQ inhibits the Q
cycle in cytochrome b, /f. That is, RISE can oxidize P700,
where no limitation of the acceptor side of PSl is required
as a prerequisite. The physiological functions of RISE in
M. polymorpha await investigation in future studies.
We note that there should be strategic diversity in
oxygenic phototrophs commensurate with their sur-
vival on the earth.

MATERIALS AND METHODS
Culture and Growth Conditions of Marchantia polymorpha

A male accession of M. polymorpha, Tak-1, was asexually maintained
according to previously described methods (Ishizaki et al., 2008). Plants were
incubated on one-half-strength Gamborg’s B5 agar medium (Gamborg et al.,
1968) under a light/dark cycle (14 h of light, 22°C, 100 umol photons m *s ™/,
white fluorescent lamp /10 h of dark, 20°C). For biochemical and physiological
measurements of plants, 2-week-old gemmalings were transferred from B5 agar
medium onto moist vermiculite.

Targeted Gene Knockout of MpFlvi

To generate the MpFlvl-targeting vector, pJHY-TMp1 was used (Ishizaki
et al,, 2013). The 5" and 3' homology arms (4.6 and 4.5 kb, respectively) were
amplified from genomic DNA extracted from Tak-1 thalli through PCR using
KOD Fx Neo (Toyobo), with the primer sets T, and Ty, used for the 5 and 3’
homology arms, respectively (Supplemental Table S1). The PCR products of
these homology arms were cloned into the Pacl and AscI sites of pJHY-TMp1
using the In-Fusion HD Cloning Kit (Takara).

Introduction of the targeting construct into M. polymorpha was performed
using Rhizobium radiobactor C58C1 GV2260, as described previously (Ishizaki
et al., 2008, 2013). F1 spores generated by crossing Tak-1 and Takaragaike-2
were used for transformation. Isogenic lines (designated as G, lines) were
obtained by isolating gemmae, which develop from single cells, and were
screened for gene-targeted lines to use as AMpFlv1 by genotyping using a
previously described method (Ishizaki et al., 2013; Supplemental Fig. S1).

Complementation Lines of AMpFlvl

To generate complementation lines of AMpFlv1, a binary vector, pMpGWB306,
harboring a mutated acetolactate synthase gene that confers chlorosulfuron resis-
tance was used (Ishizaki et al., 2015). The coding region of MpFlvl was amplified
from cDNA from Tak-1 through PCR using KOD plus Neo (Toyobo) with the
primer set C (Supplemental Table S1) and was then cloned into pENTR/D-TOPO
(Thermo Fisher Scientific). The resultant MpFlv]l cassette was cloned into
pMpGWB306 using LR Clonase II (Thermo Fisher Scientific) according to the
manufacturer’s protocol. The inserted MpFlvl was driven by the cauliflower
mosaic virus 355 promoter (Ishizaki et al., 2015). Complementation lines were
generated by transforming the resulting binary plasmids into regenerating thalli
of AMpFlv1, as described previously (Kubota et al., 2013). Several transformants
were obtained through selection with chlorosulfuron and used as cMpFIv1 lines.

Measurement of MpFlv1 Transcripts

Reverse transcription-PCR was performed using KOD Fx Neo (Toyobo)
with ¢cDNA from Tak-1, AMpFlv1, and cMpFlvl. We used the Actin gene
(Mapoly001650137) as a reference gene. The primer sets used (RT;, and
RT,p) are listed in Supplemental Table S1.
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Measurements of Chl and Nitrogen

The contents of Chl a and b in the M. polymorpha thalli were spectrophoto-
metrically measured using a U-2800A spectrophotometer (Hitachi). For the
measurement, extracts of thalli were obtained through incubation in 100% (v/v)
N,N-dimethylformamide overnight. Both the Chl 2 and b contents in each ex-
tract were determined using the methods of Porra et al. (1989).

To measure nitrogen, M. polymorpha thalli were dried overnight at 60°C and
then digested via Kjeldahl digestion with sulfuric acid. Total nitrogen contents
were determined with Nessler’s reagent after adding sodium potassium tartrate
(Shimakawa et al., 2014).

Measurements of Oxygen Exchange and Chl Fluorescence

Oxygen exchange was monitored simultaneously with Chl fluorescence. Thalli
(2—5 cm?) were set in the oxygen electrode chamber (LD2/3; Hansatech), and Chl
fluorescence was monitored using a Junior-PAM Chl fluorometer (Walz) through a
light-guided plastic-fiber set into the oxygen electrode chamber (Sejima et al., 2016).
The temperature of the chamber was set to 25°C. Red AL was illuminated from the
top of the oxygen electrode chamber, and the photon flux densities were adjusted to
the values indicated in the corresponding figure legends. Since the oxygen electrode
chamber was a closed system, CO,-saturated conditions were simulated by placing
a fabric mat wetted with 1 M NaHCOj solution below the intact thalli to supply CO,
at a concentration of approximately 1% (v/v). The photosynthetic parameters in
PSII were calculated using Chl fluorescence parameters as described below (see
“Measurements of Chl Fluorescence and P700”).

For the measurements of oxygen exchange and Chl fluorescence in the liquid
phase, we used an oxygen electrode chamber (DW2/2; Hansatech), a PAM-101 Chl
fluorometer (Walz), and cyanobacterial cells grown under high-CO, conditions
according to the methods of Shimakawa et al. (2016a). The reaction mixture (2 mL)
contained 50 mm HEPES (pH 7.5), 10 mm NaHCO,, and the cyanobacterial cells
(10 g ChlmL ™). Cells were illuminated with red AL (620 <A < 695 nm, 240 umol
photons m™2 s7!) at 25°C. During the measurements, the reaction mixture was
stirred with a magnetic microstirrer. Pulse-modulated excitation was achieved
using a light-emitting diode lamp with a peak emission of 650 nm. Modulated
fluorescence was measured at A > 710 nm (Schott RG9 long-pass filter). The
photosynthetic parameters in PSII were calculated using Chl fluorescence param-
eters, as described below (see “Measurements of Chl Fluorescence and P700”).

Measurements of Chl Fluorescence and P700

Both Chl fluorescence and P700" were measured simultaneously using a Dual-
PAM-100 fluorometer (Walz). In this measurement, we used a 3010 DUAL gas-
exchange leaf chamber (Walz). Ambient air was saturated with water vapor at
18°C * 0.1°C, and the leaf temperature was maintained at 25°C. The photosynthetic
parameters in PSII were calculated using Chl fluorescence parameters as follows
(Baker, 2008): F, /F,, = (Fy,— F,)/Fyp, Y() = (F,'~ F)/F,, NPQ= (F,,~ F,.)/F,/,and
qP = (F,, - F)/(F, — F,), where F_, minimum fluorescence from a dark-adapted
leaf; F,, maximum fluorescence from a dark-adapted leaf; F,’, maximum fluores-
cence from a light-adapted leaf; and F', fluorescence emission from a light-adapted
leaf. Pulse amplitude-modulated measuring light (0.1 umol photons m 2 s~') was
applied to determine F,. Short-saturation pulses (10,000 umol photons m™? s,
300 ms) were applied to determine F, and F,".

The photosynthetic parameters in PSI were calculated from the redox state of
P700 as follows (Klughammer and Schreiber, 1994; Schreiber and Klughammer,
2008): Y(I) = (P,," — P)/ P, Y(NA) = (P, — P,)/P,, and Y(ND) = P/P,_, where
P, total amount of photooxidizable P700; P,’, maximum amount of photo-
oxidized P700 by a saturation pulse; and P, amount of photooxidized P700 at
steady state. Red AL was used to measure the photosynthetic parameters at
photon flux densities, as indicated in the corresponding figure legends.

For measurements in the absence of oxygen, pure N, gas was prepared and
saturated with water vapor at 18°C + 0.1°C.

During analysis with an Imaging-PAM (M-Series; Walz), pulse-modulated
excitation, actinic illumination, and saturation pulses were achieved with a blue
light-emitting diode lamp with a peak emission of 450 nm. Images of the flu-
orescence parameters were displayed with the help of a false-color code ranging
from black (0) through red, yellow, green, blue, and pink (1; Singh et al., 2013).

Measurement of ECS

ECS was measured using a Dual-PAM-100 fluorometer equipped with a P515-
analysis module (Klughammer et al., 2013). In this measurement, we used a
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3010 DUAL gas-exchange leaf chamber (Walz). Ambient air was saturated with
water vapor at 18°C * 0.1°C, and the leaf temperature was maintained at 25°C.
ECSt, gi;in ATP synthase, and Vi;were measured through DIRK analysis, as de-
scribed by Sacksteder and Kramer (2000) and Baker et al. (2007). For the DIRK
analysis, we set the transient dark (600 ms) during illumination with AL. We
measured the extent of the change in ECS as ECSt and the half-life of ECS decay for
the calculation of g (s™"). During the transient dark, Vj;was estimated from the
initial decay of ECS. The values of ECSt were normalized by dividing the mag-
nitude of ECS decay in DIRK analysis by the magnitude of ECS induced by a 10-us
single-turnover flash (Klughammer et al., 2013). In separate experiments, ECSt was
divided into ApH and AW¥ following the methods of Klughammer et al. (2013).

Statistical Analysis

We used Student’s t test to detect differences. All statistical analyses were
performed using Microsoft Excel 2010 (Microsoft) and JMP8 (SAS Institute).

Accession Numbers

The sequence data used in this study are originated from a preliminary
genome database.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Strategy for targeted disruption of the MpFlvl
locus and analysis of homologous recombination events.

Supplemental Figure S2. Time course of gross photosynthetic oxygen ev-
olution rates and Y(II) in the induction phase of photosynthesis in S.
6803 wild type and Aflv1/3.

Supplemental Figure S3. Dependence of gross photosynthetic oxygen ev-
olution rates and Y(II) on photon flux density at steady-state photosyn-
thesis in Tak-1, AMpFlv1, and cMpFlvl.

Supplemental Figure S4. Representative original traces of dark-interval
relaxation kinetics of ECS in Tak-1 and AMpFlv1.

Supplemental Figure S5. Time course of ECSt, gj;, and Vjjin the transi-
tion from moderate to high light in Tak-1, AMpFlv1, and cMpFlv1.

Supplemental Figure S6. Dependence of rETR, ECSt, g;;, and Vj;on pho-
ton flux density at steady-state photosynthesis in Tak-1, AMpFlv1, and
cMpFlvl.

Supplemental Figure S7. Dependence of ECSt, ApH, and A¥ on photon
flux density and the relationship of ECSt, ApH, and AW to the rETR at
steady-state photosynthesis in Tak-1, AMpFlv1, and cMpFlvl.

Supplemental Figure S8. Relationship of NPQ to the rETR at steady-state
photosynthesis in Tak-1, AMpFlv1, and cMpFlvl.

Supplemental Figure S9. Relaxation of NPQ after transition to the dark.

Supplemental Table S1. Primers used in this study.
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