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The essential micronutrient manganese (Mn) functions as redox-active cofactor in active sites of enzymes and, thus, is involved
in various physiological reactions. Moreover, in oxygenic photosynthetic organisms, Mn is of special importance, since it is
central to the oxygen-evolving complex in photosystem II. Although Mn is an essential micronutrient, increased amounts are
detrimental to the organism; thus, only a small window exists for beneficial concentrations. Accordingly, Mn homeostasis must
be carefully maintained. In contrast to the well-studied uptake mechanisms in cyanobacteria, it is largely unknown how Mn is
distributed to the different compartments inside the cell. We identified a protein with so far unknown function as a hypothetical
Mn transporter in the cyanobacterial model strain Synechocystis sp. PCC 6803 and named this protein Mnx for Mn exporter. The
knockout mutant Amnx showed 1ncreased sensmVlty toward externally supplied Mn and Mn toxicity symptoms, which could be
linked to intracellular Mn accumulation. **Mn chase experiments demonstrated that the mutant was not able to release Mn from
the internal pool. Microscopic analysis of a Mnx::yellow fluorescent protein fusion showed that the protein resides in the
thylakoid membrane. Heterologous expression of mnx suppressed the Mn-sensitive phenotype of the Saccharomyces cerevisiae
mutant Apmrl. Our results indicate that Mnx functions as a thylakoid Mn transporter and is a key player in maintaining Mn
homeostasis in Synechocystis sp. PCC 6803. We propose that Mn export from the cytoplasm into the thylakoid lumen is crucial to

prevent toxic cytoplasmic Mn accumulation and to ensure Mn provision to photosystem IL

The transition metal manganese (Mn) plays a vital role
in multiple cellular processes (Hansch and Mendel, 2009).
Mn is either part of the active site or serves as an activator
for approximately 35 different enzymes (Hebbern et al.,
2009). Important Mn-dependent enzymes include Mn-
superoxide dismutase and Mn-catalase (Hansch and
Mendel, 2009), which serve in the detoxification of
reactive oxygen species (ROS). Mn also is of central im-
portance in carbohydrate, lipid, and lignin biosynthesis
(Tobergte and Curtis, 2012). In oxygenic photosynthetic
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organisms, the most prominent role of Mn is in the
oxygen-evolving complex (OEC) of PSII, where Mn is
incorporated into a Mn,O;Ca cluster that mediates the
splitting of water into oxygen, protons, and electrons
(Nelson and Junge, 2015). While the oxygen is released,
the extracted electrons are fed into the photosynthetic
electron transfer chain. Thus, limited intracellular Mn
content leads to a reduction of photosynthesis and
growth (Salomon and Keren, 2011). However, despite
its vital importance in cellular metabolism, Mn in ex-
cess amounts also can cause detrimental effects. Sev-
eral Mn toxicity mechanisms are discussed, including
the direct generatlon of ROS in a Fenton-like reaction
mediated by free Mn®" ions or the competition of Mn
with other metal ions for incorporation into the active
site of enzymes, thus changing their activity (Lynch
and St. Clair, 2004). To ensure sufficient Mn supply for
cellular needs while avoiding toxic overaccumulation
at the same time, cellular Mn homeostasis needs to be
carefully maintained, especially in oxygenic photo-
synthetic organisms.

In the cyanobacterium Synechocystis sp. PCC 6803 (here-
after Synechocystis), the biological role and regulation
of Mn homeostasis has been partially investigated.
Keren et al. (2002) demonstrated that cyanobacterial
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cells contain two separate Mn pools. Up to 80% of the
cellular content accumulates in the periplasmic space,
probably attached to the outer membrane or bound to
soluble Mn-binding proteins, such as MncA (Tottey et al.,
2008). The cytoplasm was found to contain only small
amounts of Mn (Keren et al., 2002). That is, the periplasm
serves as an Mn storage site from where the metal is mo-
bilized upon demand. Either Mn is imported into the cy-
toplasm by active transport or preloaded into PSII directly
from the periplasm. The active import into the cytoplasm is
mediated by the high-affinity ATP-binding cassette (ABC)-
type transporter MntCAB (Bartsevich and Pakrasi, 1995,
1996), which is active only under Mn limitation conditions
to provide sufficient Mn supply for cell function. The
presence of a second, constitutively active but lower-affinity
Mn importer in the plasma membrane also was suggested
(Bartsevich and Pakrasi, 1996). Possibly, iron (Fe) trans-
porters, such as FutABC, catalyze the transport of Mn by a
piggybacking mechanism and, thus, are responsible for the
constitutive Min uptake (Sharon et al., 2014). Along with its
functionality, expression of the mntCAB operon is under the
control of a two-component regulatory system and only
transcribed under Mn-limiting conditions (Ogawa et al,
2002; Yamaguchi et al, 2002). The environmental Mn
availability is monitored by the Mn sensor ManS. It func-
tions as a sensory His kinase that binds Mn** ions under
Mn-sufficient conditions, autophosphorylates, and then
activates the response regulator ManR by phosphorylation.
In its phosphorylated state, ManR represses transcription of
the mntCAB operon (Ogawa et al., 2002; Yamaguchi et al.,
2002). Preloading of PSIT with Mn** ions was demonstrated
recently to be mediated by PratA, a tetratricopeptide repeat
protein (Stengel et al., 2012). Since this step takes place in
biogenesis centers at the cell periphery, it is assumed that
Mn is loaded directly from periplasmic storage into PSII
(Stengel et al.,, 2012) independently of internal Mn concen-
trations and transport activities.

In contrast to the knowledge about Mn import and its
regulation, the mechanisms for managing intracellular Mn
homeostasis and distribution are largely unknown in cya-
nobacteria. For example, intracellular Mn-binding proteins
or Mn exporters have not been revealed so far. In this study,
we identified and characterized a thylakoid membrane
protein that is important for the export of Mn and named
the protein Mnx. By the generation and characterization of
a knockout mutant and overexpression line, we demon-
strate that the maintenance of intracellular Mn homeostasis
is highly important in Synechocystis and that Mnx plays a
central role in Mn management. According to our results,
we present a model in which Mnx is critical for mitigating
cytoplasmic Mn accumulation and the provision of Mn to
the OEC, thus maintaining efficient photosynthesis.

RESULTS
Identification of a Candidate Mn Transporter

Since Mn is of central importance especially in all
organisms performing oxygenic photosynthesis, we
assumed that the transport protein should be conserved
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throughout cyanobacteria, algae, and land plants. Thus,
to search for a candidate Mn exporter, we explored the
inventory of the so-called GreenCut2, which comprises
a set of all proteins that are encoded in the genomes of
Viridiplantae (green algae and land plants) but not in or
highly diverged in the genomes of nonphotosynthetic
organisms (Karpowicz et al., 2011). Among the 597
GreenCut proteins in the green alga Chlamydomonas
reinhardtii, which is used as a reference organism for the
GreenCut, 83 proteins are assigned to the functional
category transport, 45 with known and 38 with un-
known functions (Karpowicz et al., 2011). We concen-
trated only on those proteins that were predicted to
localize to the chloroplast in Viridiplantae, were of un-
known function, and were strictly conserved, meaning
encoded in at least 95% (at least 35 of 37 analyzed ge-
nomes; Karpowicz et al., 2011) of the analyzed cyano-
bacterial genomes. The final set of five transport proteins
(Supplemental Table S1) contained the protein CPLD63,
which belongs to the unknown protein family 0016
(UPF0016). This GreenCut protein seemed to be a
promising candidate, since another member of UPF0016,
the Gcerl-dependent translation factorl (GDT1), was
proposed to function as a Golgi-localized Ca**/H* anti-
porter in yeast (Saccharomyces cerevisiae; Demaegd et al.,
2013), and Ca*'-transporting systems are known to
frequently also accept Mn** as a substrate (Socha and
Guerinot, 2014). The Synechocystis genome contains
the gene sll0615, encoding an orthologous protein to
CPLD63. Thus, we selected SlI0615 as a candidate
protein to test for Mn export function in the cyano-
bacterium and designated SI110615 as Mnx.

Deletion of Mnx Results in Sensitivity toward Externally
Supplied Mn

To test the function of Mnx, we generated a Syn-
echocystis mutant line, Amnx, by insertional inactivation
(Fig. 1A). Full segregation of the Amnx mutant line and
the complete loss of mnx transcripts (Fig. 1, B and C)
demonstrated that Mnx was not essential under the
standard conditions used. Additionally, we generated a
complementation line, Amnx/OEX, in which the ex-
pression of mnx is under the control of the strong psbAIl
promoter (Lagarde et al., 2000) in the Amnx mutant
background (Fig. 1, A and B). According to real-time
quantitative PCR (RT-qPCR) analysis, the abundance of
mnx transcript was 7-fold elevated in the Amnx/OEX
line compared with the wild type (Fig. 1C). Therefore,
this line was considered as both a complementation line
and an overexpression line.

We hypothesized that Mnx functions as an Mn ex-
porter. Thus, we tested the mutant for sensitivity to-
ward externally supplied Mn. When we treated the cells
with increasing Mn concentrations, we observed that
the Amnx mutant was not able to grow on BG11 medium
with elevated Mn concentration (Fig. 2A). The commonly
used BG11 medium (Rippka et al., 1979) contains 9 um
MnCl, At this concentration and on medium without
MnCl, (0 um), wild-type and Amnx cells grew comparably
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Figure 1. Generation of mnx knockout and overexpression lines. A, The
knockout mutant Amnx was generated by insertion of a kanamycin
resistance cassette (KmR) into the coding sequence of the mnx gene at
the unique Smal restriction site. The overexpression line Amnx/OEX
was generated by reintroducing mnx under the control of the strong
psbAll promoter into the genetic background of Amnx. Using homol-
ogous recombination, mnx was integrated into the psbAll locus. For
selection, a gene encoding a spectinomycin resistance cassette (SpR)
was included. B, The genotypes of the mutants were verified by PCR
using gene-specific primers for amplification of mnx. Water was used as
a negative control. WT, Wild type. C, The transcript abundance of mnx
was analyzed by RT-qPCR. nd, Not detectable.

well. However, in response to a slightly increased con-
centration of 12.5 um MnCl,, growth of the mutant was
retarded, while higher concentrations of MnCl, resulted in
a lethal phenotype of the Amnx mutant. The rescued
growth of the Amnx/OEX line proved that the Mn sensi-
tivity was indeed caused by the loss of Mnx and not by
any secondary mutation (Fig. 2A). We also tested the
sensitivity toward additional divalent transition metals,
since Mn transporters are known at least in plants as being
promiscuous for their substrates (Socha and Guerinot,
2014). Growth of the Amnx mutant was not distinguish-
able from that of the wild tyl:)e in response to 12.5-fold
elevated concentrations of Ca*" ions or 3-fold Fe**, Cu™,
Zn**, and Co** ions in the BG11 medium (Fig. 2B). Also,
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the addition of Cd*" or Ni** ions, which are not contained
in standard BG11 medium, did not affect the growth of the
Amnx mutant. The dose-dependent and metal-specific
phenotype observed here provided, to our knowledge,
the first indications that Mnx conveys resistance to ele-
vated Mn amounts, likely by a specific export of Mn.

The Amnx Mutant Shows Symptoms of Mn Toxicity

The Mn-dependent phenotype of the mutant was
studied in more detail. To implement Mn limitation con-
ditions, we precultivated all lines in BG11 medium with-
out Mn. Mn depletion for 5 d did not restrict growth or
chlorophyll content in any strain (Fig. 3, A-C). After pre-
incubation, the cultures were supplemented with either
9 or 150 um MnCl, to apply standard or high Mn con-
centrations (Fig. 3, B and C). As a control, the Mn limita-
tion conditions were continued (Fig. 3A). Application of
both 0 and 9 um MnCl, did not affect the growth and
chlorophyll amounts in either culture (Fig. 3, A and B;
Supplemental Fig. S1, A and B). However, after the ad-
dition of 150 um MnCl,, growth of the Amnx mutant was
impaired and also chlorophyll amounts decreased signif-
icantly (Fig. 3C; Supplemental Fig. S1, A and B). The
negative effect of the high-Mn treatment on Amnx cells
was additionally reflected by strongly reduced photo-
synthetic activity, as indicated by reduced oxygen evolu-
tion (Fig. 3D). Under Mn-depleted conditions, oxygen
evolution was not significantly different between the lines.
However, 4 h after the addition of 9 um MnCl,, oxygen
evolution was reduced significantly by 30%, and 4 h after
the addition of 150 um MnCl,, it was reduced significantly
by 70% (Fig. 3D). In contrast, the overexpression line
Amnx/OEX showed a significant increase in photosyn-
thesis 4 h after the addition of 9 um MnCl, or 150 um
MnCl, compared with the wild type (Fig. 3C). Impor-
tantly, the significant difference between the wild type and
the overexpression line results from a decrease in the ac-
tivity of the wild type with increasing concentration of Mn
but not from an increase in photosynthesis of the over-
expression line (Fig. 3D). The detrimental effect of 150 um
MnCl, on the growth of Ammnx cells is shown in Figure 3E.

The Amnx Mutant Mounts a High-Light-
Sensitive Phenotype

The observation that photosynthetic activity was af-
fected after the addition of MnCl, in the Amnx mutant
prompted us to investigate the inhibition mechanism in
more detail. We did not observe significantly reduced
photosynthetic activity under Mn depletion (Fig. 3D)
and, thus, expected that the negative effect of Mn in the
Amnx mutant was not due to reduced incorporation of
Mn into de novo assembled PSII but rather was caused
by Mn-dependent effects on the photosynthesis appa-
ratus. To test this hypothesis, we analyzed the lines at
standard Mn concentrations (9 um) but two different light
intensities. Our standard growth light conditions were
100 umol photons m 2 s™ '. For high-light conditions,
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the cultures were exposed to a light intensity of 1,000 wmol
photons m 2 s ™. Similar to the results of the Mn treatment
(Fig. 3), Amnx was impaired significantly in growth and
chlorophyll content under high-light conditions (Fig. 4, A
and B; Supplemental Fig. S1, C and D). Also, the photo-
synthetic activity in the Amnx mutant was reduced sig-
nificantly after 4 h of high-light treatment (Fig. 4C). To
distinguish whether photoinhibition or recovery was
changed due to the lack of Mnx, all three lines were first
incubated in BG11 medium containing the standard 9 um
MnCl, under high-light conditions for 45 min and then
shifted back to standard growth light conditions. Oxygen
evolution was measured to determine photosynthetic
activity. While the photoinactivation rate was comparable
between the wild type, the Amnx mutant, and the Amnx/
OEX line (Fig. 4D), the recovery time was increased sig-
nificantly for Amnx. The mutant needed 2.7 times longer
to recover to 50% of its initial photosynthetic rate (Fig. 4E).

Plant Physiol. Vol. 173, 2017

The detrimental effect of 1,000 umol photons m~%s™" on

the growth of Amnx cells is shown in Figure 4F.

Lack of Mnx Leads to an Increased Intracellular Mn Pool

Both reduced chlorophyll accumulation (Csatorday
et al., 1984; Clairmont et al., 1986) and photosynthetic
activity (Millaleo et al., 2013) were described earlier as
typical symptoms of critical Mn accumulation in oxygenic
photosynthetic organisms. To investigate whether the
observed phenotype of the Amnx mutant was caused by
Mn accumulation, we quantified the cellular Mn amounts.
The intracellular Mn pools were reduced strongly after
5 d of Mn depletion treatment and not significantly
different between the three lines (Fig. 5). Significant
overaccumulation (3-fold) in the intracellular Mn pool was
observed specifically for the Amnx mutant after Mn addi-
tion, while the intracellular Mn levels of the Amnx/OEX
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Figure 3. Effects of Mn treatment on physiological parameters of the wild type (WT), Amnx mutant, and Amnx/OEX line. A to C,
During the first 5 d, the cultures were grown in Mn-free medium (white areas). For the remaining 3 d, the cultures were diluted and
treated with O um (A), 9 um (B), or 150 um (C) MnCl,. Growth (top row) and chlorophyll content (bottom row) were monitored over a
time course of 8 d. The addition of MnCl, is indicated with the arrows and the gray areas. One representative result of four independent
experiments is shown. D, Before (0 h) and 4 h after treatment, additional samples were taken for oxygen evolution measurements.
Values shown are means of three independent experiments. Asterisks indicate significant changes to the respective wild-type value
according to a two-way ANOVA (P = 0.05). E, Mn-dependent lethal phenotype of the Amnx mutant. Shown are photographs of the
cultures after 3 d of growth in BG11 medium containing 9 or 150 um MnCl,. AU, Arbitrary units.

line and the wild type were equal (Fig. 5). Thus, the intra-
cellular Mn levels provided further evidence that Mnx is
involved in Mn export out of the cell.

Loss of Intracellular **Mn Is Impaired in the Amnx Mutant

To examine whether, in fact, the export was affected
by the loss of mnx, we performed in vivo >*Mn chase
experiments (Fig. 6). After the cells had been incubated
for 3d in BG11 medium supplemented with **Mn, which
allowed the incorporation of **Mn into internal pools
and into proteins, cells were washed and further

1802

cultivated in BG11 medium without the radioactive iso-
tope. During the whole experiment, the final concentra-
tion of MnCl, was kept constantly at the standard 9 um.
In all three ]Jnes, the intracellular signal of the radioactive
**Mn isotope dechned most strongly within the first
30 min. However, the >*Mn contents in the Amnx mutant
stably remained at 80% of the starting amount. In contrast,
wild-type and Amnx/OEX cells displayed a monotonous
decrease of the radioactive signal. The decrease of >*Mn in
wild-type and Amnx/OEX cells was significantly higher
throughout the whole experiment in comparison with
the Amnx mutant, with a total loss of ~80% of the
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Figure 4. Effects of high-light treatment on physiological parameters of the wild type (WT), Amnx mutant, and Amnx/OEX line. A
and B, The cultures were grown either under standard growth light (100 wmol photons m™ s™'; A) or high-light (1,000 wmol
photons m~2s7": B) conditions. Growth (top row) and chlorophyll content (bottom row) were monitored over a time course of
48 h. C, Additional samples were taken before (0 h) and 4 h after exposure to growth light and high-light conditions, respectively,
for oxygen evolution measurements. Values shown are means of three independent experiments. D, For photoinhibition and
recovery studies, cultures were shifted to high-light (1,000 umol photons m™? s™'; white area) conditions. After 45 min, the
cultures were shifted back to 100 umol photons m 2 s~" (gray area) and the recovery of photosynthetic activity was monitored.
Means and sp of three independent experiments are shown as the oxygen evolution relative to the corresponding time point
0 min for each line. E, The time that each culture needs for one-half-maximal recovery was calculated from D. F, The high-light-
dependent lethal phenotype of the Amnx mutant. Shown are photographs of the cultures after 48 h of growth under growth light
(100 pmol photons m~? s™") or high-light (1,000 umol photons m~? s™") conditions. Asterisks indicate significant changes to
wild-type values according to a two-way ANOVA (P = 0.05). AU, Arbitrary units.

radioactive signal for both the wild type and the over-
expression line Amnx/OEX within the 4-h course (Fig. 6).

Mnx Resides in the Thylakoid Membrane

To investigate the subcellular localization of the Mnx
protein, we generated a mutant line, mnx::yfp, expressing a
Mnx protein with a C-terminal enhanced yellow fluores-
cent protein (eYFP) fusion. The biological functionality of

Plant Physiol. Vol. 173, 2017

the Mnx::YFP fusion proteins was confirmed by demon-
strating unrestricted growth of the mnx:yfp line at Mn
concentrations that are lethal for the Amnx mutant
(Supplemental Fig. S2B). For confocal fluorescence
microscopy, we mixed mnx::yfp and wild-type cells to
have both cell lines on the same image. The YFP sig-
nal showed a complete overlap with the chlorophyll
autofluorescence signal, indicating the localization of
Mnx::YFP in the thylakoid membrane. In some cases,
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Figure 5. Intracellular Mn accumulation in the wild type (WT),
Amnx mutant, and Amnx/OEX line. Cells were grown under Mn-
limiting conditions for 5 d and then treated with 200 um MnCl,.
Inductively coupled plasma mass spectrometry (ICP-MS) analysis
was performed after starvation (0 h) and 4 h after treatment with
MnCl,. Each bar represents three biological replicates. The asterisk
indicates a significant change to the respective wild-type value
according to a two-way ANOVA (P = 0.05).

we observed locally increased YFP signals (Fig. 7). To
analyze the spatial distribution in more detail, we
furthermore quantified the signal intensities of a circum-
ferential profile for the two mmnx:yfp cells and found the
YFP and chlorophyll autofluorescence signals positively
correlated (Supplemental Fig. S3B). A slight patchiness
with regard to the YFP signal also was observed for both
cells. We detected regions where the autofluorescence was
low while YFP fluorescence peaked (Supplemental Fig.
S3B). For wild-type cells, we did not detect a signal in the
YFP channel with the settings used (Fig. 7). The different
intensities in the autofluorescence probably resulted
from the unequal arrangement of mnx::yfp and wild-type
cells, with the wild-type cells being ~0.2 um increased
in comparison with the wild type cells (Supplemental
Fig. S3).

Expression of Mnx Suppresses the Phenotype of a Yeast
Mn Transport Mutant

To further prove that Mnx facilitates the transport
of Mn and does not act as a regulatory Mn receptor
protein, we employed a heterologous yeast mutant
suppression assay. In Saccharomyces cerevisiae cells,
Mn** and Ca®" ions are imported into the secretory
pathway by a P-type Ca**/Mn** ATPase, PMR1, that
resides in the Golgi apparatus membrane (Diirr
et al., 1998). The corresponding mutant Apmrl ac-
cumulates Mn in the cytoplasm (Lapinskas et al.,
1995) and cannot survive on medium containing
2 mMm MnCl, (Maeda et al., 2004). Heterologous ex-
pression of the cyanobacterial Mnx protein suppressed
the Mn-sensitive phenotype of the Apmrl mutant (Fig.
8), which strongly supports a role of Mnx in Mn export
from the cytoplasm.
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DISCUSSION

Mnx Facilitates the Export of Mn from the Cytoplasm
in Synechocystis

Mn homoeostasis in oxygenic photosynthetic orga-
nisms needs to be carefully sustained to avoid limited
provision of Mn?* ions to the OEC of PSII, on the one
hand, and inhibitory effects due to cytoplasmic Mn accu-
mulation, on the other hand. In search of an Mn exporter
in the cyanobacterium Synechocystis, we identified the
protein Mnx encoded by the open reading frame s/[0615 as
a promising candidate. In this study, we provide several
independent lines of evidence that Mnx, in fact, functions
in the export of Min from the cytoplasm.

The knockout mutant Amnx showed high sensitivity
toward externally supplied Mn. Already, a treatment
with only 1.4-fold elevated MnCl, concentration (12.5 um)
had a strong negative impact on the mutant, while
a 2.8-fold concentration (25 um) was lethal for Amnx
(Fig. 2A). Different physiological mechanisms for Mn
toxicity were suggested. First, Mn can compete with
other divalent metal ions, such as magnesium, Fe, or
calcium (Ca), for incorporation into the active sites of
enzymes and, thus, modifies enzymatic activities. For
this reason, chlorophyll biosynthesis is inhibited in cya-
nobacteria (Csatorday et al., 1984) and plants (Clairmont
et al., 1986) upon Mn intoxication. Furthermore, excess
Mn inhibits Rubisco activity (Houtz et al., 1988; Nable
et al., 1988) and photosynthetic activity (Millaleo et al.,
2013) for the same reason. Second, free Mn possibly
functions as a redox-active metal in a Fenton-like reac-
tion with the generation of most reactive OH- radicals.
However, it is assumed that, in vivo, the reduction po-
tential of Mn is not low enough to catalyze this toxic
reaction (Kehres and Maguire, 2003). Our physiological
analyses revealed that the mutant line Ammnx showed
several of the described symptoms of Mn toxicity. Chlo-
rophyll accumulation in Amrnx cells was reduced after the
application of Mn (Fig. 3, B and C; Supplemental Fig. S1B),
likely as a consequence of Mn-inhibited chlorophyll bio-
synthesis. Also, photosynthetic activity was lower in the
mutant as a function of external Mn concentration (Fig.
3D). The enhanced generation of OH- radicals was not
investigated in this study and cannot be excluded as an-
other reason for the lethality of Amnx cells upon exposure
to high Mn concentrations.

ICP-MS analysis (Fig. 5) supported the hypothesis that
the observed physiological symptoms were actually caused
by intracellular Mn overaccumulation in the Amnx mutant.
The intracellular Mn level was 3-fold higher in Amnx than
in wild-type cells, and this elevation was obviously suffi-
cient to negatively influence the performance of the mutant
cells. Similar behavior was observed for a mutant in the
plasma membrane Mn efflux system, MntE, in Streptococ-
cus pneumonige. Incubation with 300 um MnCl, resulted in
5-fold increased intracellular Mn amounts compared with
wild-type cells, and high Mn concentrations in the growth
medium led to severe growth inhibition (Rosch et al.,
2009). Our results are in the same range and demonstrate
the strict need for the maintenance of Mn homeostasis.
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Figure 6. Radioactive trace experiments. Cells limited for Mn were
incubated with radioactive **Mn for 3 d. After washing and transfer to
label-free BG11 medium, the decay of the radioactivity signal was
followed over a time course of 4 h. Radioactivity at time point O h was
setto 100%, and subsequent values were normalized to this time point.
Values shown are means and sp of three biological replicates. WT, Wild
type; AU, arbitrary units.

Also, mutants in the Mn uptake regulatory system,
ManSR, showed intracellular Mn accumulation and
symptoms of intoxication upon high-Mn treatment
(Zorina et al., 2016), which, in the manS and manR mu-
tants, is essentially caused by uncontrolled Mn uptake via
the Mn ABC-type transporter MntCAB (Bartsevich and
Pakrasi, 1995). According to DNA microarray analysis of
these mutants, mnx expression is not controlled by the
two-component system ManSR (Yamaguchi et al., 2002).
To prove that the membrane protein Mnx is not a Mn
sensor but functions as a translocator, we employed a
yeast mutant phenotype suppression assay. The strong
growth phenotype of the Mn-sensitive yeast mutant
Apmrl (Maeda et al., 2004) could be suppressed on Mn-
containing medium by the expression of Synechocystis
mnx (Fig. 8). Thus, we suggest that Mnx, indeed, func-
tions as a transporter and not as a signaling or regulatory
protein.

The measured intracellular Mn content comprises the
Mn pools of cytoplasm, thylakoid membrane, and thy-
lakoid lumen. Accordingly, three alternative hypotheses
for Mnx function are conceivable: Mnx facilitates Mn
export from the cytoplasm into (1) the periplasm, (2) the
thylakoid lumen, or (3) export from the thylakoid lumen
into the cytoplasm. To distinguish between these op-
tions, we determined the subcellular localization of Mnx.

YFP Autofluorescence
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According to the fluorescence microscopy images (Fig.
7), Mnx resides in the thylakoid membrane, which is in
agreement with a recent global proteomics study in
Synechocystis (Liberton et al., 2016), finding Mnx essen-
tially in the thylakoid membrane fraction. However, we
cannot rule out that minor amounts of Mnx also reside
in the plasma membrane. In Arabidopsis (Arabidopsis
thaliana), the homologous protein PHOTOSYNTHESIS
AFFECTED MUTANTY?1 (PAMY71) resides in the thyla-
koid membrane as well (Schneider et al., 2016). PAM71 is
suggested to facilitate Mn uptake from the chloroplast
stroma into the thylakoid lumen in antiport with pro-
tons, thus providing Mn for incorporation into the OEC
of PSII (Schneider et al., 2016). For other members of the
UPF0016, a proton-coupled antiport mode is proposed
(Demaegd et al., 2013). In accordance, we anticipate that
Mnx serves in Mn transport from the cytoplasm to the
thylakoid lumen of illuminated Synechocystis cells.

We observed phenotypic changes only upon treat-
ment with Mn. All other divalent metals tested, Ca**,
Fe?*, Cu®*, Ni**, Co**, Cd**, or Zn**, did not negatively
impact the Amnx mutant (Fig. 2B), indicating that Mnx
facilitates the transport of Mn with rather high specific-
ity. This high specificity of Mnx for Mn was surprising,
since metal transporters are typically promiscuous re-
garding their substrate (Socha and Guerinot, 2014). For
example, members of the NRAMP family transport a
broad range of metals. For the Arabidopsis proteins
AtNRAMP3 and AtNRAMP4, a function in both Fe and
Mn transport was demonstrated (Lanquar et al., 2005,
2010). However, since it is conceivable that, for some
metals, such as Ca or Fe, more efficient compensatory
mechanisms exist than for Mn, and for that reason we do
not see any effect, we cannot rule out that other metals
also are transported by Mnx.

Toward the Biological Function of Mnx in Cyanobacteria

The current knowledge about proteins involved in
cellular Mn homeostasis is described in the introduction
and summarized in Figure 9. We have identified Mnx as
a new player in the management of cyanobacterial Mn
homoeostasis that facilitates Mn transport from the
cytoplasm into the thylakoid lumen. However, what is
the critical biological function of Mn export from the
cytoplasm into the thylakoid lumen?

Merge Figure 7. Subcellular localization of the Mnx::

YFP protein. mnx::yfp cells, expressing the Mnx
protein with a C-terminal fusion to YFP, were
mixed with wild-type (WT) cells as a negative
control and inspected by confocal fluorescence
microscopy. YFP fluorescence is shown in orange
and chlorophyll autofluorescence in blue. Shown is
stack 5 of a total series of nine z-stacks. The com-
plete series of z-stacks is shown in Supplemental
Figure S3.

mnx::yfp
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Figure 8. Expression of Synechocystis mnx in the S. cerevisiae mutant
Apmr1. Mutant Apmr1 cells, Apmr1 cells containing the empty vector
pDR196 (+ vector), and Apmr1 cells carrying the vector with mnx as an
insert (+ Mnx) were verified by PCR and streaked on synthetic medium

with (+) or without (=) 2 mm MnCl,. For selection, uracil (Ura) was
added (+) or omitted (—). Photographs were taken after 4 d of incubation
at 30°C.

Function 1

Mnx sequesters free Mn into the thylakoid lumen to
mitigate harmful effects. Cytoplasmic Mn accumula-
tion leads to detrimental effects, as discussed above,
and needs to be avoided. Thus, Mn is sequestered by
the Mnx protein into the thylakoid lumen, where Mn
likely does no harm. High environmental Mn concen-
trations, as provided in our experimental setup, lead to
cytoplasmic Mn accumulation. Since Mn concentra-
tions in aquatic habitats are in the range of 0.1 to 10 nm
(Salomon and Keren, 2015), this scenario is not very
likely to occur in nature. Alternatively, cytoplasmic Mn
accumulation could result from the release of this metal
during protein turnover and degradation. According to
our results, the major path to eliminate intracellular Mn
basically involves Mnx and passage through the thyla-
koid lumen. In our >*Mn chase experiments, the knockout
mutant Amnx retained about 80% of the intracellular ra-
dioactive signal, while in the wild type and the over-
expression line, the signal decreased rapidly to about 20%
(Fig. 6). Thus, the data show that more than 70% of the
internal Mn pool is rapidly turned over and exported to
the periplasm within 1 h in wild-type and Mnx over-
expression cultures (Fig. 6). The remaining approximately
20% of the intracellular Mn pool is probably bound to
proteins that are stable over the observed period of time.
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Furthermore, the results indicate that Amnx is unable to
export Mn resulting from intracellular protein turnover
even under unstressed conditions (i.e. 9 um MnCl, in the
standard BG11 medium). Every cell division causes a
dilution of cytoplasmic Mn, which likely contributes to
mutant survival in the standard conditions. The intrigu-
ing result that Minx contributes significantly to the release
of Mn into the periplasm, although the transporter resides
in the thylakoid membrane, remains to be explained. In-
terestingly, a similar behavior was demonstrated for a
mutant in the thylakoid Na"/H" transporter Nhas3 in
Synechocystis. Although the transporter resides in the
thylakoid membrane, the nhaS3 knockdown mutant
showed increased sensitivity toward elevated Na* con-
centrations in the medium (Tsunekawa et al., 2009).

Function 2

Mnx contributes to Mn supply to the OEC. In cya-
nobacteria, major intracellular Mn amounts presum-
ably are contained in the Mn,O:Ca cluster of the OEC,
since, in chloroplasts, roughly 80% of Mn is associated
with PSII (Anderson et al., 1964). The cluster is bound
by the D1 protein and stabilized by the extrinsic, lu-
menal PSII subunits PsbO, PsbP, PsbQ, PsbU, and PsbV
in cyanobacteria (Nickelsen and Rengstl, 2013). It is
suggested that the loading of pre-D1 protein with Mn
takes place in biogenesis centers and is mediated by the
PratA protein (Stengel et al., 2012). The D1 protein is
damaged continuously by light and needs to be repaired
(i.e. replaced by de novo synthesized D1). To allow for
PSII repair, PSII is disassembled and the photodamaged
D1 is removed by proteases (for review, see Nickelsen
and Rengstl, 2013). Concomitantly, the Mn,O;Ca cluster
is released into the thylakoid lumen. It is debated
whether the de novo synthesized D1 can be inserted into
PSII in thylakoid membranes or whether the repair takes
place at the biogenesis centers with the participation of
PratA (Nickelsen and Rengstl, 2013). It is also not clear
whether the released Mn can be recycled or needs to be
replaced by freshly imported Mn. Our observations that
the Amnx mutant was highly susceptible to high light
intensities (Fig. 4) and needed significantly longer to
recover from a short-time high-light treatment (Fig. 4, D
and E) are indications that, at least partly, the repair of
PSII occurs on site and employs Mnx to import Mn into
the thylakoid lumen for reincorporation into PSII. With
regard to the slightly patchy distribution of Mnx::YFP in
the thylakoid membrane (Fig. 7; Supplemental Fig. S3), it
could be speculated that the transporter also might lo-
calize to the biogenesis centers. More detailed studies
will be necessary to identify the specific site(s) of Mnx
action. We suggest that Mnx functions in parallel with
PratA to provide Mn to the OEC. While, under standard
conditions, the contribution of Mnx seems to be marginal
in comparison with PratA in contrast to Amnx (Fig. 4C), a
mutant in pratA has reduced photosynthetic activity
(Klinkert et al., 2004), and it becomes critical under high-
light conditions with increased need for PSII repair.
However, the expression of mnx is not changed during
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Figure 9. Hypothetical model for the function of Mnx in Synechocystis. Mn (Mn?* ions represented as rose-colored circles;
oxidation states Mn** and Mn*" in the activated Mn,O.Ca cluster are not specifically accentuated) is stored mainly in the
periplasm, with MncA as the most abundant Mn-containing protein. Mn also is suggested to bind to the outer membrane. To
maintain cellular functionality, Mn is imported by the plasma membrane ABC transporter MntCAB under Mn-limiting conditions.
The presence of a second, constitutively acting Mn importer has been hypothesized. Likely, the Fe ABC transporter FutABC fulfills
this function. The pre-D1 (pD1) protein, which is the Mn,O;Ca cluster-binding core protein of PSII, is preloaded with Mn from the
periplasm via PratA in biogenesis centers. The cytoplasmic surplus of Mn resulting from the turnover and degradation of Mn-
containing proteins gets sequestered into the safekeeping environment thylakoid lumen via Mnx. Additionally, Mnx transports Mn
from the cytoplasm into the thylakoid lumen to support Mn delivery to the OEC.

acclimation from low to high light intensities (Hihara
et al., 2001). Another possible explanation for the high-
light susceptibility and the retarded recovery in the
Amnx mutant is that the Mn accumulation involves ROS
production, as explained before, which inhibits the
translation of D1 for the repair of PSII (Nishiyama et al.,
2011). A more detailed analysis of PSII activity, as well as
the photodamage and repair process in the mutant line,
are necessary in future studies to clarify this question.
Our results indicate that both suggested biological
functions of Mnx (i.e. Mn safekeeping in the thylakoid
lumen and Mn provision to OEC) are critical for Mn ho-
meostasis in Synechocystis. In Arabidopsis, the biological
significance of the homologous thylakoid protein PAM71
is different. Since proteins homologous to PratA and bi-
ogenesis centers do not exist (Nickelsen and Rengstl,
2013), the incorporation of Mn into the OEC occurs on site
in the thylakoid membrane. Mutants in PAM71 are highly
sensitive to low Mn concentrations and contain reduced
amounts of Mn in isolated PSII complexes. Thus, it is
suggested that PAM71 majorly serves the provision of
Mn to the OEC (Schneider et al., 2016). The sequestration
of surplus stromal Mn appears to be less important. This
is expected because, in the highly compartmentalized
plant cell, the vacuole, which is not present in cyanobac-
teria, serves as a reservoir for surplus metal ions, at least
within physiological concentration ranges (Lanquar et al.,
2010). Quite contrary to the situation in the cyanobacterial
Amnx mutant, high-Mn treatment is beneficial for pam71
mutants, since likely other, so far unknown, transporter(s)
with lower affinity for Mn serve to import the Mn into the
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thylakoid lumen and, thereby, compensate the loss of
PAMY71 (Schneider et al., 2016).

Mnx Function as an Mn Transporter Is Conserved among
Oxygenic Photosynthetic Organisms

The Mnx protein belongs to UPF0016, which contains
only a few studied proteins. So far, only GDT1 from yeast
and human TMEMI165 have been investigated more
closely. Both proteins are suggested to act as Ca**/H"
antiporters in the Golgi apparatus membrane and, thus,
to play important roles in Ca signaling and protein gly-
cosylation (Demaegd et al., 2013; Colinet et al., 2016).
When we treated the mutant Amnx with 12.5-fold higher
concentrations of CaCl, than was used in standard BG11
medium, we did not detect any effect on the growth
performance (Fig. 2B). Thus, in Synechocystis, Mnx is
unlikely to play a major role as a Ca transporter. In-
terestingly, phylogenetically related proteins from
green algae and land plants display similar specificity for
Mn over Ca (Schneider et al., 2016). In the genome of the
model plant Arabidopsis, five proteins orthologous to
Mnx are encoded. Of these five proteins, PAM71 and
PHOTOSYNTHESIS AFFECTED MUTANT71 HOMOLG
(PAM71-HL) are targeted to the chloroplast. PAM71
resides in the thylakoid membrane and PAM71-HL in
the chloroplast inner envelope (Schneider et al., 2016).
The protein PAM71 was demonstrated recently to fa-
cilitate Mn uptake from the stroma into the thylakoid
lumen, thus providing Mn for incorporation into the
OEC of PSII (Schneider et al., 2016). Arabidopsis and
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C. reinhardtii knockout mutants in this protein both could
be rescued by supplementation with Mn but not Ca, em-
phasizing the prominent role of Mnx homologs in Mn
versus Ca transport (Schneider et al., 2016). The function of
PAM?71-HL remains to be studied. Importantly, the dupli-
cation of plastidial Mnx homologs is conserved throughout
oxygenic photosynthetic eukaryotes (Schneider et al., 2016).
This indicates the importance of the role of Mnx proteins as
Mn transporters in chloroplasts, the cellular compartment
where oxygenic photosynthesis takes place and, thus,
makes Mn management a critical task. It remains to be
clarified whether the other three Mnx homologs in Arabi-
dopsis, which are predicted to reside in membranes of the
secretory pathway (Schneider et al., 2016), function in Ca or
Mn transport.

CONCLUSION

In this study, we identified and characterized the
Mn transport protein Mnx in the cyanobacterium
Synechocystis. Mnx resides in the thylakoid membrane
and facilitates Mn export from the cytoplasm into the
thylakoid lumen, first to avoid critical cytoplasmic
accumulation of Mn by sequestration in the thylakoid
lumen and second to back up Mn provision to the
OEC. According to our results, in cyanobacteria, the
cytoplasmic Mn pool must be maintained at a constant
level within a narrow range. Therefore, the released
Mn needs to be exported rapidly to prevent toxic accu-
mulation. The export function of Mnx is important under
standard growth conditions and becomes crucial under
high-light conditions, since Mnx likely ensures Mn supply
during the repair of PSIL. Members of UPF0016 are wide-
spread among all classes of organisms. However, while, in
yeast and human cells, these proteins facilitate Ca transport
in the membrane of the Golgi apparatus, cyanobacterial
Mnx proteins and the plant and green algal orthologous
proteins that are targeted to the plastid use preferentially
Mn as a transport substrate. This altered substrate speci-
ficity might be a specialization of the proteins for oxygenic
photosynthetic organisms, which strongly rely on Mn.

MATERIALS AND METHODS
Synechocystis Strains and Growth Conditions

A Glc-tolerant strain of Synechocystis sp. PCC 6803 served as the wild type.
Axenic cultures were grown continuously at 30°C, 200 rpm, and 100 wmol photons
m 25! constant light in BG11 medium buffered with 20 mm HEPES-KOH to pH
7.5 (Rippka et al., 1979). Growth medium for mutant lines was supplemented with
appropriate antibiotics (50 ug mL ™' kanamycin [Km] and 20 ug mL ™" spectino-
mycin [Sp]). For experiments, precultures were generally Mn starved for 5 d to
ensure the same preconditions for all lines. To this end, the cells were washed once
with EDTA solution (HEPES-KOH, pH 7.5, and 5 mm EDTA; Keren et al., 2002) and
two times with Mn-free BG11 medium to remove the periplasmic storage pool of
Mn. Then, the cultures were grown for 5 d in Mn-free BG11 medium and subse-
quently used for experiments.

Generation of mnx Knockout and Overexpression Lines

The Amnx knockout mutant was generated by introduction of a Km resis-
tance cassette obtained from the plasmid pUC4K (Pharmacia) into the unique
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Smal site of the PCR-amplified (primers ME29 and ME30; Supplemental Table
S2) open reading frame sll0615. After transformation and selection on Km-
containing BG11 plates, full segregation of several independent clones was
verified by PCR analysis as described (Eisenhut et al., 2006). To generate the
overexpression line Amnx/OEX, full-length mnx was PCR amplified using
primers ME57 and ME58 (Supplemental Table S2). After digestion with Ndel
and Hpal, the mnx fragment was introduced into the modified version of the
overexpression vector pPSBAII (Lagarde et al., 2000), carrying an Sp resistance
cassette for selection (Engel et al., 2008). The obtained plasmid was used for
transformation of the Amnx mutant. The complementation/overexpression line
Amnx/OEX was selected on BG11 plates containing both Km and Sp.

RNA Isolation and RT-qPCR Analysis

For RNA isolation, 10 mL of culture was harvested by centrifugation for
5 min at 4°C and 3,000g. Extraction was performed with the Universal RNA
Purification Kit (Roboklon) using the bacterial cell protocol. DNase treatment
was carried out using RQ1 RNA-Free DNase (Promega), and cDNA synthesis
was performed using Moloney murine leukemia virus reverse transcriptase
(Promega). For the RT-qPCR analysis, Mesa Blue MasterMix for SYBR Assay
(Eurogentec) was used. The primers used for RT-qPCR were FB24 and FB25
(Supplemental Table S2; efficiency, 1.94) for the amplification of mnx. RNase P
subunit B (r1pB) was used as a reference gene using the primers FB26 and FB27
(Supplemental Table S2; efficiency, 1.99). RT-qPCR was performed with the
StepOne Plus Real-Time system (Applied Biosystems). Mean normalized ex-
pression was calculated from three biological replicates, each measured in three
technical replicates, according to Simon (2003). Samples with a cycle threshold
value higher than the water control were set as not detectable.

Drop Tests

The effect of metals was tested on solid medium. Two microliters of the
cultures with an OD;5, of 0.25 and 1:10, 1:100, and 1:1,000 dilutions were spotted
onto agar plates (BG11; pH 7.5; solidified with 1.5% [w/v] bacto agar), which
were supplemented with different concentrations of MnCl,, CaCl,, FeEDTA,
CuSO,, NiSO,, Co(NOj,),, CdCl,, or ZnSO,. Plates were incubated under con-
tinuous illumination of 100 wmol photons m 2 s~" at 30°C for 4 d.

Growth, Chlorophyll, and Oxygen Evolution Analysis

After 5 d of Mn limitation, the cultures were set to an OD,5, of 0.3 and grown
in Mn-free BG11 medium for another 5 d. Then, the cultures were diluted to an
OD,5, of 0.5 and kept under limitation (0 um MnCl,) or were treated with 9 and
150 um MnCl,. Growth and chlorophyll content were determined by moni-
toring the OD;5, and ODyy, respectively. Before and after 4 h of Mn treatment,
additional samples were taken to analyze oxygen evolution as a measure of
photosynthesis with a Clark-type electrode.

Effects of High-Light Treatment on Photosynthetic Activity

Cultures were set to an OD,5, of 0.5 in BG11 medium containing the standard
concentration of 9 um MnCl,. At time point 0 min, the cultures were placed
under a 50-W light-emitting diode lamp at 1,000 umol photons m2s7! for
45 min. Temperature (30°C) and continuous mixing were controlled by a
magnetic stirrer with heating function. After 45 min, the cultures were returned
to standard growth conditions (100 wmol photons m? s~ and 30°C) for 75 min.
During the experiment, oxygen evolution as a measure of photosynthesis was
analyzed every 15 min with a Clark-type electrode. The experiment was re-
peated three times to get biological triplicates.

Subcellular Localization of Mnx

To determine the subcellular localization of Mnx, an eYFP from pUBC-YFP-
Dest (Grefen et al., 2010) was C-terminally fused to Mnx. For selection, a KmR
from the vector pUC4K (Pharmacia) was added downstream of the YFP open
reading frame followed by 200 bp of the 3’ region of mnx for homologous re-
combination in the Synechocystis genome. All fragments were PCR amplified
and assembled using the Gibson Assembly Master Mix (New England Biolabs).
Primers FB16 and FB17 were used to amplify mnx, FB18 and FB19 to amplify
yfp, FB20 and FB21 to amplify the KmR, and FB22 and FB23 to amplify the 3’
region of mnx. Genotypes of Km-resistant transformants were verified by PCR
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using primers ME57 and FB31 (Supplemental Fig. S2A), and the biological func-
tionality of Mnx::YFP fusion proteins was tested by growth on BG11 medium
supplemented with elevated MnCl, concentrations (Supplemental Fig. S2B). Before
imaging, the cells were kept in darkness for 30 min to relax the proton gradient
across the thylakoid membrane, because the low pH in the thylakoid lumen might
affect the fluorescence of YFP. For imaging, transformed cells were mixed with
wild-type cells to have a negative control in the same image. The cells were
immobilized on microscopic glass slides by a thin layer of solid BG11 medium (1:1
mixture of 2-fold concentrated BG11 medium and 3% [w/v] bacto agar). A Leica
TCS SP8 STED 3X microscope was used with a 100X oil objective (optical aperture
1.4) and Leica HyD hybrid detectors. YFP and chlorophyll were excited at 488 nm
with a white-light laser at 70% output intensity.

ICP-MS Measurements

After precultivation under Mn limitation conditions, the cells were adjusted to
an OD,5, of 0.75 and treated with 200 um MnCl,. The higher MnCl, concentration
compared with our other experiments was chosen to apply Mn stress propor-
tional to the OD,5, used in this experiment and thus make the effects comparable.
Four-milliliter samples were pelleted via centrifugation (3,000¢ for 5 min at 4°C).
The samples were washed two times with 4 mL of ice-cold EDTA solution
(20 mm HEPES-KOH, pH 7.5, and 5 mm EDTA) to release the periplasmic Mn
pool and measure the intracellular Mn pool only (Keren et al., 2002) and one
time with 4 mL of ice-cold HEPES buffer (20 mm HEPES-KOH, pH 7.5). All
steps were performed at 4°C or on ice. From here on, all steps were performed
in a clean laboratory. For analysis, the samples were digested at 100°C with
distilled HNO;, evaporated to dryness, and reconstituted in double distilled
water. Mn concentrations were determined using ICP-MS (PerkinElmer-Elan).
For each time point, an additional sample was taken to determine the cell number
per milliliter microscopically.

Radioactive Trace Experiments

After precultivation under Mn limitation conditions, the cells were adjusted
to an OD,5, of 0.3 and incubated for 3 d in BG11 medium supplemented with
0.18 v **Mn and 0.82 pum cold ®Mn. After incorporation of the radioactive Mn
into the cells, the radioactive medium was washed off by one washing step with
EDTA solution (20 mm HEPES-KOH, pH 7.5, and 5 mm EDTA) and two washing
steps with Mn-free BG11 medium. The cultures were adjusted to an OD,5;, of 0.3
and treated with 9 um MnCl,. Samples of 500 uL were taken with a reusable
syringe-type filter holder (Schleicher & Schuell) and nitrocellulose filters (What-
man). The filter residue was washed one time with EDTA solution (20 mv HEPES-
KOH, pH 7.5, and 5 mm EDTA) and one time with pure water to remove the
periplasmic pool of Mn. The radioactivity in the cells was monitored with a gamma
counter (Kontron Analytical; GAMMAmatic I). The experiment was performed in
biological triplicates, and every sample was measured in three technical replicates.

Expression of mnx in Yeast

The coding sequence of mnx was PCR amplified from Synechocystis genomic
DNA using the primers SK102 and SK103 (Supplemental Table S2). The PCR
product was subcloned into pJET1.2 (Thermo Fisher Scientific) and verified by
sequencing. After restriction digestion with Sall and Spel, the fragment was
cloned into the vector pDR196 (Rentsch et al., 1995; Loqué et al., 2007). All further
experimental steps were performed as described (Schneider et al., 2016).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Statistical analysis of growth rates and chloro-
phyll contents.

Supplemental Figure S2. Verification of the genotype and functionality of
Mnx::YFP proteins.

Supplemental Figure S3. Overview of fluorescence microscopy images of
wild-type and mnx::yfp cells.

Supplemental Table S1. GreenCut proteins strictly conserved in cyano-
bacterial genomes with predicted but so far unknown functions in chlo-
roplast transport processes.

Supplemental Table S2. Oligonucleotides used in this study.
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