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Life on earth is dependent on the photosynthetic conversion of
light energy into chemical energy. However, absorption of excess
sunlight can damage the photosynthetic machinery and limit
photosynthetic activity, thereby affecting growth and productiv-
ity. Photosynthetic light harvesting can be down-regulated by
nonphotochemical quenching (NPQ). A major component of NPQ is
qE (energy-dependent nonphotochemical quenching), which al-
lows dissipation of light energy as heat. Photodamage peaks in
the UV-B part of the spectrum, but whether and how UV-B induces
gE are unknown. Plants are responsive to UV-B via the UVR8
photoreceptor. Here, we report in the green alga Chlamydomonas
reinhardtii that UVR8 induces accumulation of specific members
of the light-harvesting complex (LHC) superfamily that contribute
to qgE, in particular LHC Stress-Related 1 (LHCSR1) and Photosys-
tem Il Subunit S (PSBS). The capacity for qE is strongly induced by
UV-B, although the patterns of qE-related proteins accumulating
in response to UV-B or to high light are clearly different. The
competence for qE induced by acclimation to UV-B markedly con-
tributes to photoprotection upon subsequent exposure to high
light. Our study reveals an anterograde link between photorecep-
tor-mediated signaling in the nucleocytosolic compartment and
the photoprotective regulation of photosynthetic activity in the
chloroplast.

nonphotochemical quenching | UV-B photoreceptor | PSBS | LHCSR1 |
photoprotection

ight is essential for photosynthesis, but absorption of excess

light energy is detrimental. To avoid photodamage, photosyn-
thetic light harvesting is regulated by nonphotochemical quenching
(NPQ), which allows dissipation of harmful excess energy as heat
through its qE (energy-dependent nonphotochemical quenching)
component (1-6). Specialized members of the light harvesting
complex (LHC) protein family, such as Photosystem II Subunit
S (PSBS) in higher plants or members of the LHC Stress-Related
(LHCSR) family in mosses and algae, are central to qE (7-11).
Protonation of key residues in these proteins triggers qE in re-
sponse to the acidification of the thylakoid lumen, which is cou-
pled to photosynthetic electron transport (7, 9). Furthermore, the
deepoxidation of violaxanthin to zeaxanthin, which is also acti-
vated by the acidification of the thylakoid lumen, enhances qE
(12). In response to high levels of visible light, LHCSR3 protein
accumulation is of major importance for qE capacity in Chlamy-
domonas reinhardtii (11). The induction of LHCSR3 expression
under high light is thought to involve retrograde signaling, from
the chloroplast to nuclear gene expression (13), and recent data
show that the response is also dependent on the phototropin
(PHOT) blue light photoreceptor (14).

UV-B radiation is intrinsic to sunlight reaching the earth sur-
face and is potentially damaging to living tissues. UV-B stress
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tolerance is induced through the specific activation of acclimation
responses (15-20). Plants sense UV-B radiation via the homo-
dimeric UV-B photoreceptor UV Resistance Locus 8 (UVRS)
(21-23) that is mainly localized in the cytosol (24). Absorption of
UV-B photons by intrinsic tryptophan residues leads to UVRS
monomerization, interaction with the E3 ubiquitin ligase Con-
stitutively Photomorphogenic 1 (COP1), accumulation in the
nucleus, and changes in gene expression (19, 21-29). After pho-
toreception, UVRS returns to the homodimeric ground state
by redimerization (30, 31). The UVR8-COP1 pathway is evolu-
tionarily conserved and induces UV-B acclimation and protection
in Chlamydomonas (32).

Photodamage is associated with the UV-B part of the sunlight
spectrum (33, 34). In both Arabidopsis and Chlamydomonas,
some of the UV-B-induced genes encode chloroplast proteins,
and UV-B acclimation allows maintenance of photosynthetic
efficiency under elevated levels of UV-B (32, 35). However, a
direct mechanistic link between UVRS photoreceptor signaling
and photoprotection of the photosynthetic machinery has
remained unknown. Here, we describe a distinct qE response in
Chlamydomonas that is based on direct UV-B reception by
UVRS, which, together with COP1, initiates anterograde sig-
naling and the chloroplastic accumulation of LHCSR and PSBS
proteins and results in the protection of the photosynthetic
machinery.

Significance

Life on earth largely depends on the capture of light energy by
plants through photosynthesis. Light is essential, but excess light
is dangerous. Energy dissipation as heat is a major mechanism
induced to protect the photosynthetic machinery. We report that
UV-B perception by a specific photoreceptor in the nucleocytosolic
compartment leads to protection of the photosynthetic machin-
ery in the chloroplast of a green alga. The underlying mechanism
is markedly different from the response to high light. UV-B pho-
toreceptor-mediated signaling activates a safety valve, allowing
the release of the excess energy as heat, helping the algae to cope
with too much light energy.
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Results and Discussion

A recent transcriptome analysis revealed that nuclear-encoded
PSBS, LHCSRI, and LHCSR3 transcripts accumulate in Chlamy-
domonas exposed to a low dose of UV-B (32). We thus tested
whether the respective proteins accumulate under this condition,
which induces UV-B acclimation and tolerance (32). Indeed, we
found that UV-B induced a marked accumulation of the PSBS and
LHCSR1 proteins and, to a lesser extent, LHCSR3 (Fig. 14). This
pattern was strikingly distinct from the high-light response (350
pmol-m~2s71), when LHCSR3 accumulated strongly, LHCSR1
accumulated less, and PSBS was undetectable (Fig. 1B). At higher
light intensity (900 pmol-m~>s~"), PSBS expression was detectable
(Fig. S1) (36, 37), although at lower levels than under UV-B (Fig.
S1). In the npg4 mutant deleted for the LHCSR3 genes LHCSR3.1
and LHCSR3.2 that encode identical proteins (11), UV-B in-
duction of LHCSR1 and PSBS was comparable to the wild type
(WT) (Fig. 14). Interestingly, UV-B-responsive accumulation of
LHCSR1 and PSBS proteins was not affected by treatment with
the photosystem II (PSII) inhibitor dichlorophenyl-dimethylurea
(DCMU), in sharp contrast to LHCSR3 under high light (Fig. 1C).
Thus, induction of LHCSR1 and PSBS by UV-B does not depend
on photosynthetic electron transfer, unlike LHCSR3 induction
under high light (38). We conclude that UV-B and high light in-
duce clearly distinct patterns of expression of qE-related proteins.

The marked accumulation of PSBS and LHCSR1 prompted us
to test whether UV-B indeed increases qE capacity. NPQ in-
cludes gE and state transition (qT), which lead to rather complex
kinetics of chlorophyll fluorescence upon exposure of Chlamy-
domonas to high light (Fig. S2) (39). We used nigericin to abolish
the proton gradient and specifically quantify the qE component
of NPQ (Fig. 2 A-D) (12, 39). Indeed, a clear nigericin-sensitive

A WT 137C npq4
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Fig. 1. UV-B and high light induce distinct patterns of qE-related proteins.
(A) Immunoblot analysis of PSBS, LHCSR1, and LHCSR3 protein levels in the
WT (WT 137C) and npg4 mutant exposed to UV-B (+UV-B) for 2, 4, and 6 h or
not exposed (—UV-B; protected by a UV-B-absorbing long-pass filter). Tu-
bulin levels are shown as loading control. (B) Immunoblot analysis of PSBS,
LHCSR1, and LHCSR3 protein levels in WT, npq4, lhcsr1, and npq4 lhcsr1
before treatment (0) and after exposure for 6 h to high light (HL) or to UV-B
(UV). (C) Immunoblot analysis of PSBS, LHCSR1, and LHCSR3 protein levels in
WT in the presence or absence of the photosynthetic electron transport in-
hibitor dichlorophenyl-dimethylurea (DCMU; 5 pM). (B and C) ATPase (CF1)
levels are shown as loading control.
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qE was observed in WT cells preexposed to low levels of UV-B for
6 h (Fig. 24 and E and Fig. S34). Another feature characteristic of
qE was rapid relaxation upon returning to the dark condition (Fig.
S3). qE capacity developed already after 2 h of UV-B exposure,
and after 6 h of UV-B, it was similar to qE after 6 h of high-light
exposure (Fig. 2E). These data clearly indicate that exposure to
UV-B induces qE capacity in Chlamydomonas.

The marked accumulation of PSBS and LHCSR1 suggested
that qE induced by UV-B is partly independent of LHCSR3.
Consistently, a clear UV-B-induced qE component was ob-
served in the LHCSR3-deficient npg4 mutant (Fig. 2 B and F and
Fig. S34), albeit with an amplitude (qE = 0.65 + 0.04; n = 3)
lower than in WT (qE = 1.01 + 0.06; n = 3) (Fig. 2 E and F). In
contrast, npg4 cells exposed to high light for 6 h showed no
significant induction of qE (Fig. 2 D and F and Fig. S3B). Thus,
we conclude that part of the qE capacity induced by UV-B is not
dependent on LHCSR3, which raises the possibility that PSBS or
LHCSR1 or both together may contribute to qE.

We then tested induction of qE capacity in the mutant lhscr!
and the double-mutant npg4 lhesrl, the latter of which is strongly
impaired in qE after exposure to high light (7). lhcsrl carries a
point mutation in the coding sequence that substitutes tyrosine-
164 for asparagine (Y164N). LHCSR1Y'**N accumulated in lower
amounts in /acsrl than LHCSRI1 in the WT after UV-B treatment
(Fig. 1B). Nonetheless, qE was much lower in licsr than in npg4
after UV-B exposure (Fig. 2G). This finding is in support of a
major role for LHCSR1 in UV-B-induced qE capacity. Con-
versely, after exposure to high light, a comparison of npg4 and
lhesrl showed that LHCSR3 was a main agent of qE, but that
LHCSRI also contributed (Fig. 2G) (40). In stark contrast to the
absence of qE in response to high light, qE in the double-mutant
npq4 lhesrl after UV-B exposure was clearly detectable and sim-
ilar to lhesrl (Fig. 2G and Fig. S34). This finding may indicate
PSBS activity in the absence of LHCSR3 and LHCSR1, although
we cannot exclude the possibility that LHCSR1Y'**N retains some
activity. We conclude that LHCSR1 and possibly PSBS are key
effectors after UV-B treatment, whereas LHCSR3 is the major
active agent after high-light exposure.

PSBS activity in response to high light has been reported only very
recently in Chlamydomonas (36, 37). To investigate a possible con-
tribution of PSBS to qE after UV-B exposure, we tested whether
constitutive expression of PSBS in the Chlamydomonas chloroplast
enhances qE in the npg4 mutant background (Fig. S4). The over-
expression of PSBS increased the amplitude of qE in the npg4 mutant
after UV-B exposure (Fig. S4 H and I). Thus, in agreement with two
recent reports (36, 37), PSBS is functional in Chlamydomonas and
may contribute to qE activity in response to UV-B.

Under high light, qE is enhanced by the deepoxidation of
violaxanthin to zeaxanthin (12), both of which are bound by
LHCSR3 (8). After UV-B exposure, the level of violaxanthin
increased in the WT (Fig. S54), but there was no significant
difference in the deepoxidation state (DES) of these xantho-
phylls (Fig. S5B). DES increased within the subsequent 5-min
exposure to high light that was used to measure qE. These data
indicate that, in parallel to the accumulation of qE-related
proteins, acclimation to UV-B induces violaxanthin accumula-
tion, the rapid conversion of which to zeaxanthin upon exposure
to high light may enhance qE. A similar accumulation of viola-
xanthin after exposure to UV-B was also observed in the double
mutant npg4 lhesrl (Fig. S5C). It is of interest that in the lhcsr]
and npg4 lhesrl mutants, qE started to develop upon high-light
exposure more slowly than in the WT or npg4 (Fig. S34). One
possible interpretation is that a PSBS-dependent component of
qE requires the accumulation of zeaxanthin.

We next addressed the regulation of LHCSR1, LHCSR3, and
PSBS expression under UV-B. Similar to Arabidopsis (16, 19, 21-23,
41), Chlamydomonas expresses a homodimeric UVRS photoreceptor
that monomerizes in response to UV-B (Fig. S6) and subsequently
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Fig. 2. UV-B induces the capacity for gE. The gE component of NPQ was determined by chlorophyll fluorescence measurements in the presence (red circles)
or absence (black squares) of 10 pM nigericin. Dark-adapted cells (black bar at top) were exposed to strong light for 300 s (750 umol-m~2s~"; white bar)
and then returned to the dark (dark bar). Fluorescence (relative units; r.u.) was monitored continuously (open symbols) and during saturating flashes
(2,500 umol-m~2s~" at 60-s intervals; filled symbols). (A and B) WT (WT 137C) (A) and npg4 (B) after exposure for 6 h to UV-B. (C and D) WT (C) and npg4
(D) after exposure for 6 h to high light (HL). (€ and F) qE values after 2, 4 or 6 h of exposure to UV-B (+UV-B) or without exposure (—-UV-B) and after 6 h of
exposure to high light (HL). Means =+ SD are shown (n = 3) for gE calculated at the end of the actinic light treatment. (G) gE values after 6-h exposure of the
WT and in mutants npg4, lhcsr1 and npq4 lhesr1 to UV-B or to high light (HL). Means + SD are shown (n = 4 for HL; n = 6 for UV samples).

interacts with COP1 (32). We obtained a uvr8 insertional mutant
(42) of Chlamydomonas containing no detectable UVRS protein
(Fig. 34 and Fig. S6). Expression of UVRS was partially restored in
two independent complementation lines (Fig. 34). The quantum
yield of PSII was affected by UV-B in w8 (Fig. 3C), indicating a
defect in photoprotection. This increased sensitivity was not ob-
served under high light and was rescued in the complemented
lines (Fig. 3C). Thus, UVRS regulates an acclimatory response
in Chlamydomonas specific to UV-B.

uvr8 was defective in the UV-B-induced accumulation of the
PSBS, LHCSRI, and LHCSR3 transcripts (Fig. 3D). Consistently,
uvr8 was also impaired in UV-B—dependent accumulation of the
corresponding proteins, but this phenotype was restored in com-
plemented lines (Fig. 3B). We further tested whether the induced
capacity for qE in response to UV-B depends on UVRS. After
UV-B exposure, qE was impaired in uvr8 and partially restored in
the complemented lines (Fig. 3E and Fig. S74). This involvement
of UVRS was specific for UV-B responsiveness; in contrast, the
uvr8 mutant still expressed LHCSR3 and a low level of LHCSR1
protein and showed a normal capacity for qE in response to high
light (Fig. 3 E and F and Fig. S7B). That the signaling pathways in
response to UV-B or high light were different is consistent with
our observation that only the latter seems to require photosyn-
thetic electron transport (Fig. 1C).

COP1 acts together with UVRS in UV-B signaling in plants (16,
19, 32, 43). UVRS8 monomerization under UV-B was not affected in
the Chlamydomonas cop1™ mutant (Fig. S6). However, like w8,
the copI™ mutant (44) was also compromised in the UV-B-

14866 | www.pnas.org/cgi/doi/10.1073/pnas.1607695114

responsive accumulation of PSBS, LHCSR1, and LHCSR3 proteins
(Fig. S84), as well as in the induction of the corresponding tran-
scripts (Fig. S8B) (32). Likewise, qE was lower in the cop""’ mutant
than in WT, but was restored in the complemented copl"/COPI1
strains (Fig. S8C). The data clearly show that qE capacity under
UV-B requires the UVR8 photoreceptor and its downstream sig-
naling partner COP1.

We next addressed the physiological relevance of UV-B-
enhanced qE capacity for photoprotection against high-light
stress. We first compared the extent of photoinhibition under high
light of cells that had been acclimated to a low dose of UV-B for
16 h compared with untreated controls. After 60 min of high-light
stress treatment, the quantum yield of PSIT was 1.13-fold higher
in UV-B-acclimated WT cells (F,/F,, +UV) than in the non-
acclimated controls (F/Fy, -UV) (Fig. 44 and Tables S1 and S2).
Upon prolonged exposure to high light, the UV-B-acclimated WT
culture remained green, whereas the nonacclimated control cul-
ture bleached (Fig. 4B). In contrast to the WT, the uvr8 mutant
pretreated with UV-B did not show reduced photoinhibition or
protection from high-light-induced bleaching (Fig. 44, B). We
further tested whether this UVRS8-mediated photoprotection from
high-light stress can be directly linked to the enhanced qE ca-
pacity. Indeed, npq4 and lhcsrl showed less UV-B-induced pho-
toprotection than WT (Fig. 4C), and the mutant cultures showed
less UV-B acclimation than the WT culture (Fig. 4D). Further-
more, the double mutant npg4 lhcsrl was even more strongly af-
fected in these acclimation responses (Fig. 4 C and D). To
investigate whether PSBS may also play a role in photoprotection,
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Fig. 3. UVR8is required for the UV-B response leading to enhanced gE. (A) Immunoblot analysis of UVR8 in the WT (WT CC-4533), uvr8, and two independent
uvr8/UVR8 complemented lines (nos. 10 and 12). (B) Immunoblot analysis of PSBS, LHCSR1, and LHCSR3 protein levels in the WT, uvr8, and complemented lines in
normal growth conditions (0) or after 6-h exposure to UV-B (UV). The ATPase (CF1) levels are shown as loading control. (C) The quantum yield of PSII (F,/Fy,,) was
monitored in the WT, uvr8, and complemented strains exposed for 6 h to UV-B or to high light (HL). Note that F,/F,,, of untreated uvr8 was comparable to WT:
uvr8 =0.760 + 0.022; WT = 0.745 + 0.017; n = 4. (D) Quantitative RT-PCR analysis of PSBS, LHCSR1, and LHCSR3 RNA expression after 1-h UV-B exposure of the WT,
uvr8, and uvr8/UVR8 complemented line (no. 10). (E) gE values in the WT, uvr8, and complemented lines (nos. 10 and 12) exposed for 6 h to UV-B or to high light
(HL). Note that CC-4533 has a lower gE after HL than the other WT strains used in this work. (F) Immunoblot analysis of PSBS, LHCSR1, and LHCSR3 in WT (CC-4533)
and uvr8 in normal growth conditions (0) or after exposure to UV-B (UV) or for 4 h to high light (HL). The ATPase (CF1) levels are shown as loading control.

we compared the npg4 mutant overexpressing PSBS in the chlo-
roplast with the parental npg4 strain. Because expression of PSBS
in the transformants is constitutive, these experiments were per-
formed without prior exposure to UV-B. Overexpression of PSBS
led to a delay in bleaching of the culture under high light and thus
contributed to photoprotection (Fig. S47). We conclude that the
UVRS8-mediated UV-B induction of LHCSR1, LHCSR3, and
possibly PSBS markedly contributes to photoprotection under
high light.

Conclusion

In Chlamydomonas, perception of UV-B photons induces an ac-
climation response that reduces photodamage to the photosynthesis
machinery. This response involves increased accumulation of vio-
laxanthin and also expression of qE-related proteins, mainly
LHCSRI1 and PSBS, in contrast to LHCSR3, which is induced most
in high light (Fig. 4E). The UV-B signal appears to act as a proxy
for high light, priming the cells for photoprotection. Exposure to
high light then rapidly triggers the development of qE and the
conversion of violaxanthin to zeaxanthin. The action spectrum of
photodamage to the photosynthetic electron transfer chain peaks in
UV-B, at wavelengths that are most detrimental to PSII and the
manganese cluster involved in water oxidation (33, 34). Thus,
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predominant expression of LHCSR1 and PSBS under UV-B vs.
LHCSR3 under high light may indicate an evolutionary divergence
of the signaling pathways, potentially coupled to differences in the
activities of these proteins.

Regulatory loops are known to operate in the chloroplast that
adjust photosynthetic activity. The status of the photosynthetic
chain, sensed for example through the redox poise of key electron
carriers or the pH of the thylakoid lumen, influences target pho-
tosynthetic proteins by phosphorylation, the reduction of disulfide
bridges, or the protonation of regulatory residues (3, 45). We now
demonstrate that the photoreceptor UVRS and its partner COP1
initiate a signaling pathway under UV-B that induces nuclear gene
expression of proteins that are then targeted to the chloroplast,
where they are involved in the regulation of photosynthesis. Our
findings, together with the recent description of a complementary
role for PHOT in high-light activation of LHCSR3 expression
(14), add a tier of regulation through anterograde signaling to the
better-known feedback mechanisms operating within the chloro-
plast. In Arabidopsis, photoperception of UV-B by UVRS is also
important for the maintenance of photosynthetic competence, but
the underlying mechanism in higher plants is not clear (35). It will
be crucial for agricultural productivity and the biotechnological
exploitation of photosynthetic processes to better understand the
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Fig. 4. UV-B acclimation promotes photoprotection. (A) The maximum
quantum yield of PSIl was monitored in cell cultures of WT (WT CC-4533), uvr8,
and uvr8/UVR8 complemented line 10 that had been previously exposed for
16 h to UV-B (F/F., +UV) or were left untreated (F,/F, -UV). The effect of
acclimation is expressed as the ratio (F/F, +UV)/(F./F, —UV) (error bars rep-
resent the SEM; n = 5) measured at the end of acclimation (0) and after a
subsequent high-light treatment (1 h, 700 pmol-m=2s7"). (B) Cell cultures that
had been exposed for 16 h to UV-B (+UV) or untreated controls (—UV) were
photographed (t = 0) and then exposed to high light (1,000 pmol-m~2.s~") for
5 h and photographed again (t = 5 h). Data shown are representative of three
independent biological repetitions. (C and D) As A and B, but for the WT (WT
137C) and mutants npg4, lhcsr1, and npq4 lhesrl. (C) Error bars represent the
SEM; n = 3. (D) Data shown are representative of three independent biological
repetitions. (E) Scheme of photoreceptor-mediated photoprotection of the
photosynthetic machinery after UV-B exposure compared with high light.

molecular mechanisms leading to photoprotection and reduced
photoinhibition under sunlight and its intrinsic UV-B fraction.

Materials and Methods

Algal Material. The C. reinhardtii mutant strains cop1™’ (44), uvr8 (LMJ.
RY0402.156289) (42), npq4 (11), lhcsr1, and npq4 Ihesr1 (7) were used in this
work, together with their respective WT background strains, namely,
WT137C (mt+) for npg4, lhesr1, and npg4 Ihesr1; CC-124 (137¢ mt-) for cop1hit7;
and CC-4533 (cw15 mt-) for uvr8. The cop1'""/COP1 complementation strains
have been described (32).

The UVR8 coding sequence was cloned between the psaD promoter and
terminator in a Gateway-compatible derivative of pSL18 (46). The uvr8
mutant was transformed as described (32).

Growth Conditions, UV-B, and High-Light Treatment. Cells were cultivated in
Tris acetate phosphate medium under dim light (5-10 pmol-m=2s~" from
fluorescent tubes) at 25 °C. In all experiments, cells were harvested during
the exponential phase (1.5-2.5 x 10° cells per mL), washed, and resuspended
at 2 x 107 cells per mL in minimum medium [high-salt medium (HSM)] to
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favor induction of the capacity for g€ (11, 13, 39). They were then acclimated
to the new conditions under dim light for 1 h before starting the UV-B or
high-light treatments. UV-B treatment (0.2 mW-cm~2) was provided by Phi-
lips TL20W/01RS narrowband UV-B tubes under a filter of the WG series
(Schott Glaswerke) with half-maximal transmission at 311 nm (21, 32). For
the control samples without UV-B treatment (-UV-B), a 360-nm filter was
used to block UV-B (<0.001 mW-cm~2). In both cases (+ or — UV-B), cells were
concomitantly exposed to dim white light (5 pmol-m~2.s~"; Osram L18W/30
tubes). It should be noted that the low-level UV-B treatment used here
causes only minor damage to PSlI, as indicated by the maximal quantum
yield of PSIl in WT 137C, which was 0.76 + 0.01 (n = 5) after 6-h treatment
compared with 0.80 + 0.01 (n = 5) in the untreated control. For high-light
treatment, cells were exposed under 350 pmol-m~2.s~" white light (fluores-
cent tubes Osram Dulux L) for 6 h, but only 4 h for WT CC-4533, uvr8, and its
complemented lines, which are more sensitive.

To determine the effect of UV-B acclimation on subsequent photoprotection,
cells (1.5 x 10° mL™") were treated for 16 h under UV-B (0.07 mW-cm™) as
described above. They were then exposed to high light (1,000 umol-m=2s7")
with agitation in glass flasks immersed in a water bath at 25 °C.

Protein Extraction and Immunoblot Analysis. Protein extraction and immu-
noblot analysis were performed as described (32). Anti-CrUVR8 (32), anti-
LHCSR3 (47), anti-LHCSR1 (AS14 2819;Agrisera), anti-tubulin (gift from
Donald Weeks, University of Nebraska, Lincoln, NE), and anti-CF1 (48) were
used. Rabbit polyclonal anti-PSBS antibodies were raised and affinity-
purified against the peptide C+AINEGSGKFVDEESA (CrPSBS*'2%%) (Eurogentec),
and their specificity was validated by peptide competition assays (Fig. S9);
moreover, PSBS was specifically detected in the constitutive PSBS expression
lines, but not in the nontransformed control (Fig. S4E).

All bands migrate at the position expected for their size: PSBS, 22 kDa; UVRS,
48 kDa (monomer); LHCSR3, 28 kDa (phosphorylated LHCSR3, ~30 kDa); and
LHCSR1, 27 kDa.

Quantitative Real-Time PCR. Chlamydomonas RNA was extracted, reverse-tran-
scribed, and analyzed in a 7900HT Real-Time PCR System (Applied Biosystems) as
described (32). Expression was normalized to the Cre06.96364 reference gene
(32) and measured in triplicate. The following primers were used: PSBS (5'-CCG
CCA TCA ACG GCA AGC AG-3’ and 5'-CCA CCA TGG CCA GGC GAC C-3'), LHCSR1
(5'-AAG ACC CTG CCC GGT GTT AC-3’ and 5-TGG GTG ATC TCA GAC TCG CGC-
3'), LHCSR3 (5-GGC CGT CAA GTC CGT GTC T-3' and 5'-GGG AAG GTT CTT CGT
GTA TGC G-3'), and Cre06.96364 (5-CTT CTC GCC CAT GAC CAC-3’ and 5-CCC
ACC AGG TTG TTC TTC AG-3)).

gqE and Photoinhibition Measurements. NPQ was measured with a video-
imaging system (Fluorcam; Photon Systems Instruments). After UV-B or high-
light treatment, cells were first briefly adapted to the dark (5 min) and then
exposed for 5 min to strong actinic light (750 pmol-m™2s~") to monitor the
induction of NPQ, and finally returned to the dark to follow its relaxation (Fig.
2 and Fig. S2). Saturating flashes (2,500 pmol-m=2s~") at regular intervals
allowed a first measurement of maximal chlorophyll fluorescence (F,,,) in the
initial dark-adapted state and then measurements of maximum fluorescence
(Fm) during the exposure to strong light, and subsequent relaxation in the
dark (Fig. 2 A-D, black peaks; and Fig. S2). The fluorescence in the intervals
between the peaks (F;) was also measured continuously, although this value
was not used for the quantitative evaluation of qE.

In Chlamydomonas, the qT component (state transition) of NPQ is in-
duced more slowly than the faster gE component. This process results in a
complex time course for the maximum fluorescence F,,’ peaks (Fig. 2 A-D
and Fig. S2) (39). The qE component of NPQ, but not the qT component, is
entirely dependent on the light-induced acidification of the thylakoid lumen
driven by photosynthetic electron flow (12). Therefore, treatment immedi-
ately before the fluorescence measurement with the ionophore nigericin
(10 uM), which collapses the proton gradient across the thylakoid mem-
brane, inhibits qE (phase I and Ill) without significantly affecting qT (phase
1). Hence, the F,,’ time course in the presence of nigericin shows only the qT
component: a fluorescence increase toward state 1 in the strong-light phase
and a fluorescence decrease toward state 2 in the dark (Fig. S2 and Fig. 2A,
red curve). The nigericin-sensitive gE component of NPQ can be evaluated at
the end of the exposure to strong light by first normalizing the curves to the
value of F,, in the absence of nigericin and then subtracting the F,,’ peak
obtained in the untreated control from that obtained in the presence of
nigericin, and normalizing to Fn,' [(Fim'nig — Fm')/Fm’] (39).

To measure the effect of UV-B acclimation on subsequent photoinhibition,
cells (1.5 x 10® mL™") were treated for 16 h under UV-B (0.02 mW-cm™2) as
above and then exposed to high light for 1 h (700 pmol-m~2.s~"). To monitor
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the maximum quantum yield of PSII (using a Plant Efficiency Analyzer from
Hansatech), cells were incubated in the dark for 5 min, the fluorescence was
measured before (F,) and during (F,,) a saturating light pulse, and F, was
calculated as F, — Fo.

Transgenic Expression of PSBS from the Chloroplast Genome. The PSBST gene
was synthesized by Genscript after chloroplast codon use optimization (Fig.
S4 A and B). The synthetic PSBST gene was cloned into the IR-int vector (49)
under the control of the psaA promotor (Fig. S4C), and the construct was
integrated into the npg4 strain by helium gun bombardment. Transformants
were selected for their spectinomycin resistance, and homoplasmicity of the
insertions was screened by PCR (Fig. S4D).

Pigment Analysis. Carotenoids were analyzed and quantified as described (39, 50).
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