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Previous studies showed that LOW QUANTUM YIELD OF PHOTOSYSTEM Il 1 (LQY1), a small thylakoid zinc finger protein was
involved in maintenance and repair of Photosystem Il (PSIl). Here the author provides additional evidence for the role of
LQY1 in PSIl maintenance and repair and further commentary on the occurrence of LQY1 protein among land plants. After
exposure to high light, Arabidopsis thaliana mutants lacking functional LQY7 gene (At1g75690) are more photoinhibited
than wild-type control plants; display higher total non-photochemical quenching and photoinhibitory quenching. These
results are consistent with the initial observation that IqgyT mutants have lower PSIl efficiency than wild-type plants after
high light treatment. The low-PSlI-efficiency phenotype can be suppressed upon complementation of Iqy7 mutants with
the LQYT gene from wild-type plants. This further demonstrates that LQY1 is important in maintaining the activity of
photosystem Il in Arabidopsis. LQY1 homologs are present in land plants but are absent from sequenced genomes of
green algae and cyanobacteria, which may reflect plant adaptation to excess light stress during the transition to land.

Sunlight is essential for plant’s growth and development.
However, too much exposure can cause damage to the plants.
Under high light conditions, photosystem II (PSII) undergoes
rapid damage and repair cycle to degrade and replace photo-
damaged reaction center proteins. This is a dynamic process
that involves dozens of proteins and hundreds of cofactors.?
Recently, it was found that a thylakoid membrane zinc finger
protein, LOW QUANTUM YIELD OF PSII 1 (LQY1), has
protein disulfide isomerase activity and it interacts with PSII
core monomer and CP43-less monomer (a marker for ongoing
PSII repair).? LQY1 is primarily localized in thylakoid grana
margin and stroma lamellae, where critical steps of PSII repair
and reassembly occur.’ Under high light conditions, the /gy!I-
deficient mutants have faster degradation and synthesis of reac-
tion center protein D1, less PSII-light harvesting complex II
(LHCII), lower PSII efficiency, than wild type.” These results
suggest that LQY1 may act in maintenance and repair of photo-
damaged PSII complexes.?

In this paper, the author reports the non-photochemical
quenching (IVPQ) kinetics of /gyl mutants, the characteriza-
tion of /gyl complementation lines, and phylogenetic analysis of
LQY1 and homologs in other land plants. The results further
demonstrate that /gy/ mutants are more prone to photoinhibi-
tion, and that the low-PSII-efficiency phenotype in /gyl mutants
is indeed caused by mutations in the LQY7 gene. Phylogenetic
analysis of LQY1 and homologs suggests that LQY1 might be
important to plant adaptation to excess light during the transi-
tion from water to land.
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The Iqy1 Mutants are More Prone to Photoinhibition

The initial characterization of /gyl mutants showed that /gyI
mutants have much higher minimum fluorescence (£,) and much
lower maximum' PSII efficiency (¥ /F ) than wild-type plants,
after exposure to high light.? This suggests that /gyl mutants are
more photoinhibited than wild-type plants under high light. To
further test this hypothesis, the author monitored the induction
and relaxation of NPQ before and after 3 h high light (1,500—
1,700 pwmol photons m?s?) treatment. Before high light treat-
ment, /gy] mutants had similar, but not identical, induction and
relaxation kinetics to wild-type plants (Fig. 1A). Induction of
NPQ occurred during the 12 min exposure to actinic light (531
pmol photons ms™) and relaxation of NPQ occurred after actinic
light was switched off. It is interesting that both /gyl mutants had
slightly higher NPQ values than wild-type plants during the first
6 min of actinic exposure (Student’s t-test, p < 0.05). However,
this trend was not observed in the last 6 min of actinic exposure.

The difference in NPQ kinetics between /gy/ mutants and
wild-type plants are much more pronounced after treating
the plants under high light for 3 h (Fig. 1B). Throughout the
12 min actinic exposure, the /gyl mutants had much higher
NPQ values than the wild-type control plants (Student’s t-test,
p < 0.05). After the actinic light was turned off, NPQ in lgy!

Short communication to: Lu Y, Hall DA, Last RL. A small zinc finger thylakoid
protein plays a role in maintenance of photosystem Il in Arabidopsis thali-
ana. Plant Cell 23: 1861-75; PMID: 21586683; DOI: 10.1105/tpc.111.085456.
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Figure 1. Time courses for induction and relaxation of NPQ before (A) and after (B) 3 h high light treatment. Measurements of chlorophyll fluores-
cence parameters were done on 4-week-old plants after 20 min of dark adaptation. Forty seconds after initial determination of F and F_, actinic light
(531 wmol photons m?s™) was switched on for 715 sec. After termination of actinic light, relaxation of NPQ (the gE component of NPQ actually) was
monitored for 840 sec. The remainder of NPQ primarily represents the g/ component of NPQ. NPQ values in (B) were calculated with F determined
before the high light (1,500-1,700 pmol photons m?s™) treatment. Data for Col wild-type (closed squares), Iqy1-1 (open diamonds) and Iqy1-2 (open

triangles) plants are presented as mean + SE (n = 8).

mutants and wild-type plants relaxed at similar rate. This is
consistent with the similar energy-dependent quenching (¢E)
in /gyl mutants and wild-type plants, as reported previously in
reference 3. The remainder of NPQ mostly represents photo-
inhibitory quenching (g/).*> The /gyl mutants demonstrated
a much larger portion of NPQ that was not relaxed during the

14 min dark period (Fig. 1B), consistent with reportedly higher
gl in lgyl mutants.?

The author also monitored the changes in 7 /F during NPQ
induction and relaxation kinetics before and after 3 h high light
treatment (Fig. 2). Consistent with the initial mutant character-
ization,? the /gyl mutants have slightly lower F/F than wild-
type plants before the 3 h high light exposure, and they have
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much lower F/F than wild-type A [
plants after the 3 h high light expo- -

sure (Fig. 2). The data from the time
course of NPQ kinetics further dem-
onstrated that the /gyl mutants are
more prone to high light-induced
photoinhibition, and that PSII in
lgyl mutants is less efficient that
wild-type plants under high light.

It is worth mentioning that the
NPQ induction curves in high light
treated samples exhibit a complex
shape with a quick increase followed
by a partial relaxation to steady-state
during actinic light illumination
(Fig. 1B). Similar behavior has been
observed in high light-acclimated
Physcomitrella patens.® This transient
relaxation of quenching during the

induction of NPQ may be attrib-
uted to the activation of the Calvin- B
Benson cycle, which consumes ATP

and reduces ApH.®

The Low-PSll-efficiency
Phenotype in Iqy1 Mutants
can be Suppressed
by Complementation

F/Fa

As mentioned above, PSII in
lgyl mutants is not as efficient as
wild-type plants under high light
irradiance. To test whether the low-
PSll-efficiency phenotype in /gyl
mutants is caused by mutations in

the LQYI gene, wild-type LQYI

gene or empty vector was introduced

into lgyI-1 and lgyl-2 mutants. The 0 i 260
T2 generation transformants were

treated under high light (1,500-

400

800 1000 1200 1400 1600

Time (s)

600
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and their PSII efficiency analyzed
by chlorophyll fluorescence (Fig. 3).
Complementing /gyl mutants with

Figure 2. F /F during the induction and relaxation of NPQ before (A) and after (B) 3 h high light treat-
ment. Measurements of chlorophyll fluorescence parameters were done as described in Figure 1
legend. Data for Col wildtype (closed squares), Iqy1-1 (open diamonds) and Igy7-2 (open triangles) plants
are presented as mean + SE (n = 8).

wild-type LQYI gene significantly
increased £ /F , which was measured
in dark-adapted leaves. Similar results were observed in maxi-
mum PSII efficiency during actinic exposure, F /F . The four
representative complementation lines in either /gyl-1 or lgyl-2
background show a wide range of efficiency, from partial com-
plementation to complete complementation. This experiment
confirms that mutations in the LQYI gene are the cause of the
low-PSII-efficiency phenotype in /gy/ mutants and that LQY1
plays an important role in regulating PSII activity, especially
under high light stress conditions.

www.landesbioscience.com
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Phylogenetic Analysis of LQY1 Protein
and its Homologs in Other Land Plants

LQY1 homologs are found in the sequenced genomes of other
land plants, for example, bryophyte moss Physcomitrella patens,
lycopod Selaginella moellendorffii, gymnosperm Picea stichen-
sis, monocots Oryza sativa and Sorghum bicolor, and eudicots
(Fig. 4). However, LQY1 homologs are not found in either cya-
nobacteria or algae.? This may due to the differences in habitat

1883



A 0.8

*k ek Rk
*k dede ok *

06

*

0.4+

F/Fom

0.2+

*k T - *k 1§l

ke

\_.Y._ﬂ _.Y.—ﬂ
WT Iqy1-1 Iqy1-1/35S:LQY1 Iqy1-2 Iqy1-2/35S:LQY1

Figure 3. PSll efficiency of Iqy1 complementation lines. F /F_(A) was
measured after 20 min of dark adaptation. F, /F _’(B) was measured
after 5 min of actinic exposure at 531 wmol photons m?s™. Data from
T2 generation are presented as mean + SE (n = 4). Each bar represents
asingle insertion event at T1 generation. Black bars, wild-type empty
vector control; white dotted bars, Igy1-T empty vector control; gray dot-
ted bars, representative complementation lines in Iqy1-1 background;
white striped bars, Iqy1-2 empty vector control; gray striped bars, rep-
resentative complementation lines in Iqy7-2 background. The asterisks
indicate significant difference between Iqy7 complementation lines and
the corresponding /gyT mutant (Student’s t-test, *p < 0.05; **p < 0.01;
***p < 0.001).

conditions between land plants and their ancestor green algae.
For example, both land plants and algae can suffer from pho-
toinhibition when they are exposed to extreme conditions, such
as heat, low temperature and excess light.” Because the ocean
has higher heat capacity than the atmosphere, algae are not
exposed to as much heat stress as land plants. The immobile life
form of land plants also prevent escape from rapid fluctuation
of light intensity by swimming away or deeper, a typical algae
behavior.® The combination of these conditions requires land
plants to use a more efficient system to mitigate the damage of
photoinhibition.

The present work provided addition support for the role of
LQY! in maintaining the activity of PSII, especially under high
light stress conditions. NPQ kinetics show that /gy/ mutants
have much higher total NPQ and ¢/, and much lower £ /F than
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wild-type plants (Figs. 1 and 2). Complementation experiments
demonstrate that the low-PSIl-efficiency phenotype of /gyl
mutants can be rescued by introducing wild-type LQY7 gene into
the mutant backgrounds (Fig. 3). Phylogenetic analysis of LQY1
and homologs suggests that LQY1 might be important during
the transition of plants from water to land (Fig. 4). Further inves-
tigation may lead to the identification of the direct interacting
partner(s) of LQY1 and a more detailed understanding of the
process and regulation of PSII repair and reassembly.

Materials and Methods

Complementation of /gyl mutants. A full-length LQY7 gene con-
taining a 3"-untranslated region was amplified using Col-0 wild
type Arabidopsis leaf DNA, Pfu DNA polymerase (Promega) with
a forward primer 5-ACA CAT CTA GAA TGC CAG TTT CAG
CTC CAT C-3' (Xbal site underlined) and a reverse primer 5-ACA
CAG GAT CCA AGT ACA AGA AGA AAC ATT T-3' (BamHI
site underlined). The resulting PCR product was AT cloned into
a pGEM-T vector and sequenced to check for errors. An Xbal/
BamHI-digested LQY fragment was subcloned into a binary vec-
tor as previously described in reference 9 and 10. The modified
binary vector containing the LQY! gene was transformed into
lgyl-1 and lgyl-2 mutants by Argobacterium tumefaciens-mediated
floral-dip method." Gentamycin-resistant plants were selected at
the T1 generation and genotyped to verify transformation.

Chlorophyll fluorescence analysis. NPQ kinetics of wild-type
and /gyl mutant plants were determined as described previously
in reference 3. NPQ was calculated using the following equation:
NPQ=A(F, -F )IF . For F/F and F/F ’measurements of wild-
type and /gyl complementation lines, initial determination of 7 and
F was done by the application of a saturation pulse (2,800 wmol
photons m? s™) after 20 min of dark adaptation, as described previ-
ously in reference 12 and 13. After a 40 sec delay, the actinic light
(531 pmol photons m? s?) was switched on for 360 sec. At the
end of actinic exposure, another saturation pulse was applied and
F’and F’determined. Actinic illumination, saturation pulse and
measuring light were provided by an array of 44 high-power royal
blue (450 nm) LED-lamps equipped with collimating optics. The
intensity of actinic illumination was carefully chosen according to
the quality of the light source and the performance of Arabidopsis
plants at that light intensity." £ /F and F/F were calculated using
the following equations: F/F = (F - F)IF ; F/F *=(F *- F’)IF .

Phylogenetic analysis. Multiple alignments of protein
sequences were performed by the ClustalX program (www.
clustal.org). Phylogenetic reconstructions were performed using
PHYLIP 3.68 (evolution.genetics.washington.edu/phylip.html).
Protein distance matrixes were calculated with the Jones-Taylor-
Thornton model using the PROTDIST program. An unrooted
tree was generated with the neighbor-joining method using the
NEIGHBOR program. 1,000 trials of bootstrapping were per-
formed and the consensus tree computed. The accession num-
bers for LQY1 and homologs were as described previously in
reference 3.
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