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Abstract The reduced content of photoreceptors, such as phy-
tochromes, can decrease the efficiency of photosynthesis and
activity of the photosystem II (PSII). For the confirmation of
this hypothesis, the effect of deficiency in both phytochromes
(Phy) A and B (double mutant, DM) in 7-27-day-old
Arabidopsis thaliana plants on the photosynthetic activity
was studied in absence and presence of UV-A radiation as a
stress factor. The DM with reduced content of apoproteins of
PhyA and PhyB and wild type (WT) plants with were grown in
white and red light (WL and RL, respectively) of high
(130 pwmol quanta m 2 s ") and low (40 pmol quanta mZsh
intensity. For DM and WT grown in WL, no notable difference
in the photochemical activity of PSII was observed. However,
the resistance of the photosynthetic apparatus (PA) to UV-A and
the rate of photosynthesis under light saturation were lower in
the DM compared to those in the WT. Growth in RL, when the
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photoreceptors of blue light—cryptochromes—are inac-
tive, resulted in the significant decrease of the photo-
chemical activity of PSII in DM compared to that in
WT including amounts of Qg-non-reducing complexes of
PSII and noticeable enhancement of thermal dissipation of
absorbed light energy. In addition, marked distortion of the
thylakoid membrane structure was observed for DM grown
in RL. It is suggested that not only PhyA and PhyB but also
cryptochromes are necessary for normal functioning of
the PA and formation of the mechanisms of its resistance to
UV-radiation.
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Abbreviations
Chl  Chlorophyll
Phy  Phytochrome

RL  Red light

FRL Far-red light

PSII  Photosystem 11

PA  Photosynthetic apparatus
WT  Wild type

DM  phytochrome A, phytochrome B mutant

Introduction

The role of photoreceptors—phytochromes—in regulation of
plant growth and photosynthesis under different environmen-
tal conditions is actually one of the crucial questions in
photobiology and stress-physiology of plants. In particular,
the change of Phy content and activity can be one of the ways
to regulate the resistance of the photosynthetic apparatus (PA)
to the effect of environmental stress factors (Kreslavski et al.
2013a, b). This concept is in agreement with recent studies on
phytochrome mutants of Arabidopsis thaliana which are
deficient in different types of phytochromes, demonstrating
that deletion of phytochromes is critical for plant development
(Strasser etal. 2010; Hu et al. 2013; Zhao et al. 2013). Normal
seedling greening and plant development is impossible if
phytochromes are absent (Strasser et al. 2010; Zhao et al.
2013). On the contrary, the excess of PhyB led to the delay
of flowering and enhancement of photosynthesis (Thiele et al.
1999; Kreslavski et al. 2015). To change the phytochrome
content, plant mutants deficient in various phytochrome types
and transgenic Phy-superproducer plants are used. Mutants of
A. thaliana and rice are frequently used in experiments, as
their genome is deciphered, and there is a wide number of
mutants, in particular, the A. thaliana mutant hy3, which is
deficient in PhyB, and the mutant phyA-211 phyB-9, deficient
in both PhyA and PhyB, simultaneously (Kreslavski et al.
2013a, 2016; Rusaczonek et al. 2015). Oxidative stress in-
duced by the effect of UV-radiation was studied in the mutant
hy2 deficient in the chromophore of all five Phy types
contained in A. thaliana. The study performed in (Kreslavski
et al. 2013a) focused on the influence of lack of all phyto-
chromes on photosynthetic parameters and PA resistance, as
well as the influence on transcriptional activity of key antiox-
idant enzymes genes, genes of some photosynthetic proteins
and transcription factors of Phy signaling. It was found that
Phy deficiency results in the decrease of UV-absorbing
pigments and decreased carotenoid content, as well as in
decrease of the activity of a number of key antioxidant en-
zymes, which shifts the balance of oxidants and antioxidants
in the direction of oxidants. These findings are consistent with
the observed reduction of PA resistance to UV-radiation and
high intensity light. The decrease of the expression level of
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antioxidative defense and Phy signaling genes, in particu-
lar, the content of transcripts of ascorbate peroxidase and
L-phenylalanine ammonia-lyase genes, can play a role in
the shift of this balance. It is suggested that PhyB is a key
red light (RL) sensor, whereas phytochromes C, D, and E
are less important for the RL perception. The photorecep-
tor PhyB participates in the reactions induced by short RL
treatment with relatively low intensity (Casal et al. 1998).
It plays the key role in the Phy system of green plant
leaves. It is involved in shading avoidance (Franklin
2008), the synthesis of photosynthetic pigments, and chlo-
roplast development (Zhao et al. 2013), as well as in the
synthesis of some photosynthetic proteins and stomatal
(Boccalandro et al. 2009). Peculiarity of these reactions is
the reversibility of RL-induced effects by far-red light
(FRL) illumination (Kreslavski et al. 2013a, b).

PhyA is the most important FRL sensor (Hu et al. 2013).
PhyA predominates in seedlings grown in the dark and
quickly degrades in the light, while other phytochromes
prevail in the light, where they are relatively stable. This
phytochrome can be also important for stress tolerance.
Thus, the study of Gururani et al. (2015) evaluated the influ-
ence of cold stress on the photosynthetic machinery of trans-
genic turfgrass, Zoysia japonica, expressing oat phytochrome
A (PhyA) or a hyperactive mutant phytochrome A (S599A).
The transgenic plants showed enhanced tolerance of PA to
cold stress.

Studies of photosynthesis and PSII activity in the transgenic
potato plants Dara-12 and Dara-5, PhyB-superproducers,
showed the enhancement of photosynthesis and increased
PSII resistance to UV-radiation and high intensity light
(Thiele et al. 1999; Kreslavski et al. 2015). On the contrary,
reduced PA resistance to UV-radiation was found under
deficiency of PhyB (Kreslavski et al. 2016). In many
photomorphogenetic reactions in plants, PhyB acts together
with PhyA (Casal 2000; Rusaczonek et al. 2015). Thus, it is
suggested that PhyA and PhyB play regulatory role in CO,
assimilation, oxygen reactive species accumulation, and non-
photochemical quenching of chlorophyll fluorescence
(Rusaczonek et al. 2015). Nevertheless, the possible role of
phytochromes as RL receptors in photosynthetic processes
and the regulation under different environmental condi-
tions is studied insufficiently. In particular, it would be
important to use the double mutant, which is deficient in
both key phytochromes (PhyA and PhyB) simultaneously,
for the investigation of the role of Phy in the regulation of
photosynthetic processes. In the present study, the detailed
investigation of the effect of the deficiency in both
apoproteins, PhyA and PhyB (double mutant, DM) on
the PA activity of A. thaliana plants in comparison to wild
type (WT) plants and mutants deficient in the apoprotein
PhyB only (hy3), was carried out. To evaluate the role of
interaction of phytochromes and receptors of blue light
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(cryptochromes), the plants were grown in white and red
light and compared independently to exclude the activity
of cryptochromes.

Materials and methods

Experiments were performed using 7-27-day-old wild type,
phytochrome A and phytochrome B deficient mutants (DM)
and the /y3 mutant selectively lacking the PhyB apoprotein
(see Kreslavski et al. 2016) (from the European Arabidopsis
Stock Centre (Nottingham, UK)) plants of Arabidopsis
thaliana (ecotype Columbia-0). Plants were grown under con-
trolled conditions (8-, 12-, or 16-h photoperiod and 16-, 12-,
and 8-h dark period, respectively) at 25 °C under light and
20 °C in the dark. White fluorescent lamps (40 or 130 pmol
quanta m 2 sfl) or red LEDs (656 nm, 19 nm FWHM, 40 or
130 pmol quanta m 2 s ') were used for growing. UV-A was
obtained by an ultraviolet lamp Selecta T8 18W BLB
(Camelion, China) with A,,x=365 nm (/=12 W m 2 on the
leaf surface, 24 nm FWHM). For evaluation of the photo-
chemical activity of the photosynthetic apparatus (PA), Chl
fluorescence induction curves were recorded, and PAM-
fluorometry was conducted.

The total amount of all plants at the end of growing was
approximately 50 plants. All experiments were repeated 3—4
times (n). For each variant of our sample (WT, DM, and Ay 3),
three healthy, developed, upper leaves with almost horizontal
position of the leaf blade were chosen from three pots for
fluorescence measurements. The leaves were detached, kept
in the dark for 20 min until fluorescence measurements. For
pigment and growth measurements, we used at least 15 leaves
per each variant.

The characteristic values Fy, Fo, Fy, and the maximum
photochemical quantum yield (Fv/Fy); the effective photo-
chemical quantum yield Y(II); the electron transport rate
(ETR); non-photochemical quenching (NPQ); and the number
of other values were identified by using PAM-fluorometer
(XE-PAM, Heinz-Walz, FRG) or Junior-PAM (Walz,
Germany).

The Fy/Fy; and Y(II) were calculated as (Fy;—Fq)/Fy and
(Fm—Fo)/Fm, respectively. Here, Fy; and F'um are the
maximum fluorescence levels under dark- and light-adapted
conditions, respectively; Fo and F’o are the minimum fluores-
cence in the dark-adapted state and the calculated value of the
minimum fluorescence value in the light-adapted state,
respectively. To measure maximal Chl fluorescence in the
light-adapted state, actinic light was switched on for 10 min
(usually, 190 pmol(quantum) m 2 s ! PAR). Maximal fluo-
rescence (Fy) was measured using saturating pulses
(6000 umol(quantum) m s ' PAR, 800-ms duration).

OIJIP transient, i.e., the increase of fluorescence intensity
from minimal level to its maximum, was carried out by using a

self-built transient fluorescence recorder as described in
(Lankin et al. 2014). The intensity of saturating light was
5000 pumol quanta m %5 'at A, — 470 nm. The obtained fast
induction curves were evaluated by calculating the following
parameters as defined below: DIo/RC Fy/Fq, as well as the
ABS/RC ratio which denotes averaged photon flux absorbed
by the Chl of the PSII antenna (ABS) per active PSII reaction
center (RC); the value ABS/RC reflects the size of the PSII
antenna (Kalaji et al. 2012, 2014a, b; Stirbet and Govindjee
2011). Calculations were conducted according to the following
formulas:

ABS/RC = (Mo/Vy)/ (Fy/Fy),
Mo = AV/AT = 4(Fsp0,5—Fo) /(Fu—Fo).
DIo/RC = ABS/RC-Mo/V},

Mo—initial slope of the curve of the relative value of
the variable fluorescence intensity of Chl a; expresses the
rate of electron transfer at the initial stage. V,—relative
fluorescence level in phase J after 2 ms. Vy=(Fy,s—Fo)/
(Fym—Fo). Vi—relative fluorescence level in phase I after
30 ms. Vi=(F3oms—Fo)/(Fpm—Fo). ABS—the photon flux
absorbed by PSII antenna chlorophyll, as described earlier
(Stirbet and Govindjee 2011; Kalaji et al. 2012, 2014a, b;
Lankin et al. 2014).

In addition, the performance index for PSII PI5gg (Strasser
et al. 2000) was calculated according to (Zivéak et al. 2008):
Plaps=(Fv/Fm)/ Mg/ Vi) x (Fy/Fo)x(1—=V;)/Vy and the
total performance index for PA in whole Pl according to:
Pliotar=Plags X dro/ (1 = Oro), Where dro=(1-Vp/(1-Vy).
For the calculation of Qg-non-reducing centers, the method
described in (Klinkovsky and Naus 1994) was used. The
fluorescence intensity at the transition from the exponential
fluorescence dependence to the sigmoid one “before the
plateau” reflects the Q4 reduction in Qg-non-reducing
complexes and was calculated according to 1- (Fyp—Fp1)/Fy,
where F,; is the fluorescence intensity on the plateau region.

The parameters of photosynthesis The CO,-gas exchange
of the leaves was measured by the portable system LCPro*
(ADC BioScientific Ltd., Great Britain). The dependence of
the visible photosynthesis rate on the light intensity was mea-
sured in the range of from 0 to 1200 pmol photons m % s at
CO, concentration in the air of 400 pmol mol™' (Martirosyan
et al. 2013). The light curve was approximated by the model
of (Priol and Chartier 1977). The content of photosynthetic
pigments was measured in pug per 1 g of fresh mass (fm.) by
measurements of the optical density of filtrated ethanol ex-
tracts using the extinction values from literature
(Lichtenthaler and Wellburn 1987). UV-absorbing methanol-
extracted compounds (predominantly flavonoids) were isolat-
ed from cuttings of fresh leaves by the method of (Mirecki and
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Teramura 1984); 15-25 discs were used, carving several discs
from each leaf. The cuttings from the leaves were incubated in
acidic methanol for 24 h (methanol:water:HCI, 78:20:2) under
4 °C. Then, the optical density of the solution at 327 nm was
determined using the spectrophotometer M-40 (“Karl Zeiss,”
Germany). From this value, the amount of flavonoids (optical
density unit per leaf dry weight or 1 cm?® of its surface) was
calculated.

Electron microscopy Structural studies were carried out on
leaf sections from the middle part of the leaf, fixed with 2 %
glutaraldehyde in phosphate buffer with or without post
fixation by 1 % osmium tetroxide. After dehydration by
incubation into a series of solution with increasing alcohol
and acetone concentration, the samples were embedded in
Epon epoxide resin. Ultrathin sections were cut by LKB
ultratome (Sweden), contrasted with uranyl acetate and lead
citrate, and then investigated with an electron microscope
JEM 100B (Japan) (Semenova and Romanova 2011) and
photographed.

Statistics

The tables and graphs show the average values with their
standard errors (SE). Three or four biological and at least nine
analytical replicates were used for each experiment. The dif-
ferences among the variants were analyzed by the Student #
test at the 5 % significance level.

Results

White light The DM plants grown at white light (WL) with
light intensity of 130 pmol quantam 2 s ' differed in growth
characteristics from WT plants independently on plant age,
photoperiod, and light intensity, at which they were grown.
Thus, the averaged wet weight of one leaf of 23-day-old plants
grown at 8-h photoperiod was 2+0.2 mg (WT) and 0.73

+0.07 mg (DM), whereas at 12-h photoperiod, the WT fresh
weight was 8.2+0.7 mg and 6.5+0.6 mg for DM (Table 1).
The leaves of DM and Ay 3 plants looked paler than those of
the WT. The photosynthetic pigment content (chlorophylls
and carotenoids) in DM was lower by 15-20 % in comparison
to that in WT (Table 2). For the different samples, variations in
the photosynthetic parameters were observed. For instance,
the light intensity necessary for light saturation of photosyn-
thesis in WT was approximately twofold higher than that in
DM (Table 3). The value of photosynthesis rate at light satu-
ration in DM was 64.5 % of WT. The light compensation point
in DM was almost three times lower than that in WT, which is
consistent with the significantly lower rate of CO, evolution
in the dark in DM. We also observed a significant difference in
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Y I) between WT and DM, grown under the same conditions
as it is shown in Table 3. The effective quantum yield Y(II) at
high intensity of acting light (625 pmol quantam 2s ') in WT
and DM leaves was 0.29+0.01 and 0.21+0.017, respectively.
On the other hand, no notable difference in the Fy/Fy, ratios
(Tables 1 and 4) and the shape of the OJIP transient (Fig. 1)
between WT and DM grown in different photoperiods (8, 12,
and 16 h) was revealed. There was also no noticeable differ-
ence in the quantum yield Y(II) at an acting light intensity of
190 umol quantam 2 s ' (Table 1). We observed a tendency
to an increasing ABS/RC ratio in DM compared to thatin WT
(Table 5) but the amount of Qg-non-reducing centers of PSII
was equal in WT and DM. The ratios of k,/k;,, where k, is the
rate constant of primary photochemical processes and &, is the
rate constant of primary non-photochemical processes, and
the values of thermal dissipation of absorbed light energy
(DIp) per PSII RC (DIo/RC) were similar for WT and DM.
There was also no significant difference between the parame-
ters PIogs and Pl calculated for the WT and DM samples.

In the second part of the work, the effect of UV-A radiation
(2 h) on mutants (DM and Ahy3) and WT was studied. The
decrease of maximum quantum yield in DM, Phy B mutant
(hy3), and WT under the action of UV-radiation on plants
grown at WL was 10.0, 10.0, and 8.6 %, respectively
(Table 6). The results show that the PSII resistance of
A. thaliana plants grown in WL to UV-A is significantly lower
in DM and hy3 as compared to WT. Thus, there is significant
contribution of phytochromes in the formation of resistance to
UV-radiation.

Additionally, the effect of UV-radiation on the value P, of
WT, hy3 and DM was studied. It was revealed that there is a
significant difference between DM and WT in resistance of
photosynthesis to UV-A (Table 6). Under UV influence, the
photosynthesis rate P,, decreased by 51 % in DM, 44 % in hy3,
and only 24 % in WT.

Red light In contrast to plants grown under WL, the growing
of WT plants in red light (RL) at an intensity of 130 pmol
quanta m 2 s ' led to notable differences in the induction
curves of DM compared to WL, which were related to a
decrease of the photochemical activity of PS II and higher
thermal dissipation as characterized by the aforementioned
fluorescence parameters (Fig. 1 and Table 5). In WT, the
amount of Qg-non-reductive centers increased from 30 % in
WL to 41% in RL, but in DM, this amount increased from 31%
to 58% (Table 1). Probably, the increase of Qg-non-reductive
centers is connected with accumulation of functionally inactive
PSII complexes due to the slowdown of protein D1 synthesis
(Larocca et al. 1996).

In plants grown under RL, we observed a significant
increase of the ABS/RC ratio and the amount of Qg-non-
reducing centers of PSII (Table 1) in DM compared to that
in WT (Tables 1 and 5). Values of maximum and effective
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Table 1 The effect of

phytochrome deficiency and light ~ Variant Fy/Fum YD ETR NPQ Qs-NC, LFB, mg N
quality on fluorescence %
parameters of 14- and 23-day-old
A. thaliana WT and DN plants 14 days
grown in red and white lizgh}l WT-WL 0.796+0.012 043+0.025 34+1.6 093+0.06 - 1.1+0.15 6
(/=130 pmol quantam “ s, DM-WL  0801£0.009 0414003 32423 1084008 - 045£008 4
photoperiod 12 h.). Qg-NC—the
amount of Qp-non-reducing WTRL 0750002  039+0.02  31%2 0.71+0.11 -~ 042£0.06 6
centers of PSII. N—the number of DM-RL 0.535+0.03*  0.17£0.04* 13£3* 0.57+£0.04 - 0.07+0.02* 2
leaves. LFB—Ieaf fresh biomass. 23 days
N :
plants are grown in WLunder gy 081740006 0554003 4344 0724012 30(1) 82407 6
photoperiod 8 h. n=3
DM-WL 0.811+0.007  0.48+0.04 38+5 0.68£0.11  31(1) 6.5+£0.6 6
WT-RL 0.802+0.008  0.52+0.02 4242 0.65+£0.08 41(1.5) 7.5+1.1
DM-RL 0.674+0.03* 042+0.07* 33+£3 0.88+£0.07 58(2)* 0.8+0.2% 4-6
WT-WLA  0.806+0.008 0.36+0.04 29.0+14 0.65+0.04 - 2.0£0.16
DM-WL"  0.81+0.01 0.41+0.05 332+1.8 0.72+0.06 — 0.73+£0.07
*Difference between DM-RL and WT-RL is reliable (p <0.01)
quantum yields of PSII and the ratios of k,/k, in DM leaves ~ grown at low intensity RL of 40 umol quanta m s !, the

were reliably reduced compared to WT leaves (Tables 1, 4,
and 5). Bigger difference was observed for the value of ther-
mal dissipation of absorbed light energy (DIp) per PSII RC
(DIo/RC). This value increased by 60 % in DM as compared
to that in WT. There was also a significant difference between
parameters reflecting the PSII performance—PI s and the per-
formance of the photosynthetic apparatus in whole—Pl;y, in
WT and DM. Thus, Plsgs in DM was five times smaller, and
PI total was seven times smaller (Table 5). In addition, the
content of photosynthetic pigments at RL was lower by 30—
40 % on average in DM in comparison with those in WT, and
UV-absorbing pigments were less four times in DM compared
to those in WT (Table 2). The photosynthetic pigment content in
WT at red light was lower by 20 % on average in comparison to
that in WT grown in white light. For the growth parameters,
even more significant differences were observed. The plants
grown in RL showed the following weight of the upper tier
leaves used for fluorescent measurements: 7.5+1 mg in WT
and 0.8+0.2 mg in DM (Table 1). The big difference between
WT and DM can be explained by the lack of activity of photo-
receptors such as cryptochromes in plants grown at RL. When

difference between WT and DM for Fy/F\, ratio was even larger
(Table 4).

Electron microscopy data The foregoing data is consistent
with the results of electron microscopy obtained for thylakoid
membranes from WT and DM of 23-day-old A. thaliana
plants grown under WL and RL at an intensity of 40 pmol
quanta m2s ! (Fig. 2a, b, ¢, d) and 130 pmol quanta m?2s’!
(data not shown). Organization of thylakoids of the chloro-
plast grana in A. thaliana grown in RL of 40 pmol quanta m >
s ! differed from that in plants grown in white light of the
same intensity. According to the data for plants grown in
WL, thylakoids in grana of WT are more densely packed
and have a well-defined lumen. The thickness of one thyla-
koid is 20 nm, from which the thickness of the double mem-
brane is 15 nm and the lumen size is 5 nm. The electron-dense
contact strip between thylakoids is well expressed (indicated
by arrows). Mutants grown in WL had thylakoid membranes,
which are a bit lighter than those in WT, and the electron-
dense contact strip between thylakoids is also well expressed
(indicated by arrows). Also, there are electron-dense granules

Table 2 The photosynthetic and

UV-absorbing pigments content Chla, Chls, Chl (a+s), Car, UAPs,

(ug per 1 g of fresh mass) in the ug g '(fm.) ug g '(fm.) pg g '(fm.) ug g '(fm.) rel. units
leaves of 26-day-old of A. thaliana

WTand DM plants grown in white  WT-WL 469+17 220+6 689423 129411 4.10.18
and red light with intensity of DM-WL 408=15 184+ 5% 592+20% 101+12 1.240.06*
130 umol quantam ~ s, ;
photoperiod 12 h. For the hy3-WL 41517 190+5 605+21 112£10 33+0.17
comparison, there is the data for WT-RL 381+12 184+6 565+20 106+8 25+0.14
hy3 grown under the same DM-RL 246+ 16+ 109+ 107 355 & 24 714645 0.65+0.05%*

conditions in WL. n=3

*Difference between WT-WL and DM-WL or hy3-WL is reliable (p <0.05)
**Difference between WT-RL and DM-RL is reliable (p <0.05)
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Table 3 The parameters of

photosynthesis light curves of Parameters WT hy3 DM
A. thaliana WT and mutant
plants. The 26-day-old plants Photosynthesis at light saturation, pumol CO,m s~ 21.1+1.1 22.6+1.6 13.6+£2.0*
grown in_\g/hitle light (130 pmol The rate of CO, evolution in the dark, umol CO,m 2 s~ —5.6+0.9 -10.3+0.7* —25+1.7
quanta(rin s 3 > photoperiod 12 h) Quantum efficiency of photosynthesis, pmol CO, m ™ s~ 0.047+0.007 0.072+0.02 0.06+0.01
are used, n= . . . o
Light compensation point, umol quanta m 2! 11812 142+8 41 +4%
Light intensity at saturation, pmol quanta m > s~ | 563+43 454+33 265+22%

*Difference between WT and DM or /y3 is reliable (p <0.05)

at the luminal volume, and small swelling of thylakoids oc-
curs. Size characteristics correspond to wild type.

The lumen in grana thylakoids of WT grown in RL is de-
creased, and the electron-dense contact strip of the neighboring
thylakoids is enhanced (indicated by arrows). The thickness of
one thylakoid was 18 nm, the thickness of the double mem-
brane was equal to 15 nm, and the lumen size was 3 nm.

The maximum difference in the thylakoid membrane orga-
nization in grana was observed in DM grown in RL. The
thylakoid system in grana looked rather chaotic. Individual
thylakoids in grana were poorly visible due to the lack of
electron-dense contact strips. The thickness of one thylakoid
was 16—17 nm; the size of lumen was not more than 2 nm.

When growing the DM plants both in white and red light
with higher intensity (130 pmol quanta m > s~ "), the notice-
able difference in the thylakoid membrane structure in WT
and DM was not revealed.

Discussion

It is known that various types of Phy are involved in mecha-
nisms of adaptation to environmental stress factors
(Carvalho et al. 2011). Thus, PhyB can participate in plant
adaptation to high and low temperatures, in protection of
plants against high intensity light and UV-radiation (Thiele
et al. 1999; Konstantinova et al. 2004; Foreman et al. 2011;
Carvalho et al. 2011; Kreslavski et al. 2013a, b; 2016). UV-
radiation damages various target molecules and systems of
the PA, especially PSII, and most of all such components
as Q4, Qp, PQ, and the D1 protein (Kolli et al. 1998; Babu
et al. 1999). On the other hand, at moderate doses UV-
radiation activates different protection systems. Thus, the
activity or biosynthesis of antioxidant enzymes and accu-
mulation of low molecular weight antioxidants and UV-
absorbing photoprotective compounds increase with time

Table 4 The effect of PhyA and

PhyB deficiency on activity of Variant Fy/Fum YD Average leaf fresh mass, mg N

PSII (Fy/Fy, Y(ID) and leaf fresh

mass in 7-, 14-, and 23-day-old 7 days

A. thaliana WT and DM plants WT-RL 0.75+0.014 0.27+0.04 - 2

grown in red and white light (16-h DM-RL 0.485+0.024 0.16+0.02 - 2

photoperiod, /=130 umol quanta

m s ' or40 pmol quantam s ' 14 days

(#)). N—the number of leaves. WT-WL 0.834+0.006 0.55+0.025 - 6

n=4 DM-WL 0.820+0.01 0.54+0.01 - 4
WT-RL 0.750£0.015%* 0.28 +0.009 - 6
DM-RL 0.515+0.04* 0.17 +£0.04* - 2

23 days
WT-WL 0.824+£0.0008 0.49+0.0025 10.7+0.08 8
DM-WL 0.810+£0.0012 0.50+0.02 62+0.11 8
WT-RL 0.795+0.008 0.41+0.01 8.5+0.09 8
DM-RL 0.70+£0.025* 0.25+0.02% 1.2+0.11 6-8
23 days

WT-WL# 0.82+0.009 0.56+0.04 2.2+0.15 6
DM-WL# 0.815+0.01 0.57+0.05 - 6
WT-RL# 0.776 £0.025 0.32+0.04 2.1+0.2 4
DM-RL# 0.584+£0.05* 0.21+0.04 0.46+0.05 4

*Difference between DM-RL and WT-RL is reliable (p <0.01)
**Difference between WIT-WL and WT-RL is reliable (p <0.01)
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Fig. 1 Difference between induction curves of fast chlorophyll
fluorescence of 23-day-old A. thaliana mutant with the decreased level
of PhyA and PhyB (/,4) and wild type (2,3) grown under white (/,2) and
red (3,4) light

(Strid et al. 1994; Héader et al. 2003; Solovchenko and
Merzlyak 2008; Schmitt et al. 2014; Schmitt et al. 2015).
The visible light of low intensity, primarily of the blue region
of the spectrum (Han et al. 2001; Héder et al. 2003) and also
red light (Joshi et al. 1991; Biswal et al. 2003) can play an
important role in photoprotection of the PA against UV-
radiation and/or photoreactivation processes.

There is little information about the Phy regulation of pho-
tosynthetic processes. Thus, no significant differences were
found between non-transformed control and transformed pota-
to plants (Solanum tuberosum L.), PhyB-superproducers Dara-
5 and Dara-12, regarding the photosynthesis rate (P,) and
fluorescence parameters (Fy/Fy;, Y(ID), N, and qP), whereas
the transgenic plants had higher content of photosynthetic pig-
ments per 1 cm? of leaf area. The deficiency of PhyB had little
effect on PSII activity, but it resulted in the decrease of the

content of photosynthetic pigments (Kreslavski et al. 2016).
The work of Rusaczonek et al. 2015 did not reveal the signif-
icant difference between WT and A. thaliana mutants deficient
in both PhyA and PhyB in such parameters of the PA photo-
chemical activity as Fy/Fy, Y(II), gN, and qP, but they found
the decreased content of chlorophylls and carotenoids in mu-
tants deficient in PhyB and the same content of these pigments
in mutants deficient in both PhyA and PhyB.

It has been shown that the active form of PhyB is involved
in the formation of the mechanism of PSII resistance to UV-
radiation in A. thaliana and lettuce (Kreslavski et al. 2013a, b).
The content of the active form of Phy was increased by pre-
irradiation of the plants with RL, which resulted in the in-
crease of the active form of PhyB. The short pre-irradiation
with RL (10 min, 1-2 W m?) in UV-irradiated plants
(10 W m 2, 2 h) resulted in partial removing of the inhibitory
effect of UV-radiation on the PA activity, in particular on PSIIL.
In addition, the effect of such a protective effect of RL pre-
irradiation found in WT, in its turn, was eliminated by a
second pre-irradiation with FRL (RL-FRL). Such effects of
RL/FRL reversibility are typical for PhyB-controlled process-
es and consistent with its involvement in this process (Casal
et al. 1998). This indicates the important role of PhyB in the
PSII resistance to UV-radiation. On the other hand, the
interaction of PhyA and PhyB is observed in many
photomorphogenetic processes (Casal 2000; Rusaczonek
et al. 2015). Therefore, it was important to compare the
influence of UV-radiation on the photosynthetic activity
of mutants deficient in both PhyA and PhyB with the hy3
mutant and WT. The mutant that lacks apoprotein PhyB
(hy3) is sufficiently studied genetically (Somers et al.
1991). It is indicated that 4y3 has 20—30-fold lower amount
of PhyB and 20-30-fold deficiency of PhyB transcripts
compared to WT. In addition, the levels of proteins and
transcripts for PhyC and PhyA were similar to those in

Table 5 The effect of PhyA and

PhyB deficiency on parameters of Parameters/variants WT-WL DM-WL WT-RL DM-RL Comments
chlorophyll fast fluorescence in
14- and 23-day-old A. thaliana 14 days
WT and DM plants grown in red Fv/Fo 3.3+£0.05 3.2+0.05 2.25+0.1 1.12+0.07* key/he
and white light (7= 130 yumol ABS/RC 1204005 1324006  137+0.1 24+02% (Mo/V,)/Fy/Fy,
quantam “s , photoperiod 12 h).
The parameter Fy/Fyy in variant DIo/ABS 0.23+0.02 0.24+0.02 0.31£0.025 0.49+0.04*
WT-WL taken as 100 %, k,—rate Plags 18.7+14 147+1.6 69+1.5 1.2+0.09*
constant of primary photochemical Pl 40.8+3.1 29.8+3.4 104+2.1 135+0.11%
processes, k,—rate constant of
. 23 days
non-photochemical processes,
WL—white light, RL—red light, Fyv/Fo 4.24+0.06 4240.06 3.15+0.05 2.0+0.05% key/hey
n=3 ABS/RC 1.11£0.07 1.24£0.05 1.19£0.05 1.52+0.05% (Mo/Vy)/ Fy/Fm
DIo/ABS 0.19+0.02 0.20£0.02 0.24+0.02 0.38+£0.03*
Plags 31+2 26+1.5 145+1.8 3+£0.2%
Pligtal 67.5+4 66.5+4.5 33.5+43 4.7+0.4%

*Difference between DM-RL and WT-RL is reliable (p < 0.05)
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Table 6 The rate of

photosynthesis P, and maximum Parameter P, pmol CO;m 2 5™ Fyv/Fm

quantum yield of PSII (Fy/Fy) in )

27-day-old A. thaliana plants Variant WT hy3 DM WT hy3 DM

grown under WL (12-h

photoperiod, 130 wmol quanta Before UV-irradiation 13.5+1.0 12.0+1.2 84+04 0.81(0.008) 0.80(0.010) 0.80(0.012)
m*s ™) before and after UV- After UV-iradiation ~ 102+0.7  68+04  41+03  0.74(0.015) 0.72(0.011)  0.72(0.014)
radiation during 2 h, n=3 % of alteration 24452 442+36% 513+£32%  86(0.1) 10.00.1)%  10(0.15)*

*Difference between WT and DM or hy3 is reliable (p <0.01)

WT. The DM mutant is less studied. The investigation of
morphometric characteristics of this mutant revealed that
there are no noticeable differences in fresh biomass be-
tween WT and DM leaves at WL, while it was obvious
when growing plants in RL. This difference appears to be
the consequence of higher photosynthetic activity in WT
plants and respiration rate in comparison to DM (Table 3).

WT plants have all photoreceptors, while DM plants are
deficient in PhyA and PhyB. However, there is no difference
in the photochemical activity of PSII between WT and DM

Fig. 2 Organization of
thylakoids in grana chloroplasts
of A. thaliana WT (a, ¢) and DM
(b, d) plants grown in white (a, b)
and red (¢, d) light. Electron
micrographs are presented. All
conditions are described in the
section “Materials and methods”
(see Semenova and Romanova
2011). Arrows show the electron-
dense contact strip between
thylakoids. Bars on micrograph
are equal to 100 nm

@ Springer

plants grown under white light when they were exposed to
moderate acting light (190 pmol quanta m % s™'). These dif-
ferences become evident under strong acting light. Here, both
secondary dark processes of CO, fixation and primary light
processes are different in WT and DM. For instance, DM
shows decreased photosynthesis under light saturation as
compared to WT (Table 3), and the quantum yield Y(II) at
high acting light intensity was also smaller in DM. On the
other hand, we do not see a significant difference in activity
of the PA between the WT and the 4y3 mutant. Likely,
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reciprocal actions between PhyA and PhyB are responsible for
the decrease of photosynthesis efficiency of the PA of the
PhyAB mutant compared to the WT.

It is suggested that the red component of the spectrum in
the visible region transforms Phy into its active form, which
maintains the level of chlorophyll and other pigments as well
as the structure and activity of chloroplasts during leaf senes-
cence (Joshi et al. 1991; Lingakumar and Kulandaivelu 1993;
Biswal et al. 2003). Indeed, in DM, that has a low level of
active phytochrome form, while growing in RL with low light
intensity, the thylakoid membrane structure is disrupted
(Fig. 2d). It is likely connected with both decreased level of
PhyA and PhyB, and inactive blue light photoreceptors. The
reason of the disruption can be the reduced content of the
chlorophyll and carotenoid pigments in the mutant grown un-
der low intensity RL conditions (data not shown) compared to
that in WT. Such small pigment content could explain disrup-
tion of the thylakoid membrane structure. It is assumed that
the contact strip has a protein nature, according to the data of
Semenova et al. (1977). Therefore, another reason of the
randomized picture observed in the Fig. 2d can be the deficit
of membrane proteins participating in stacking and formation
of electron-dense contact strip between thylakoids due to
deficit of photoreceptors.

On the contrary to that, DM grown in WL has a more
expressed contact strip between thylakoids than DT. In this
case, the synthesis of membrane proteins, especially antenna
pigment-protein complexes of LHC2, is likely enhanced. It is
suggested that there exists a link between the size of PSII light-
harvesting antenna and the synthesis and content of antenna
proteins (Kouril et al. 2013; Borisova-Mubarakshina et al.
2014). For example, such connection was observed when in-
creasing the illumination intensity of A. thaliana, which leads
to a decrease in content of almost all proteins of extrinsic an-
tenna pigment-protein complexes of LHC2 and of the PSII
antenna size (Kouril et al. 2013). Following this hypothesis,
the mutant could demonstrate the increased size of PSII light-
harvesting antenna. Indeed, according to our data, there is a
tendency to increasing of ABS/RC ratio that reflects the size of
antenna complexes of PSII (Stirbet and Govindjee 2011).
However, for final decision, the added study is necessary.

Thus, the deficiency of PhyA and PhyB does not affect
much the photochemical activity of PSII under conditions,
when the blue light photoreceptors (cryptochromes) are ac-
tive. However, the growing of the plants under RL, when
cryptochromes are inactive, leads to some decrease of the
photochemical activity of the PSII in WT and a significant
decrease in DM. This is consistent with the fact of the decrease
of the performance indexes IDg and IDy,; as well as Fy/Fy, in
DM compared to that in WT grown in RL, and the increasing
of the rate of thermal dissipation of absorbed energy.

We suggest that one of the reasons of decreasing PSII
activity characterized by parameters such as photochemical

maximum, effective quantum yields, and performance index
Plgs (Tables 1, 4, and 5) as well as activity of PA in whole
characterized by Pl in plants grown under RL is explained
by the increase of the amount of PSII active Qg—non-redu-
cing centers and/or the enhancement of thermal dissipation
processes of energy absorbed in PSIL

Reduced resistance of PA of DM to UV-A indicated in
Table 6 can be due to a decreased amount of carotenoids and
UV-absorbing pigments as found for DM as compared to that
in WT samples.

Conclusion

We demonstrated a strong decrease in the PA activity in DM
plants grown under RL as compared to that in WT under same
conditions, and the large quantity of this effect does not
depend on the photoperiod and plant age. Consequently, for
normal functioning of the PA, both cryptochromes and two
key phytochromes—PhyA and PhyB are required. The nota-
ble decrease of the content of photosynthetic pigments in the
DM when growing in RL results in changes of the thylakoid
membrane structure and a consequent decrease of the photo-
chemical activity. Markedly, these tendencies with a full dis-
ruption of the thylakoid membrane appear when plants are
grown in RL with low intensity.

According to the obtained data, it is suggested that for
functioning of PA under normal conditions the content of
PhyA and PhyB is not crucial, whereas under the oxidative
stress induced by UV-radiation or high intensity light, the
presence of PhyA and PhyB can be crucial for the PA
resistance, especially for PA of plants grown under RL when
blue-light photoreceptors are inactive.
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