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a  b  s  t  r  a  c  t

Light  is the  environmental  factor  that  most  affects  plant  growth  and  development  through  its  impact  on
photomorphogenesis  and  photosynthesis.  A quadruple  photoreceptor  mutant  lacking  four  of  the  most
important  photoreceptors  in plants,  phytochromes  A and  B (phyA,  phyB)  and  cryptochromes  1  and  2
(cry1,  cry2),  is  severely  affected  in terms  of  growth  and  development.  Previous  studies  have  suggested
that  in  addition  to  a  photomorphogenic  disorder,  the  phyA  phyB  cry1 cry2  quadruple  mutant  might  have
severe  alterations  in  photosynthetic  ability.  Here,  we  investigated  the  photosynthetic  processes  altered
in the  quadruple  mutant  and  performed  a proteomic  profiling  approach  to identify  some  of  the  proteins
involved.  The  phyA  phyB  cry1  cry2  quadruple  mutant  showed  reduced  leaf  area  and  total  chlorophyll
content.  Photosynthetic  rates  at high  irradiances  were  reduced  approximately  65%  compared  to  the  wild
type (WT).  Light-saturated  photosynthesis  and  the  response  of net CO2 exchange  to  low  and  high  internal
CO2 concentrations  suggest  that  the  levels  or activity  of the components  of  the Calvin  cycle  and  electron
transport  might  be reduced  in  the  quadruple  mutant.  Most  of  the  under-expressed  proteins  in  the  phyA
phyB cry1  cry2 quadruple  mutant  consistently  showed  a chloroplastic  localization,  whereas  components
of  the  Calvin  cycle  and  light  reaction  centers  were  overrepresented.  Additionally,  Rubisco  expression  was
reduced  threefold  in  the  phyA  phyB  cry1  cry2 quadruple  mutant.
Together,  these  results  highlight  the  importance  of the phytochrome  and  cryptochrome  families  in
proper  autotrophy  establishment  in plants.  They  also  suggest  that  an overall  limitation  in  the  chloro-
phyll  levels,  expression  of Rubisco,  and  enzymes  of  the Calvin  Cycle  and  electron  transport  that  affect
ribulose-1,5-biphosphate  (RuBP)  regeneration  reduced  photosynthetic  capacity  in  the  phyA  phyB cry1
cry2  quadruple  mutant.
. Introduction
The light environment fluctuates constantly, thus, the pho-
osynthetic apparatus must operate dynamically. Energy for

Abbreviations: Ci, intercellular CO2 concentration; Chla, chlorophylla; Chlb,
hlorophyll b; cry, cryptochrome; FC, fold change; GO, gene ontology; MS,  mass
pectrometry; phy, phytochrome; RuBP, ribulose-1,5-biphosphate; 2D, two dimen-
ional gel electrophoresis.
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photosynthesis is harvested by the chloroplast photosystems. In
addition, outside the chloroplast, the photoreceptors sense light
availability, quality and direction. In Arabidopsis red, far-red light
absorbing phytochromes (phys) (PHYA-PHYE) (Quail et al., 1995)
and UV-A/blue light absorbing cryptochromes (crys) (CRY1 and
CRY2) (Cashmore et al., 1999) are among the most important pho-
toreceptors.

Germinating seedlings deetiolate in response to light through
coordinated changes in stem and leaf morphology as well as the
acquisition of the biochemistry needed for photosynthesis estab-
lishment. Phys and crys are the most important photoreceptors that
modulate growth and development and thus determine its sur-

vival (Mazzella et al., 2001; Strasser et al., 2010). phyA phyB phyC
phyD phyE quintuple mutants grown under red light develop pale
leaves (Strasser et al., 2010), whereas these mutants grown under

dx.doi.org/10.1016/j.jplph.2015.07.004
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.com/locate/jplph
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jplph.2015.07.004&domain=pdf
mailto:mazzella@dna.uba.ar
mailto:mazzellaagus@gmail.com
dx.doi.org/10.1016/j.jplph.2015.07.004
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Fig. 1. phyA phyB cry1 cry2 quadruple mutant phenotype. (A) WT  and phyA phyB cry1 cry2 quadruple mutants were grown under white light on agar plates. WT seedlings
were  harvested after 9 d, and phyA phyB cry1 cry2 quadruple mutants were harvested after 14 d (developmental stage 1.02 according to Boyes et al. (2001). (B) Total green
area  at stage 1.02. (C) Total chlorophyll, chlorophyll a and b contents per unit area at stage 1.02. (D) Chla/b ratios.
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Fig. 2. Net CO2 uptake is severely affected in the phyA phyB cry1 cry2 quadruple mutant. (A) Net CO2 uptake in WT plants grown for 44 d (developmental stage 6.1) under
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hite light and the phyA phyB cry1 cry2 quadruple mutant grown for 65 d (developm
nd  b contents per unit area. (C) Chla/b ratios.

hite light develop green leaves. This difference highlights the con-
ribution of cryptochromes during photoautotrophic development
Strasser et al., 2010). When plants lack phyA, phyB, cry1 and cry2,
eetiolation and the beginning stages of seedling development are
everely affected (Mazzella et al., 2001). The phyA phyB cry1 cry2
uadruple mutant grown under white light or sunlight conditions
isplays an etiolated phenotype, the plants do not form normal

osettes, the leaves are pale-green, and leaf production is retarded
nd occurs at a low rate (Mazzella et al., 2001). Additionally, the
ransition from the vegetative to the reproductive stage in the phyA
hyB cry1 cry2 quadruple mutant occurs early developmentally
l stage: 6.1) or 44 d (developmental stage 1.12). (B) Total chlorophyll, chlorophyll a

but very late in chronologically (Mazzella and Casal, 2001). This
altered growth and development of the quadruple mutant could be
the consequence of a reduced photosynthetic capacity. Although
photosynthesis is reduced in the phyB simple and cry1 cry2 dou-
ble mutants (Boccalandro et al., 2009, 2012), detailed information
about the processes that might affect them have not been described.

In addition to retrograde signaling (the informational signal that

flows from the chloroplast to the nucleus), light-dependent syn-
thesis of chlorophyll and proteins during the early developmental
stage of chloroplasts can be triggered by photoreceptor-dependent
signaling. Signals related to “biogenic control” are those that
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Fig. 3. Light and CO2 response curves of net CO2 uptake in WT and phyA phyB
cry1 cry2 quadruple mutant plants. (A) Photosynthetic light response curves at
400  �mol  mol−1 CO2. (B) Photosynthetic internal CO2 response curve at PPFD
900 �mol  m−2 s−1. (C) Intercellular CO2 concentration as function of light. Data are
the means and se of at least 6 plant replicates. The asterisks denote significant dif-
ferences (*P < 0.05, **P < 0.005, ***P < 0.001) with the WT according to ANOVA and
Bonferroni post tests. The tests were performed on WT and phyA phyB cry1 cry2
A.R. Fox et al. / Journal of Pl

ffect nuclear transcription during plastid development (Pogson
t al., 2008). However, light intensity signals are involved in reg-
lating the function of the photosynthetic apparatus in mature
lants; these responses are referred as “operational control”
Pogson et al., 2008; Pogson and Albrecht, 2011). In this regard,
pproximately 20% of the genes expressed in plant leaves are
irectly or indirectly regulated by light, most of which are
hotosynthesis-related nuclear genes (Ruckle et al., 2012). The
xpression of these genes is reduced when chloroplast function
s defective and chloroplast signals are deficient (Pogson et al.,
008). Additionally to control gene transcription, light affects
he level of some proteins post-translationally. Upon exposure to
ight, phys and crys signaling pathways converge on the deac-
ivation of COP1 (Constitutive Photomorphogenic 1) (Lau and
eng, 2012), a photomorphogenic repressor that ubiquitinates
nd targets positive photomorphogenic transcription factors to
e degraded by the 26S proteosome pathway (Osterlund et al.,
000; Holm et al., 2002; Seo et al., 2003; Jang et al., 2005). In
ddition, protein phosphorylation status changes with a mean-
ngful functional impact during photomorphogenesis (Budde and
andall, 1990; Shen, et al., 2008; Bigeard et al., 2014). In this
ontext, systemic proteome approaches are then necessary to
nvestigate the correlation between transcripts and protein lev-
ls.

Two-dimensional gel electrophoresis (2D) has been used to
ompare protein expression patterns between seedlings grown
n dark, red, far-red and blue light (Kim et al., 2006). Protein
rofiles have also been investigated in cry1, cry1 cry2 and phyA
hyB mutants in Arabidopsis (Phee et al., 2007; Yang et al.,
008; Xu et al., 2009) and cry2 overexpressors in tomato (Lopez
t al., 2012). These studies show that light perception through
hotoreceptors primarily altered photosynthetic and metabolic
roteins.

Because of its role in photosynthesis and morphogenesis, light
s the environmental factor that most affects plant architecture.
owever, there is little information about the protein identity of

he photosynthetic-related proteins affected by both families of
hotoreceptors in a whole proteomic study. In this work, we  char-
cterized photosynthetic ability in phyA phyB cry1 cry2 quadruple
utants and use 2D techniques to detect differences in the pro-

eome between WT  and phyA phyB cry1 cry2 quadruple mutants
hat could account for their lower photosynthetic capacity.

. Materials and methods

.1. Plant material and growth conditions

Seeds of WT  Arabidopsis thaliana and the phyA phyB cry1 cry2
uadruple mutant (Mazzella et al., 2001) were in the Landsberg
recta background. Seeds were surface sterilized (4 h of exposure
o the fumes produced by 1.25% v/v HCl/NaClO) and sown on 0.8%
/v agar plates containing one-half-strength Murashige and Skoog
asal medium pH 5.7. After 3 d at 4 ◦C in darkness, the seeds were
xposed to a white-light pulse for 2 h to promote germination and
hen were returned to darkness. When indicated, the seedlings
ere transferred to specific light conditions at 22◦C, 24 h after the

ight pulse.
For soil-based analysis, 5-day-old seedlings were

ransplanted to individual pots filled with a mixture of

oil:vermiculite:perlite:peat moss (1:1:1:1). The plants were
xposed to continual light at 22 ◦C. The plants were observed daily,
nd developmental stages were determined following the scale
roposed by Boyes et al. (2001).
quadruple mutants having the closest Ci (Note that in every case this underesti-
mates the significance of the difference for the samples). The arrow indicates the Ci

that coincides with the ambient CO2.

2.2. Green area determination and chlorophyll content analysis

The seedlings were photographed, and green areas were cal-
culated using ImageJ Software (Abramoff et al., 2004). Chlorophyll
content was determined as described in Arnon (1949).

2.3. Leaf photosynthesis

Leaf CO2 exchange was measured using a Li-6400 Portable
Photosynthesis System (Li-Cor, Lincoln, NE, USA) under
900 photons �mol  m−2 s−1 PPFD (photosynthesis photon flux

density). Saturating light was  provided by a 6400-40 leaf chamber
using a mix of 80% red and 20% blue light. Air flow and CO2
concentration in the reference chamber were controlled auto-
matically by the equipment at 300 �mol  s−1 and 400 �mol mol−1,
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espectively. Green areas were calculated using ImageJ software
Abramoff et al., 2004). Dose response to light was determined at
00 �mol  mol−1 of CO2, with the following PPFD sequence: 0, 50,
00, 200, 350, 450, 600, 900, 1200 �mol  m−2 s−1. Dose response
o CO2 levels was determined with the following sequence of CO2
oncentrations at the reference cell: 400, 300, 200, 100, 50, 400,
00, 1,000, and 1,500 �mol  mol−1, setting PPFD at 900 photons
mol  m−2 s−1.

.4. Protein extraction protocol and Western blot

Seedlings were ground in liquid nitrogen with mortar and pestle
nto a fine powder. Light-grown seedlings were harvested at devel-
pmental stage 1.02, and proteins were extracted using the phenol
xtraction protocol (Isaacson et al., 2006). Dark-grown seedlings
ere harvested 5 d after germination, and proteins were extracted

y trichloroacetic acid (TCA) precipitation (Isaacson et al., 2006).
roteins were resuspended in isoelectric focusing (IEF) buffer (7 M
rea, 2 M thiourea, 4% w/v CHAPS) and were centrifuged at 16,000 g
or 5 min  to remove undissolved content. Protein concentration
as determined using Bradford’s method (Bradford, 1976). For
estern blot experiments, total proteins were extracted from both

enotypes at developmental stage 1.02 as indicated above for
ight-grown plants. For details on the Western blot procedure, see
upplementary M&M.

.5. Two-dimensional polyacrylamide gel electrophoresis (2D
AGE).

The protein samples were separated in the first dimension
n the basis of the protein net charge by IEF and in the sec-
nd dimension on the basis of the protein molecular mass. The
amples were prepared for IEF as follows: 200 �g of protein was
djusted to 60 mM DTT, 0.5% w/v ampholyte pH 3–10 and 0.01%
/v bromophenol blue (BPB) in 125 �L of IEF buffer for the 7 cm
H 3–10 immobilized pH gradient (IPG) strips; 200 �g of protein
as adjusted to 10 mM DTT, 0.5% w/v ampholyte pH 4–7, 1.2% v/v
eStreak Reagent (GE Healthcare, USA) and 0.01% w/v BPB in 125 �L
f IEF buffer for the 7 cm pH 4–7 IPG strips; and 450 �g of protein
as adjusted to 10 mM DTT, 0.5% w/v ampholyte pH 4–7, 1.2% v/v
eStreak Reagent and 0.01% w/v BPB in 250 �L of IEF buffer for the
3 cm pH 4–7 IPG strips.

The samples were loaded on IPG strips by passive rehydrata-
ion for 12 h at 30 ◦C according to the manufacturer’s instructions
GE Healthcare, USA). IEF was carried out using the Ettan IPGphor 3
ystem (Amersham Biosciences, USA). The 7 cm or 13 cm IPG strip
ocusing was performed until an accumulated voltage of 8,000 or
9,800 V, respectively. Then, the strips were equilibrated in equi-

ibration buffer (EqB) (50 mM Tris–HCl pH 8.8, 6 M Urea, 30% v/v
lycerol, 2% w/v SDS, 0.01% w/v BPB) supplemented with 10 mg/mL
TT for 15 min  and with Iodoacetamide for another 15 min. The

econd dimension was performed on 10% SDS-PAGE for pH 3–10
PG strips and on 12% SDS-PAGE for pH 4–7 IPG strips. Proteins

ere visualized by Coomassie brilliant blue G-250 staining, and gel
mages were acquired using an Image Scanner III (GE Healthcare,
SA).

2.6 Image analysis and statistical analysis
Image analysis was performed with ImageMaster 2D Platinum

.0 Software (Amersham Biosciences, USA). The abundance of each
rotein spot was estimated by the percentage volume (%Vol). The
Vol remains relatively independent of variations due to pro-
ein loading and staining. The %Vol was calculated as follows:

Volspot/Voltot) × 100, where Volspot is the volume above the spot
utline, which is situated at 75% of the spot height (Fig. S1), and
oltot is the sum of all of the Volspot. The %Vol was used as an input

ist for the statistical analysis carried out using the package Limma
ysiology 185 (2015) 13–23

(Smyth, 2005) in the R computing environment. Spots matched in
at least 3 of the 4 WT  gels, and 3 of the 4 phyA phyB cry1 cry2
quadruple mutant gels were selected for the analysis. %Vol was
transformed to Log (%Vol). Two inter-gels normalization methods
were examined: Scale and Quantile (Fig S1). These methods were
developed for the normalization of array data and are useful for
the normalization of proteomic data (Kultima et al., 2006). An opti-
mal  normalization was obtained applying the Quantile algorithm
(for further information, see Fig S1). Normalized data were fitted
to the lmFit Limma  function (Smyth, 2005). Moderated t-statistics
were computed by the empirical Bayes method (Smyth, 2004). The
spots with a P-value < 0.05 and fold change >1.5 were considered
to be differentially expressed. The spots clearly observed as unique
peaks were excluded. The gel pieces were processed in the mass
spectrometry (MS) facility CEQUIBIEM in Argentina (for further
information, see Supplementary Materials and methods).

Web-based data analyses are detailed in Supplementary Mate-
rials and methods.

3. Results

3.1. Delayed development of the phyA phyB cry1 cry2 quadruple
mutant

In the phyA phyB cry1 cry2 quadruple mutant compared to the
WT,  leaf appearance and the transition to the flowering stage are
delayed, whereas life span is extended, both in long-day and con-
tinuous light conditions (Mazzella et al., 2001). To discriminate
changes in physiology and protein abundance that are due to the
lack of the four photoreceptors, we  compared WT and phyA phyB
cry1 cry2 quadruple mutant plants at the same developmental
stage, rather than similar chronological development. We  followed
the developmental scale proposed by Boyes et al. (2001).

At developmental stage 1.02, the seedlings have the first cotyle-
don fully opened and the first pair of visible leaves longer than
1 mm.  This stage was reached at 9 d in WT  seedlings but at 14
d in the phyA phyB cry1 cry2 quadruple mutant; note that after
9 d, the light-grown quadruple mutant does not even display its
first pair of leaves (Fig. 1A). At stage 1.02, the green area of the
quadruple mutants was 3.5 times smaller than that of the WT.  It
also showed 3 times less total chlorophyll content per unit area
and less chlorophyll a (Chla) and chlorophyll b (Chlb) when com-
pared to WT  (Fig. 1C). However, no differences were observed in
the Chla/b ratio (Fig. 1D).

3.2. Photosynthesis is severely affected in the phyA phyB cry1
cry2 quadruple mutant

The life span extension and the described phenotypes of the
phyA phyB cry1 cry2 quadruple mutant described above may  be
linked to an energetic deficiency (Minina et al., 2013; Lastdrager
et al., 2014). Thus, we  measured net CO2 interchange in fully devel-
oping leaves in stage 6.1 plants, corresponding to a midflowering
stage reached after 44 d in the WT  and 65 d in the quadruple
mutant. Because the phyA phyB cry1 cry2 quadruple mutant dis-
played senescent leaves after 65 d, we also studied mutant plants
in stage 1.12 (44 d) that showed fully green leaves. Compared to
the WT,  the phyA phyB cry1 cry2 quadruple mutant showed signifi-
cantly reduced (65–70%) net CO2 uptake (Fig. 2A) and reduced total
chlorophyll content per unit area (Fig. 2B) at both developmental
stages. Again, Chla and Chlb were reduced in the quadruple mutant,

while the Chla/b ratio remained unaffected (Fig. 2B, C)

To further define the photosynthetic characteristics of the
quadruple mutant, we  studied the photosynthetic response to
irradiance and to intracellular CO2 concentration. We found that
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et CO2 exchange in darkness was unaffected by the phyA phyB
ry1 cry2 mutation, suggesting that there were no differences in
itochondrial respiration rates (Fig. 3A). The quantum efficiency,

stimated by the slope along the linear portion at low PPFD, was
imilar for both genotypes (Fig. 3A). The light saturation point was
50 �mol  m−2 s−1 for WT  plants and was significantly lower for
he quadruple mutant (200 �mol  m−2 s−1) (Fig. 3A). The maximum
ate for CO2 fixation (Pmax) was significantly reduced in the quadru-
le mutant (WT: 10.9 ± 1.0; quadruple mutant: 3.6 ± 0.7, P < 0.001),
uggesting a severe reduction in photosynthetic ability (approxi-
ately 66%) at high irradiances.
Fig. 3B shows that net CO2 uptake increased with intra-

ellular CO2 levels in both WT  and quadruple mutant plants.
he net CO2 uptake is Rubisco-limited at low Ci, whereas it is
uBP-regeneration-limited at high Ci. To define the point that dis-
riminates between low and high CO2 internal concentration (Ci),
e chose the Ci value that corresponded to the external CO2 con-

entration (370 �mol  mol−1). This point was the fifth value of the
urve (Ci 280 �mol  mol−1; see arrow in Fig. 3B) that was measured
t 400 �mol  mol−1 of external CO2. At a Ci of 280 �mol  mol−1, net
O2 uptake in the quadruple mutant was significantly lower when
ompared to the WT,  suggesting a reduced Rubisco carboxylation
fficiency in the quadruple mutant. However, apart from the fifth
oint, none of the other points showed significant differences at

ow Ci values. It has been found that there is a transition from both
imitation phases approximately 200 and 300 �mol  mol−1 (Sharkey
t al., 2007). Thus, with the present data, we cannot provide con-
lusive result about this part of the curve. At a high Ci, the net CO2
ptake of the quadruple mutant was significantly reduced com-
ared to the WT  (Fig. 3B). Fig. S3 showed that the photosynthetic
ate on a chlorophyll basis was similar in both WT  and quadruple
utant. We  hypothesize that this photosynthesis limitation is non-

tomatic because the internal concentration of CO2 was higher in
he quadruple mutant than in WT  plants (Fig. 3C).

.3. Proteome map of the differentially expressed proteins
etween white light-grown WT  and phyA phyB cry1 cry2
uadruple mutant seedlings

To identify the most abundant proteins differentially expressed
n the phyA phyB cry1 cry2 quadruple mutant that would sup-
ort its less photosynthetic phenotype, we performed 2D-gels of
otal proteins extracted from WT  and phyA phyB cry1 cry2 quadru-
le mutant light-grown seedlings at developmental stage 1.02.
hen total proteins were resolved using a strip with a pH range

f 3–10 (7 cm)  followed by standard SDS-PAGE (Fig. 4A, B), 36 out
f 194 spots (18.5% of the total number of spots) were significantly
ifferent between the WT  and the quadruple mutant. Eleven under-
xpressed spots and four over-expressed spots in the quadruple
utant compared to the WT  were identified by MS  (Fig. 4A, B;

able 1 ).
To improve spot resolution and detection, we  used strips with

H ranges of 4–7 and 13 cm large. From 354 spots that were
atched between gels, 62 (17.5%) spots showed significant differ-

nces (P < 0.05), with 34 under-expressed and 28 over-expressed
n the phyA phyB cry1 cry2 quadruple mutant compared to the WT.
rom these, we identified 15 under-expressed spots (represent-
ng 12 unique proteins) and 15 over-expressed spots (representing
3 unique proteins) (Fig. 4C, D; Table 1). The spot number 75
epresented two different proteins and was not included in later
nalyses.

Three under-expressed proteins (FRN2, PSBO-2 and RCA) and

our over-expressed proteins (FDH, PATL2, COR47 and PcaP1) were
ndependently identified in both gels (Table 1), reinforcing the
eproducibility and robustness of the analysis. PATL2 expression
as determined to be down-regulated (spot 670: MW 102.8 pI:
ysiology 185 (2015) 13–23 17

5.65) but also up-regulated (spot 991: MW 149.7 pI 5.08) (Table 1
and Fig. 4C, D). The difference in the pI between both spots could
be the result of photoreceptor-dependent phosphorylation. Addi-
tionally, other proteins that might have different isoforms include
FNR2 (spots 292 and 24), PSBO-2 (spots 10 and 9), FNR1 (spots 25
and 290) and PYK10-binding protein (spots 389 and 28) (Table 1).

To analyse whether the changes in protein expression were
due to light exposure instead of genetic background, we  ran total
proteins extracted from 5-day-old dark-gown WT  and quadruple
mutant seedlings. After 5 d in complete darkness, both genotypes
were phenotypically indistinguishable, suggesting that the pro-
teome changes found in light-grown quadruple mutants were due
to light exposure and not to genetic background. Only four spots
over-expressed in quadruple mutants, representing 2 proteins: 12
S storage protein CRA1 and CRUCIFERIN 3 (Fig. S4). These results
are consistent with the increased expression of the CRA1 and CRU3
transcript levels reported for dark-grown phyB mutant seedlings
(Mazzella et al., 2005).

3.4. Functional classification of the proteins affected in phyA
phyB cry1 cry2 quadruple mutants

The under-expressed proteins in the phyA phyB cry1 cry2
quadruple mutant fell into nine Gene Ontology (GO) enriched
categories: photosynthesis, generation of metabolic and energy
precursors, catabolic processes, biosynthesis processes, carbohy-
drate metabolism, response to a biotic stimulus, response to
an abiotic stimulus, response to stress and cellular organization
components (Table 2). Specifically, 9 proteins are localized to
chloroplast and are directly involved in photosynthesis: PRK, GAPB,
RCA and FAB5 are involved in the Calvin cycle, whereas PSBO2,
FNR1, FNR2, ATPA and ATPC are involved in energy metabolism, as
they are part of the photosynthesis light reaction center (Fig. S5A).
The central spot corresponding to the large subunit of the Rubisco
was not included in the analysis because that spot was not well
focused due to its high concentration (Fig S6). As Rubisco is a lim-
iting factor in photosynthesis rates and the curve response at low
CO2 was not conclusive (Fig. 3B), we quantified its expression level
by western blot (Fig 5). The Rubisco L was  3 times less expressed
in the phyA phyB cry1 cry2 quadruple mutant compared to the WT
(Fig 5).

Other under-expressed proteins identified in the phyA phyB
cry1 cry2 quadruple mutant were associated with chloroplast func-
tion: AtSCO1 and CSP41B are involved in chloroplast organization;
VAR2 participates in thylakoid membrane biogenesis; CSP41A has
ribonuclease activity involved in plastid rRNA maturation; and the
protein identified as At2g37660 is a copper ion binding protein.
The rest of the under-expressed proteins corresponded to mito-
chondrial and peroxisomal proteins involved in photorespiration,
such as AGT1, SHM1 and GGT1 (Fig. S5A, Table 2). The Biological GO
terms enriched among the over-expressed proteins in the quadru-
ple mutant belonged to the “response to stress” or “response to
abiotic stimuli” categories (Table 2).

Fourteen of the 20 under-expressed proteins identified in the
quadruple mutant localized within the chloroplast, according to
the chloroplastic data base published by Ferro et al. (2010). Eight
localized to the stroma (RCA; AT2G37660, GAPB, PRK, SCO1, FAB5,
CSP41A and CSP41B) and 6 to the thylakoid (VAR2, FRN1, FNR2,
ATPC1, ATPA, PSBO-2). However, the over-expressed proteins did
not show a significant specific subcellular localization, and none
of them were found in the chloroplast proteome (Ferro et al.,

2010). A thorough analysis of the under-expressed proteins under
the GO term “cellular organization” generated two subcategories:
‘chloroplast organization’ and ‘thylakoid membrane organization’
(Table 2).
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Table 1
Identification and characterization of under- and over-expressed spots in the phyA phyB cry1 cry2 quadruple mutants.

Down-regulated spots in the phyA phyB cry1 cry2 quadruple mutant

pH 3–10 pH 4–7

Spota Exp (MW/pI)b Mat-chesc SC (%)d Scoree Spota Exp (MW/pI)b Mat-chesc SC (%)d Scoree Theo. MW/pIf AGIg Protein name Cellular processh FCi3–10 FCi4–7

67 38.3/7.02 14 44 194 42.6/8.41 AT1G09340 Chloroplast stem-loop
binding protein of 41 kDa
(CSP41B)

RNA. Transcriptional
regulation.

2.0

83  40.9/5.34 12 46 288 44.0/5.91 AT1G32060 Phosphoribulokinase (PRK) PS. Calvin cycle. 1.7
90  42.4/8.3 13 50 344 44.2/7.95 AT2G13360 Alanine:Glyoxylate

aminotransferase (AGT)
PS. Peroxisomal
aminotransferase.

1.6

96  42.7/6.33 5 8 97 43.0/6.78 AT1G42970 Glyceraldehyde-3-
phosphate dehydrogenase
b subunit (GAPB)

PS. Calvin cycle. 1.5

114  49.3/6.78 16 36 367 53.3/6.88 AT1G23310 Glutamate:Glyoxylate
aminotransferase 1 (GGT1)

PS. Peroxisomal
aminotransferase.

1.6

167  79.3/5.25 21 39 429 86.1/5.28 AT1G62750 Snowy cotyledon1 (SCO1) Protein synthesis.
Elongation.

1.7

178  97/5.96 7 7 103 114/6.63 AT2G26080 Glycine decarboxylase
p-protein 2 (GLDP2)

PS. Photorespiration/ C1
Metabolism.

2.0

226  52.8/7.4 20 38 229 57.0/8.37 AT4G37930 Serine
hydroxymethyltransferase
1 (SHM1)

C1 Metabolism. 1.6

18  28.9/5.13 23 70 473 9 28/5.05 8 34 315 35.0/5.96 AT3G50820 Photosystem II subunit O-2
(PSBO-2)

PS. Light reaction. 1.7 1.8

10  27.7/5.15 11 44 363 1.8
50  33.7/6.76 11 29 218 24 32.5/6.37 17 53 256 28.0/8.51 AT1G20020 Ferredoxin-NADP(+)-

oxidoreductase 2
(FNR2)

PS. Light reaction. 1.6 1.9

292  32.8/6.63 17 46 410 1.7
105  45.3/5.1 13 45 411 96 44.5/5.06 8 25 231 52.0/5.93 AT2G39730 Rubisco activase (RCA) PS. Calvin cycle. 1.5 1.7

25  32.5/5.86 16 56 388 40.3/8.3 AT5G66190 Ferredoxin-NADP(+)-
Oxidorreductase 1 (FNR1)

PS. Light reaction. 1.9

290  32.4/5.69 15 43 433 1.6
26  34.2/5.90 7 25 137 32.9/5.80 AT2G38230 Pyridoxine biosynthesis

(PDX)
Cofactor, vitamins
metabolism.

2.9

44  37.2/6.52 5 9 246 43.9/8.74 AT3G63140 Chloroplast stem-loop
binding protein of 41 kDa
(CSP41A)

RNA. Transcriptional
regulation.

1.7

71  40.5/5.87 6 25 313 38.3/5.53 AT4G26530 Fructose-bisphosphate
aldolase 5 (FBA5, M3E9.40)

PS. Calvin cycle. Glycolysis. 2.0

169  55.3/5.28 16 31 304 55.3/4.9 ATCG00120 ATP synthase subunit alpha
(ATPA)

Metabolism. PS. 1.8

194  62.2/5.32 11 32 237 74.2/6.24 AT2G30950 Variegated 2 (VAR2) Regulation. Protein
degradation.
Metalloprotease.

1.7
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Table 1 (Continued).

Down-regulated spots in the phyA phyB cry1 cry2 quadruple mutant

pH 3–10 pH 4–7

Spota Exp (MW/pI)b Mat-chesc SC (%)d Scoree Spota Exp (MW/pI)b Mat-chesc SC (%)d Scoree Theo. MW/pIf AGIg Protein name Cellular processh FCi3–10 FCi4–7

297 37.2/6.28 13 43 228 40.9/8.17 AT4G04640 Gamma subunit of
chloroplast ATP synthase
(ATPC1)

PS. Light reaction. 1.9

670  102.8/5.64 7 15 99 60/4.59 AT1G22530 Patellin 2 (PATL2) Transport. 1.8
995  28.7/5.58 8 38 272 34.9/8.64 AT2G37660 NAD(P)-binding

Rossmann-fold
superfamily protein
(F13M22.16)

Unknown. 1.7

Up-regulated spots in the phyA phyB cry1 cry2 quadruple mutant

pH 3–10 pH 4–7

Spota Exp (MW/pI)b Mat-chesc SC%d Scoree Spota Exp (MW/pI)b Mat-chesc SC (%)d Scoree Theo. (MW/pI)f AGIg Protein name Cellular processh FCi3–10 FCi4–7

61 37.3/5.02 4 21 219 411 36.0/5.12 3 –- 69 24.7/4.65 AT4G20260 Plasma-membrane
associated cation-binding
protein 1 (PCAP1)

Signaling. 1.7 2.4

94  42/6.70 6 25 97 967 42/6.61 13 49 474 42.4/7.59 AT5G14780 Formate Deshydrogenase
(FDH)

C1 Metabolism. 2.1 2.3

187  145.4/4.96 11 28 164 991 149.7/5.08 10 21 189 60/4.59 AT1G22530 Patellin 2 (PATL2) Transport. 1.5 2.0
234  55/4.39 11 60 233 166 55.3/4.55 9 48 215 29.9/4.44 AT1G20440 Cold regulated protein 47

(COR47)
Abiotic stress 2.3 2.3

18  30.0/4.89 9 33 283 33.36/4.44 AT1G35160 General regulatory factor 4
(GRF4)

Signaling. 1.6

28  33.2/5.66 6 27 109 32.2/5.56 AT3G16420 PYK10-binding protein 1
(PBP1)

PYK10 Molecular
chaperone

1.9

389  34/5.52 9 34 284 1.8
75  41.3/6.00 13 11 34 28 310121 AT2G20420 AT1G01560 ATP citrate lyase (ACL)

family protein
MAP  kinase 11 (MPK11)

106  46.2/5.81 16 53 389 42.8/5.60 AT3G17390 Methionine
adenosyltransferase 4
(MTO3)

Metals union protein

131  50.8/4.73 13 40 305 43.5/4.42 AT5G39570 MIJ24.6. NM 123319 Unknown.
181  58.7/4.92 8 19 69 56.4/4.64 AT1G77510 Protein disulfide isomerase

6 (PDI6)
Redox. 1.7

953  37.2/5.37 20 69 328 36.2/5.02 AT1G35720 Annexin 1 (ANNAT1) Cell organization. 1.9
966  38.0/4.80 6 45 211 20.8/5.2 AT1G76180 Early response to

dehydration 14 (ERD14)
Abiotic stress. 3.2

989  95.0/5.03 7 10 143 64/4.5 AT1G72150 Patellin 1 (PATL1) Transport. 1.7

a Spot number.
b Experimental MW(kDa)/pI.
c Number of peptides for which mass/charge match with the picks observed by MS.
d Protein sequence coverage.
e Score generated by Mascot; protein scores greater than 61 are significant (P < 0.05).
f Theorical MW (kDa)/pI (TAIR).
g Arabidopsis Gene identifier.
h Cellular process, information from the PPBD and MapMan, PS: Photosynthesis.
i fold change.



20 A.R. Fox et al. / Journal of Plant Physiology 185 (2015) 13–23

Fig. 4. Representative 2D gel images showing protein expression changes between the white light-grown WT and the phyA phyB cry1 cry2 quadruple mutant. Proteins were
resolved according to their isoelectric point in the first dimension and according to their molecular weight in a second dimension. (A, B) Representative gel images for total
proteins resolved in strips with a pH range of 3 to 10 and 7 cm from WT (A) or phyA phyB cry1 cry2 quadruple mutant (B) seedlings. (C, D) Representative gel image for
total  proteins resolved in strips with a pH range of 4–7 and 13 cm from WT  (C) or phyA phyB cry1 cry2 quadruple mutant (D) seedlings. Statistical analysis of differentially
e  Spots
w icate 

w

e
0
r

p
C
r
w
q

4

s

xpressed proteins was calculated from four independent replicates of each 2D gel.
ith  an asterisk indicate over-expressed proteins, while those without asterisk ind
ith  the WT.

A network generated on GeneMANIA showed that under-
xpressed proteins produced a cluster (clustering coefficient
.937), whereas the over-expressed proteins did not form a closely
elated group (clustering coefficient 0.580) (Fig. S5B).

Most of the under-expressed proteins in the light-grown phyA
hyB cry1 cry2 quadruple mutant were specifically involved in the
alvin cycle (including Rubisco) or were components of the light
eaction center, suggesting that depletion of all of these proteins
ould have a negative impact on the photoautotrophic ability of

uadruple mutants.
. Discussion

Here, we studied the photosynthetic ability of light-grown
eedlings in the absence of the four main photoreceptors (phyA,
 identified by MS are indicated with the number of the spot. Spot numbers marked
under-expressed proteins in the phyA phyB cry1 cry2 quadruple mutant compared

phyb, cry1 and cry2) in A. thaliana and used 2D gel coupled with
MS to identify their protein profiles. The autotrophic development
of the phyA phyB cry1 cry2 quadruple mutant was severely affected
when grown under white light. The phyA phyB cry1 cry2 quadruple
mutant showed severe reductions in chlorophyll levels per area
(60%) (Fig. 1C and Fig. 2B), net photosynthetic CO2 uptake at high
irradiances (66%) (Fig. 2A and Fig. 3A), Rubisco levels (3-fold) (Fig. 5)
and the expression of several chloroplast localized proteins that are
part of the light reaction centers or are involved in the Calvin Cycle
(Tables 1 and 2; and Fig. S5A). Under similar conditions, the phyB
single and cry1 cry2 double mutants displayed a reduction in the

photosynthetic rates at high irradiances of approximately 35% com-
pared to the WT (Boccalandro et al., 2009, 2012). All of these results
suggest that redundancy between phys and crys might regulate the
photosynthesis process at high irradiances.
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Table  2
Gene ontology term enrichment of the up- and down-regulated proteins in the quadruple mutant phyA phyB cry1 cry2.

Down regulated in the phyA phyB cry1 cry2 quadruple mutant

1. Slim GO — biological process
GO Description Adjusted p-value Group frequency Genome frequency Protein name

15979 Photosynthesis 1.65E-20 14/20 70.0% 419/30507 1.3% SCO1CSP41A RCA GAPB PRK
FNR1 ATPC1 SHM1 FNR2 ATPA
VAR2 PSBO-2CSP41B
AT2G37660

6091  Generation of precursor metabolites and energy 4.09E-20 15/20 75.0% 664/30507 2.2% SCO1CSP41A RCA GAPB PRK
FNR1 ATPC1 SHM1 FNR2 ATPA
VAR2 PSBO-2CSP41B
AT2G37660 FAB5

9056  Catabolic process 2.25E-13 16/20 80.0% 2530/30507 8.2% SCO1CSP41A GAPB PRK FNR1
GGT1 ATPC1 SHM1 FNR2 ATPA
VAR2 PSBO-2CSP41B GLDP2
AT2G37660 FAB5

9058  Biosynthetic process 8.97E-11 18/20 90.0% 5639/30507 18.4% SCO1CSP41A RCA PDX AGT
GAPB PRK FNR1 GGT1 ATPC1
FNR2 SHM1 ATPA VAR2
PSBO-2CSP41B AT2G37660
FAB5

5975  Carbohydrate metabolic process 1.31E-10 13/20 65.0% 1941/30507 6.3% SCO1CSP41A GAPB PRK FNR1
ATPC1 FNR2 ATPA
VAR2CSP41B PSBO-2
AT2G37660 FAB5

9628  Response to abiotic stimulus 4.47E-10 14/20 70.0% 2755/30507 9.0% CSP41A RCA AGT GAPB PRK
FNR1 GGT1 SHM1 FNR2 ATPA
VAR2 PSBO-2CSP41B
AT2G37660

9607  Response to biotic stimulus 7.07E-08 10/20 50.0% 1533/30507 5.0% FNR1 PRK FNR2 SHM1 ATPA
RCA PSBO-2CSP41B GAPB
AT2G37660

6950  Response to stress 6.73E-07 13/20 65.0% 4075/30507 13.3% RCA AGT GAPB PRK FNR1 GGT1
SHM1 FNR2 ATPA VAR2CSP41B
PSBO-2 AT2G37660

16043  Cellular component organization 7.63E-06 11/20 55.0% 3337/30507 10.9% FNR1 PRK SCO1 ATPC1CSP41A
FNR2 VAR2 PSBO-2CSP41B
GAPB AT2G37660

2.  Biological process enriched inside “Cellular component organization”
9658 Chloroplast organization 8.33 E-8 6/20 30.0% 250/28699 0.8% PRK SCO1 VAR2 PSBO-2CSP41B

GAPB
10027  Thylakoid membrane organization 2.80 E-5 4/20 20.0% 198/28699 0.6% SCO1 VAR2 PSBO-2CSP41B

Up-regulated in the phyA phyB cry1 cry2 quadruple mutant

3. Slim GO — biological process
GO Description Adjusted p-value Group frequency Genome frequency Protein name
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6950 Response to stress 3.50 E-04 8/12 66.6% 

9628  Response to abiotic stimulus 3.50 E-04 7/12 58.3% 

Total chlorophyll levels were reduced in the quadruple mutant,
ut the quantum yields were not different (Figs. 2 and 3). This
uggests that at very low light levels, the quadruple mutant con-
erved enough chlorophyll and light harvesting complex proteins
o harvest all of the available photons. The fact that the Chla/b
atios did not change in the quadruple mutant suggests that both
ypes of photosystems were reduced to the same level. phyA and
hyB single mutants have reduced total chlorophyll levels relative
o the WT,  but the Chla/b ratio did not change when the plants
ere grown under white light (Brouwer et al., 2014). Additionally,

n shaded grown plants, total chlorophyll content was  decreased,
ut the Chla/b ratios were unaffected (Murchie and Horton, 1997;
ivcak et al., 2014). Although the abundance of light harvesting
omplex proteins (LHCs) is directly related to Chlb levels and is
ranscriptionally activated by phyA, phyB, cry1 and cry2 (Cerdán
t al., 1997; Mazzella et al., 2001), we did not identify downreg-
lated LHC proteins in the quadruple mutant. This would most

ikely be associated with a failure in the identification by MS  or

old changes between genotypes less than 1.5 not being consid-
red despite potential significant differences. As evidence that LHC
roteins should be down-regulated in the quadruple mutant, we
4075/30507 13.3% MTO3 PCAP1 PATL1COR47 PDI6 ERD14 FDH ANNAT1
2755/30507 9.0% MTO3 PCAP1 PATL1COR47 PDI6 ERD14 ANNAT1

identified some of them as part of the interactome core with a high
level of confidence (Fig. S5B).

At high irradiance, the photosynthesis rate was severely reduced
in the quadruple mutant (Fig. 3A). This result suggests that this
might be the result of the reduction in electron transport and pho-
tosynthetic biochemical processes. Several studies showed Rubisco
limitation in phyA phyB cry1 cry2 quadruple mutants. First, Rubisco
expression levels were reduced by threefold in the quadruple
mutant (Fig 5). Second, the expression of Rubisco activase, the only
enzyme that activates Rubisco, is also reduced in the quadruple
mutant (Table 1). Third, the light saturation point is lower in the
quadruple mutant (Fig. 3A). Fourth, Ci was higher in the quadruple
mutant (Fig. 3C). When Rubisco capacity limits photosynthesis, the
initial slope of the CO2 response curve is reduced. Even if we  could
not arrive to a conclusive result from our data, the net CO2 exchange
of phyB and cry1 cry2 mutants were reduced at low Ci (Boccalandro
et al., 2009, 2012). All of these suggest that Rubisco might be a
limiting factor of photosynthesis in the quadruple mutant.
At elevated Ci levels, the net CO2 exchange was signifi-
cantly reduced in the quadruple mutant, suggesting a limitation
on ribulose-1,5- biphosphate (RuBP) regeneration. The RuBP
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Fig. 5. Rubisco L is under-expressed in the phyA phyB cry1 cry2 quadruple mutant.
Representative Western blot of total protein extracts of WT and phyA phyB cry1
cry2 quadruple mutant seedlings in stage 1.02 probed first with anti- � Tubulin
antibody (middle panel) and then with anti-Rubisco L antibody (top panel). Antibody
intensity signals were quantified using ImageJ software. Rubisco L plus Tubulin were
normalized against Tubulin for each protein sample (bottom panel, WT  n = 3, phyA
p
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the  fine-tuning of chlorophyll biosynthesis. J. Exp. Bot.
Budde, R.J.A., Randall, D.D., 1990. Light as a signal influencing the phosphorylation
hyB cry1 cry2 n = 2, *P < 0.05).

egeneration rate is determined by either the electron transport
apacity to generate NADPH and ATP or the activity of the Calvin
ycle. Our results supported this observation. First, the severe
eduction in Pmax in the quadruple mutant suggests a reduced activ-
ty of the Calvin cycle and electron transport components. Second,

S analysis showed that the quadruple mutant displayed reduced
xpression in several enzymes involved in the Calvin cycle (includ-
ng Rubisco) and proteins of the light reaction centers (Table 1).
hotosynthesis on a per chlorophyll basis was similar to that of the
T (Fig. S3). In the quadruple mutant, there is an overall reduction

n the levels of photosynthetic components, such as total chloro-
hyll, Rubisco, electron transport and enzymes of the Calvin cycle.
hese results suggest that protein and pigment reduction might
ccur simultaneously. Despite the loss of four of the most impor-
ant photoreceptors, it seems that the correct stoichiometry for
he assembly of chloroplast components occurs in the quadruple

utant. Further studies would be necessary to support this idea
nd to study the integration of photoreceptor signaling and the
hloroplast signaling to the nucleus.

phyB and cry1 cry2 mutants displayed reduced stomata open-
ng under specific wavelength lights (Mao  et al., 2005; Wang et al.,
010). However, reduced stomata opening appears to be a con-
equence rather than a cause of reduced photosynthesis in the
uadruple mutant. The higher Ci in the quadruple mutant (Fig. 3C)

uggests that this accumulation might be responsible for the stom-
ta closure. Thus, the reduced photosynthesis in the quadruple
utant is nonstomatic.
ysiology 185 (2015) 13–23

The increased expression level of photosynthetic-related pro-
teins by light is regulated at the transcriptional level by promoting
the degradation of the photomorphogenic negative regulator PIFs
(phytochrome interacting factors) (Shin et al., 2009) and by pro-
moting the transcription of photosynthetic gene HY5 (elongated
hypocotyl 5) (Oyama et al., 1997; Lee et al., 2007). Thus, tran-
scriptional regulation of 17 of the 20 genes corresponding to
the under-expressed proteins in the quadruple mutant, were
induced in 3 d dark-grown Arabidopsis seedlings exposed for 4 h
to red, far-red or blue-light (Peschke and Kretsch, 2011) (Fig. S7).
Our proteomic results complement the transcriptomic data that
link photoreceptor activity to specific photosynthetic and energy
related proteins.

5. Conclusions

In this work, we studied the photosynthetic ability of the phyA
phyB cry1 cry2 quadruple mutant. We  also identified the most abun-
dant proteins differently expressed in the light-grown quadruple
mutant that might account for its phenotype. The less photosyn-
thetic capacity of the quadruple mutant could be explained as a
simultaneous reduction in the levels of key photosynthetic com-
ponents that ultimately limit RuBP regeneration, such as total
chlorophyll, Rubisco, enzymes involved in the Calvin Cycle and the
electron transport system. At low irradiances, these alterations did
not modify either the net CO2 uptake or the quantum efficiencies.
However, at high irradiances, these alterations resulted in a severe
deficiency in CO2 uptake, which negatively impacted phyA phyB
cry1 cry2 quadruple mutant growth and development.
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