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Chloroplast NADPH-thioredoxin reductase (NTRC) belongs to the thioredoxin systems that control crucial metabolic and
regulatory pathways in plants. Here, by characterization of T-DNA insertion lines of NTRC gene, we uncover a novel
connection between chloroplast thiol redox regulation and the control of photoperiodic growth in Arabidopsis (Arabidopsis
thaliana). Transcript and metabolite profiling revealed severe developmental and metabolic defects in ntrc plants grown under
a short 8-h light period. Besides reduced chlorophyll and anthocyanin contents, ntrc plants showed alterations in the levels of
amino acids and auxin. Furthermore, a low carbon assimilation rate of nfrc leaves was associated with enhanced transpiration
and photorespiration. All of these characteristics of ntrc were less severe when plants were grown under a long 16-h
photoperiod. Transcript profiling revealed that the mutant phenotypes of ntrc were accompanied by differential expression of
genes involved in stomatal development, chlorophyll biosynthesis, chloroplast biogenesis, and circadian clock-linked light
perception systems in ntrc plants. We propose that NTRC regulates several key processes, including chlorophyll biosynthesis
and the shikimate pathway, in chloroplasts. In the absence of NTRC, imbalanced metabolic activities presumably modulate the
chloroplast retrograde signals, leading to altered expression of nuclear genes and, ultimately, to the formation of the

pleiotrophic phenotypes in ntrc mutant plants.

Thiol redox regulation is a universal mechanism to
control biochemical processes in living cells. Among
thiol redox regulators, the thioredoxin superfamily
consists of regulatory proteins that mediate dithiol-
disulfide exchange of Cys residues, thereby modulat-
ing the activity of their target proteins. Members of the
thioredoxin superfamily include thioredoxins, gluta-
redoxins, protein disulfide isomerases, as well as a
group of thioredoxin-like proteins with mostly un-
known function (Buchanan and Balmer, 2005; Gelhaye
et al., 2005; Holmgren et al., 2005; Meyer et al., 2005,
2006). Members of the thioredoxin superfamily are
characterized by the presence of a conserved redox-
active site, where two Cys residues are separated from
each other by two amino acids (Lemaire, 2004; Meyer
et al., 2005). Thioredoxins with the redox-active site
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WC(G/P)PC constitute the best-characterized subclass
of the thioredoxin superfamily and are found in all
cellular compartments (Meyer et al., 2005). Numerous
studies have revealed crucial functions for thiore-
doxins in the regulation of developmental and accli-
mation processes in plants (for review, see Buchanan
and Balmer, 2005), and the vital roles for thioredoxin
superfamily members in oxidative stress responses
have also become evident (Hirt et al., 2002; Perez-Ruiz
et al., 2006; Vieira Dos Santos and Rey, 2006).
Oxidized thioredoxins become rereduced via the
action of thioredoxin reductases that, together with the
target thioredoxins, constitute the cellular thioredoxin
systems. Plants differ from other organisms in having
a wide spectrum of possible thiol redox mediators.
Recent analyses of Arabidopsis (Arabidopsis thaliana)
gene sequence databases revealed more than 100
genes encoding members of the thioredoxin super-
family (Buchanan and Balmer, 2005; Houston et al.,
2005; Meyer et al., 2005). A particularly divergent
composition of thioredoxin systems is found in plas-
tids, in which four types of thioredoxins (m, f, x,
and y), several thioredoxin-like proteins, and two dis-
tinct types of thioredoxin reductases have been iden-
tified (Meyer et al., 2005; Perez-Ruiz et al., 2006). The
classical ferredoxin-dependent thioredoxin reductase
(FTR) is an iron-sulfur protein unique to chloroplasts
and cyanobacteria (Dai et al., 2004). The second type,
NADPH-dependent thioredoxin reductase (NTR), be-
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longs to the flavoprotein family of pyridine nucleotide
disulfide oxidoreductases present in all living cells
(Hirt et al.,, 2002). In Arabidopsis, two genes called
NTRA and NTRB encode NTR isoforms that are dually
localized in cytosol and mitochondria (Reichheld et al.,
2007). The Arabidopsis NTRC gene encodes a chloro-
plast-localized NTR that comprises a unique isoform
found in oxygenic photosynthetic organisms and in
Mycobacterium leprae (Hirt et al., 2002; Serrato et al., 2004;
Perez-Ruiz et al., 2006). Besides the conserved NTR
domain, NTRC possesses an additional thioredoxin do-
main at the C terminus of the protein (Serrato et al., 2004).

The light-activated ferredoxin/thioredoxin system
has been linked to the regulation of primary photo-
synthetic processes during diurnal dark/light transi-
tions of plants (Buchanan, 1991). In contrast, the action
of the NADPH-dependent thioredoxin system in plas-
tids has remained less well characterized. Besides
photosynthesis, chloroplasts perform a number of
other metabolic processes, including biosynthesis of
amino acids, fatty acids, hormones, and secondary
compounds. Indeed, proteomic approaches have re-
vealed numerous chloroplastic enzymes that are po-
tential targets for regulation by yet unidentified
thioredoxins (Motohashi et al., 2001; Balmer et al.,
2003, 2006; Marchand et al., 2004).

In chloroplasts, NADPH can be produced via pho-
tosynthetic electron transfer reactions in light and via
NADP dehydrogenase activity in darkness. These
different pathways provide alternative interactions
for NADPH-dependent thioredoxin systems and met-
abolic pathways in chloroplasts. Thus, it is intriguing
that Arabidopsis ntrc knockout mutants showed dis-
tinctly reduced growth, and a shift of plants to con-
tinuous darkness further pronounced the mutant
phenotype (Perez-Ruiz et al., 2006). Furthermore, in
vitro assays showed that NTRC was capable of utiliz-
ing NADPH to mediate the reduction of oxidized
chloroplast 2-Cys peroxiredoxin (Moon et al., 2006;
Perez-Ruiz et al., 2006; Alkhalfioui et al., 2007). Perox-
iredoxins are small hydrogen peroxide-scavenging
enzymes coupled to the thioredoxin or glutaredoxin
system (Rouhier et al., 2001). These findings led to the
conclusion that NTRC is required for protection against
oxidative stress during the dark period (Spinola et al.,
2008).

In this paper, we report that NTRC has a critical role
in the regulation of photoperiod-dependent metabolic
and developmental processes in Arabidopsis. Tran-
script and metabolite profiling of plants grown under
short-day (8 h of light/16 h of dark) and long-day (16 h
of light/8 h of dark) photoperiods revealed that ntrc
plants display severe photoperiod- and age-dependent
developmental disorders. The absence of NTRC in-
duced alterations in chloroplast biogenesis, which in
turn interfered with photoperiodic development in
Arabidopsis. Thus, apart from being a source of energy,
functional chloroplasts also contribute to the regula-
tion of plant development in response to changing en-
vironmental cues.
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RESULTS

Identification of the ntrc Knockout Mutants and
Accumulation of NTRC in Different Plant Organs

Homozygous ntrc plants were identified from the
SALK institute’s T-DNA insertion mutant collection
(SALK_096776 and SALK_114293). To confirm the
absence of the NTRC enzyme in ntrc plants, a poly-
clonal antibody was raised against amino acids 475 to
488 of Arabidopsis NTRC. In total leaf extracts isolated
from wild-type plants, the antibody specifically rec-
ognized NTRC, which was detected as a polypeptide
with an apparent molecular mass of 60 kD on SDS-
PAGE (Fig. 1B). NTRC was also present in the cotyle-
dons and in the stem of the inflorescence but not in the
roots of wild-type plants (Fig. 1B). Clearly, ntrc knock-
out plants showed no accumulation of NTRC (Fig. 1B).

The ntrc Mutants Show
Photoperiod-Dependent Phenotypes

Growth of plants under various light rhythms with
daily 8-h, 16-h, or 24-h illumination periods revealed
distinct photoperiod-dependent alterations in the
growth rate, pigmentation, and flowering time of
ntrc plants as compared with wild-type plants (Fig.
2; Table I; Supplemental Fig. S1; Supplemental Table
S1). The most profound mutant phenotype was ob-
served when ntrc plants were grown under a short 8-h
photoperiod. Cotyledons of ntrc plants, however, were
visually indistinguishable from those of the wild-type
plants, and the clear mutant phenotype became evi-
dent upon the emergence of the first true leaves.
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Figure 1. Identification of ntrc knockout mutants. A, T-DNA insertion
site of the NTRC (At2g41680, SALK_096776) gene. The insertion site is
indicated with a triangle, and black and gray bars represent exons and
introns, respectively. B, Detection of NTRC in plant organs. Total plant
extracts were separated with SDS-PAGE, and NTRC was immunode-
tected with an Arabidopsis anti-NTRC antibody. The left panel dem-
onstrates the linear range of the antibody when 5 to15 ug of protein of
the leaf extract was loaded in the wells. The right panel demonstrates
the presence of NTRC in the cotyledons and in the stem of inflores-
cence but not in the roots of Col-0.
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Figure 2. Phenotypes of ntrc plants grown under various photoperiods. A, Five-day-old Col-0 and ntrc seedlings grown in short-
day conditions. B, Ten-day-old Col-0 and ntrc seedlings grown in short-day or long-day conditions. C, Four-week-old Col-0 and
ntrc grown in short-day conditions. D, Rosette and leaf phenotypes of 10-week-old Col-0 and ntrc in short-day conditions. The
leaves were excised from the same rosette to demonstrate the gradual greening of ntrc leaves during aging. The oldest leaves are
shown on the left side. E, Three-week-old Col-0 and ntrc grown in long-day conditions. F, Twelve-day-old Col-0 and ntrc grown
in continuous light. G, Col-0 and ntrc grown in short-day conditions at 10°C. Below the photographs (C—F), confocal microscopy
images of chlorophyll autofluorescence from mesophyll cells are shown. The small cell size of short-day-grown ntrc (C) is

indicated with circles. Bars = 100 um.

During the first month of growth, ntrc plants formed
small rosettes with pale green leaves (Fig. 2). In
4-week-old ntrc rosette leaves, the total concentration
of chlorophyll per leaf area was 50% lower than in the
wild-type plants (Table I). Upon aging, however, the
pale green ntrc leaves started to green (Fig. 2; Table I)
and the ntrc rosette gained the size typically observed
for mature wild-type plants (Fig. 2). Intriguingly, the
greening of ntrc leaves occurred gradually via a tran-
sient phase of the reticulate phenotype, with dark
green cells surrounding the vascular tissue (Fig. 2).

Plant Physiol. Vol. 149, 2009

Furthermore, the life cycle of ntrc plants was signifi-
cantly extended with delayed flowering time (Table II).
Under a long 16-h photoperiod or under continuous
light, the ntrc mutant phenotype was less distinct and
the biomass production by the ntrc line was partially
restored (Fig. 2; Table I). Both the ntrc and wild-type
plants responded to long photoperiods by increasing
the total chlorophyll concentration per leaf area and
the chlorophyll a/b ratio (Table I). Moreover, the
transition to flowering took place approximately at
the same time in ntrc and wild-type plants (Table II).
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Table 1. Specific leaf weight and pigment content in ntrc and Col-0 grown under different photoperiods

CL, Continuous light; na, not analyzed; nd, not detected; SD and LD, short-day and long-day conditions, respectively; SD old, short-day-grown 10-
week-old plants. Data are means = st of three to eight independent measurements. *** P < 0.005, ** P < 0.05 by Student’s t test. For age of the

plants, see Figure 2.

Sample and Conditions specific Leaf

Total

Chlorophyll a’b Anthocyanins

Weight Chlorophyll
g (dry weight) m™? ugcm? [(As3p — Agsr) X 10°] cm™?

Col-0 SD 141 £ 0.4 10.8 = 0.1 3.37 £ 0.02 nd

ntrc SD 11.0 £ 0.4%** 4.8 = 0.1%** 3.07 £ 0.04*** nd

Col-0 SD old na 40.0 = 1.0 3.38 = 0.03 713 = 14.4
ntrc SD old, pale leaves na 7.0 & 1.2%%x 3.20 = 0.29 na

ntrc SD old, green leaves na 14.4 = 0.5%** 3.35 £0.08 8.0 = 1.15%**
ntrc SD old, dark green leaves na 19.0 = 0.2%** 3.28 = 0.02 na

Col-0 LD 16.1 £ 0.7 183 = 1.4 3.83 = 0.05 197 = 37.0
ntrc LD 15.6 = 0.1 10.4 £ 0.3** 3.57 = 0.07** 13.0 = 1.30%**
Col-0 CL 18.1 £ 0.3 235+ 1.2 3.90 = 0.04 na

ntrc CL 15.2 £ 0.3%** 17.5 £ 0.6%** 3.80 * 0.02** na

Imaging of chlorophyll autofluorescence by confocal
microscopy revealed that the retarded growth and
diminished chlorophyll content of ntrc plants were
accompanied by structural changes in the mesophyll
tissue. In plants grown under the short photoperiod,
the mesophyll cells of the diminutive ntrc leaves were
significantly smaller and contained fewer chloroplasts
than wild-type leaves (Fig. 2). Notably, the greening of
ntrc leaves during aging was accompanied by the
accumulation of chloroplasts in the mesophyll cells,
while the small cell size was still retained despite the
expansion of the leaves (Fig. 2). In plants grown under
the long photoperiod or under continuous light, both
the mesophyll cell size and the number of chloroplasts
per cell were partially restored (Fig. 2).

The accumulation of anthocyanins was dramatically
reduced in ntrc leaves under both short-day and long-
day conditions (Table I; Supplemental Table S1). When
the plants were grown in the short photoperiod under
low temperature of 10°C, the difference in pigmenta-
tion was even visually observable (Fig. 2). Wild-type
plants responded to low temperature by enhancing the
accumulation of anthocyanins, whereas in ntrc leaves,
only modest anthocyanin accumulation became evi-
dent (Fig. 2). Morphologically, the cold-acclimated
3-month-old ntrc plants were quite similar to wild-
type plants (Fig. 2).

Molecular and Functional Characterization of
Photosynthesis in ntrc Plants

To gain insights into possible photoperiod-depen-
dent adjustments in photosynthetic light reactions,
thylakoid membrane protein complexes of ntrc and
wild-type plants were studied by blue-native gel elec-
trophoresis (Fig. 3). When equal amounts of chloro-
phyll were loaded in the wells, the pattern of thylakoid
protein complexes in ntrc was comparable to that of
the wild-type plants under both short-day and long-
day conditions (Fig. 3A). In fact, the amount of trimeric
PSII light-harvesting antenna (LHCII) complexes was
even slightly higher in ntrc than in wild-type plants
(Fig. 3A). Consistently, the ntrc plants showed a
slightly increased level of the LHCII protein Lhcb2
(Fig. 3B) and a lower chlorophyll a/b ratio than the
wild-type plants (Table I). No significant adjustments
were observed in the levels of PsaD and D1 proteins,
representatives of PSI and PSII core complexes, re-
spectively.

In contrast to the basic structures of the light reac-
tions that were not affected, ntrc plants showed a
decrease in the rate of net CO, assimilation under low
and ambient CO, concentrations. CO, assimilation
varied in individual ntrc rosettes (Supplemental Fig.
S2). However, the CO, compensation point was dis-

Table Il. Number of stomata and flowering time of ntrc and Col-0 grown under different photoperiods

CL, Continuous light; LD, long day; na, not analyzed; SD, short day. Data are means = sg; n =5 in all

experiments. *** P < 0.005 by Student’s t test.

Sample and Stomata Stomatal Flowering No. of Leaves
Conditions Index Time upon Budding
mm™? d
Col-0 SD 50 = 4 193 =14 64 * 2 50 =5
ntrc SD 82 + g¥** 22.1 = 0.9 80 £ 2 *x* 42 £2
Col-0 LD 120 = 13 27.5+ 0.9 19 =1 11 =1
ntrc LD 148 = 13 27.8 £ 1.0 20 = 1 10 =1
Col-0 CL na na 15 =1 9+1
ntrc CL na na 17 =1 10 =1
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Figure 3. Photosynthetic thylakoid protein complexes in ntrc and Col-0
plants grown under short-day (SD) or long-day (LD) conditions. A,
Chlorophyll-binding protein complexes in the thylakoid membranes of
ntrc and Col-0 plants. Thylakoid membranes corresponding to 5 ug of
chlorophyll were separated by blue-native PAGE, and the pigment
protein complexes were identified according to Aro et al. (2005). B,
Levels of representative PSI and PSII proteins in ntrc and Col-0 leaves
grown under short-day or long-day conditions. Thylakoid membranes
corresponding to 1 ug of chlorophyll were separated on SDS gels,
blotted on a polyvinylidene difluoride membrane, and immunode-
tected with protein-specific antibodies. LHCII, Light-harvesting com-
plexes of PSIl; Lhcal and Lhcb2, representatives of light-harvesting
complexes of PSI and PSII, respectively; PsaD and D1, representatives
of PSI and PSII core proteins, respectively.

tinctly higher in all analyzed short-day ntrc plants than
in the wild-type plants. The ntrc plants also suffered
from enhanced photoinhibition of PSII, measured as a
decrease in F,/F,, (see “Materials and Methods”),
when grown under the short photoperiod (Table III).
Under the long photoperiod, the differences in the net
CO, assimilation, in the CO, compensation point, and
in PSII photoinhibition between ntrc and wild-type
plants were less distinct (Table III; Supplemental Fig.
52B). Modeling of the response of net CO, assimilation
to increasing atmospheric CO, concentrations re-
vealed only slight differences in photosynthetic param-
eters between ntrc and wild-type plants, regardless
of the length of the photoperiod (Table III). Indeed,

NTRC Influences Photoperiodic Development

the calculations indicated that maximal electron trans-
port rate (J,.) and maximal carboxylation rate of
Rubisco (V,,,) were not significantly impaired in ntrc
leaves.

Next, we studied whether the absence of NTRC had
influenced the activities of two thioredoxin-regulated
enzymes of chloroplasts, the chloroplast fructose-1,6-
bisphosphatase (FBPase) and the malate dehydroge-
nase (MDH; Buchanan and Balmer, 2005). Chloroplast
FBPase is a Calvin cycle enzyme, while MDH controls
the export of reducing equivalents through the chlo-
roplast envelope via the malate shuttle. The ntrc and
wild-type plants showed no differences in the esti-
mated activation state of FBPase (data not shown), and
also the activation state of MDH was only slightly
lower in ntrc as compared with wild-type plants (Table
III). Thus, both the unchanged FBPase activity and the
unaltered values of | ., and V. (Table III) indicated
that the low net CO, assimilation rate of ntrc leaves
under the short photoperiod was not due to an imbal-
ance in Calvin cycle reactions. Instead, the low net
assimilation of CO, in short-day ntrc could be ex-
plained by the low number of chloroplasts in leaves
(Fig. 2) and, importantly, by enhanced respiration (R),
which was distinctly higher in ntrc than in wild-type
plants (Table III).

Finally, we explored whether the retarded growth of
ntrc plants under short-day conditions was associated
with imbalances in diurnal starch metabolism. The
accumulation or degradation of starch in ntrc leaves
did not differ to a large extent from the cycling of
starch in wild-type leaves (Supplemental Fig. S3).
Indeed, iodine staining of intact leaves indicated
only slightly lower accumulation of starch in ntrc
plants grown under the short photoperiod, probably
due to the lower number of chloroplasts in mesophyll
cells (Fig. 2; Supplemental Fig. S3). Moreover, both the
ntrc and wild-type plants were capable of degrading
starch during the following dark period.

Gas exchange and transpiration through stomata are
also crucial determinants of photosynthetic perfor-
mance. Notably, wild-type plants showed distinct
photoperiod-dependent adjustments in stomatal den-

max:

Table Ill. Photosynthetic parameters of ntrc and Col-0 grown under different photoperiods

Maximal carboxylation rate of Rubisco (V,,.,),

maximal electron transport rate (J,

max), and the rate of

mitochondrial respiration in light (R,) were obtained by modeling the CO, assimilation responses
presented in Supplemental Figure S2 according to Farquhar et al. (1980). F/F,, represents the photo-
chemical efficiency of PSII. Activation state of MDH was calculated as a proportion of initial activity to
maximal activity. LD, Long day; SD, short day. Data are means * sg; n = 3 to 4 in all experiments. *** P <

0.005, ** P < 0.05 by Student’s t test.

Sample and Activation State
Conilitions F/Fo Vemax Jma Ra of MDH
umol CO, m?s"  umolm?s' umolm?s' %
Col-0 SD  0.80 = 0.004 21.1 £ 1.8 44140 2.0=*04 51 = 4
ntrc SD 0.66 * 0.016*** 27.0 £ 3.2 44,5 £ 5.1 4.1 = 0.6** 41+ 6
Col-0 LD  0.82 = 0.002 19.6 = 0.8 440+ 04 09=*02 31 =7
ntrc LD 0.80 * 0.008** 225+ 1.4 379 £ 1.9 1.8 £ 0.2%* 24 =7
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sity, with a clear increase in stomatal index upon
growth under the long photoperiod (Table II). More-
over, the stomatal density was higher in ntrc than in
wild-type plants, especially in short-day conditions
(Table II). Accordingly, ntrc plants lost significantly
more water from excised rosettes than the wild-type
plants during the light period (Fig. 4). At the end of the
diurnal dark period, before the onset of illumination,
water loss from excised rosettes of both ntrc and wild-
type plants was significantly reduced, indicating that
both wild-type and ntrc plants were capable of closing
the stomata during the dark period (data not shown).

Transcript Profiling of ntrc Plants under Different
Physiological and Developmental Stages

To identify the metabolic processes that contribute
to the age- and photoperiod-dependent ntrc pheno-
type, we carried out comparative transcript profiling
of ntrc and wild-type plants. Ten-day-old seedlings
and expanded rosettes of plants grown under short-
day or long-day conditions were used for microarray
analysis. A total of 621 genes with higher (>1.8-fold
and P < 0.05) or lower (<0.55-fold and P < 0.05)
transcript levels in ntrc mutants relative to wild-type
plants were chosen for further analysis. This revealed
ntre-specific, age-specific, and photoperiod-dependent
alterations in gene expression of ntrc plants (Fig. 5;
Table IV; Supplemental Fig. S4; Supplemental Table
S2). Under long-day conditions, the transcriptomic
adjustments of ntrc plants were much more pro-
nounced than under short-day conditions. However,
in short-day ntrc rosette leaves, 68% of the differen-
tially expressed genes were up-regulated, whereas
in long-day ntrc rosette leaves, the proportion of
up-regulated genes was only 4%. Furthermore, the

100 &

—3— Col-0 SD
—O— ntrc SD
—&— Col-0LD
—e— ntrc LD

Leaf weight, % of control

T T T T T T T
60 120 180 240

o 4

Time, minutes

Figure 4. Water loss from Col-0 and ntrc rosettes grown under short-
day (SD) or long-day (LD) conditions. The loss of water was followed in
light by weighing excised rosettes at regular intervals and is expressed
as a percentage of the value at time point 0. Data are means = st of
three independent experiments.
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transcript profile of short-day ntrc rosette leaves com-
prised a unique combination of induced genes, which
differed from the transcript profiles of both the young
short-day seedlings and all of the long-day-grown ntrc
plants (Fig. 5; Supplemental Fig. S4).

Gene Expression Changes Associated with the
Morphogenic Phenotypes of ntrc Plants

Two genes belonging to families that regulate pho-
toperiodic growth in plants, CRYPTOCHROME?2
(CRY2) and the FAR-RED-IMPAIRED RESPONSE
REGULATOR (FRS3), were down-regulated in ntrc
plants (Table IV). CRY2 is a blue-light receptor that
mediates the inhibition of hypocotyl growth and the
timing of flowering in Arabidopsis (for review, see Li
and Yang, 2007). FRS3 belongs to the FHY3/FAR1 (far-
red elongated/far-red impaired response) protein
family that mediates phytochrome A-controlled far-
red light responses (Lin and Wang, 2004). Loss-of-
function mutants for members of this family displayed
defects in the inhibition of hypocotyl elongation,
accumulation of anthocyanins, and photoperiod-
dependent timing of flowering (Hsieh et al., 2000;
Lin and Wang, 2004), the symptoms observed also in
ntrc plants. Thus, to reveal potential dysfunction of
photoreceptors in ntrc plants, we carried out classical
deetiolation experiments. Wild-type and ntrc seedlings
were germinated in darkness and under white, blue,
red, and far-red light. Under high fluence rates of blue
or red light, ntrc hypocotyls were significantly shorter
than in wild-type plants, whereas no differences were
detected in seedlings germinated in white light or in
darkness (Fig. 6). However, the hypocotyls of ntrc
seedlings germinated under low fluence rates of blue
light and under far-red light were significantly longer
than in wild-type plants (Fig. 6). As CRY2 and PHYA
act as photoreceptors for low fluence rates of blue
light and far-red light in deetiolation, respectively
(Fankhauser and Casal, 2004), these results verify the
mircoarray data on defects in light signaling in ntrc
plants.

The ntrc plants also showed lowered accumulation
of transcripts for genes assigned to the development of
structural components in leaves (Table IV). Expression
of DYNAMIN-RELATED MEMBRANE REMODELING-
LIKE (FZL), STOMATAL DENSITY AND DISTRI-
BUTION1-1 (SDD1-1), and EPIDERMAL PATTERING
FACTOR1 (EPF1) was repressed in ntrc plants under all
conditions tested. Of these genes, FZL encodes a protein
that controls the organization of grana and stroma
thylakoids in chloroplasts (Gao et al., 2006). SDD1-1
and EPF1 encode putative plasma membrane proteins
that control the early signaling steps in stomatal devel-
opment (Casson and Gray, 2008). Accordingly, sdd1-1
mutants showed increased stomatal density, which was
also the case in ntrc plants (Table II; Von Groll et al., 2002).

Notably, despite the stunted phenotype of ntrc
plants, the mutant phenotype was not accompanied
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by any significant induction of marker genes related to
hydrogen peroxide-dependent (Vanderauwera et al.,
2005) or singlet oxygen-dependent (Gadjev et al., 2006)
stress responses. Neither did the expression of genes
for thioredoxin superfamily members (thioredoxins,
thioredoxin-like proteins, glutaredoxins, and protein
disulfide isomerases) show any significant changes in
ntrc plants (Supplemental Table S2).
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AT5G48570 peptidyl-prolyl cis-trans isomerase, putative

AT5G35970 DNA-binding proteine, putative

AT3G09440 protein kinase family protein

AT5G46710 zinc-binding family protein

AT5G64170 dentin sialophosphoprotein-related

AT1G29720 protein kinase family protein

AT4G27300 S-locus protein kinase, putative

NTRC Influences Photoperiodic Development

Figure 5. Differentially expressed genes in ntrc
relative to Col-0 in 10-d-old seedlings and rosette
leaves grown under short-day (SD) or long-day
(LD) conditions. Genes up-regulated more than
1.8-fold or down-regulated more than 0.55-fold
with P < 0.05 in at least one of the conditions
were clustered using an average linkage clus-
tering algorithm with standard correlation as a
similarity measure. The 50 up-regulated genes
indicated constitute a unique transcript profile of
ntrc rosette leaves in short-day conditions.

AT1G30690 SEC14 cytosolic factor family protein
AT3G54500 similar to dentin sialophosphoprotein-related

AT4G09750 short-chain dehydrogenase/reductase (SDR) family protein

Short-Day ntrc Rosette Leaves Constitute a Unique
Transcript Profile

Short-day ntrc rosette leaves with the most severe
mutant phenotype also showed a distinct transcript
profile, reflecting the unique metabolic state of the ntrc
leaves under these conditions (Fig. 2; Supplemental
Fig. S4). Related to the pale green leaves and the low
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Table IV. Mutant phenotype-associated genes differentially expressed in ntrc relative to Col-0

Fold change values for genes of particular interest are shown in boldface. Values are means of three independent biological replicates. For st
values, P values, and a complete list of differentially expressed genes, see Supplemental Table S2. AGI, Arabidopsis Genome Initiative; GO, gene

ontology; LD, long day; SD, short day.

GO Cellular

SD,

LD,

Gene Component AGI Code seedlings SD, Leaves Seedlings LD, Leaves
fold change
Response to light
CRY2; Cryptochrome 2 AT1G04400 0.36 0.46 0.39 0.47
FRS3; Far1-related sequence 3 AT2G27110 0.40 0.44 0.36 0.42
Chloroplast biogenesis + chlorophyll biosynthesis +
photosynthesis
FZL; Thylakoid membrane organization-like Chloroplast AT1G03160 0.30 0.38 0.33 0.46
CLB6; Chloroplast biogenesis 6 Chloroplast AT4G34350 1.11 1.92 1.41 1.55
GUNS5; Genomes uncoupled 5 Chloroplast AT5G13630 1.15 3.32 1.24 1.72
HEMAT; Glutamyl-tRNA reductase Chloroplast AT1G58290 0.99 2.07 1.41 1.43
LHCB1BT; PSII light-harvesting complex gene 1.4 Chloroplast AT2G34430 0.44 0.47 0.46 0.35
LHCB1B2; PSII light-harvesting complex gene 1.5 Chloroplast AT2G34420 0.44 0.47 0.51 0.35
LHCB2.2; PSII light-harvesting complex gene 2.2 Chloroplast AT2G05070 0.73 0.61 0.60 0.52
LHCB3; Light-harvesting chlorophyll binding 3 Chloroplast AT5G54270 0.78 0.53 1.06 0.62
Rubisco small subunit TA Chloroplast AT1G67090 0.68 0.50 0.48 0.40
Photorespiration
CAT2; Catalase 2 Peroxisome AT4G35090 1.09 1.90 1.09 1.35
GGT1; Ala-2-oxoglutarate aminotransferase 1 Peroxisome AT1G23310 0.98 2.20 1.18 1.57
HPR; Hydroxypyruvate reductase Peroxisome AT1G68010 1.05 2.04 1.17 1.24
SHM1; Ser hydroxymethyltransferase 1 Mitochondrion AT4G37930 0.99 2.57 1.22 1.58
CDCP1; Gly decarboxylase P-protein 1 Mitochondrion AT4G33010 1.00 2.21 1.08 1.31
FAGOGAT; Fd-dependent Glu synthase 1 Chloroplast AT5G04140 1.21 2.81 1.16 1.63
Proteases
ATPREP1/ATZNMP; Zinc metalloprotease pitrilysin ~ Chloroplast/ AT3G19170 1.22 2.36 1.46 1.31
subfamily A mitochondrion
CLPC1; Clp protease, heat shock protein 93-V Chloroplast AT5G50920 1.00 2.31 0.95 1.38
TPP2; Tripeptidyl peptidase Il Chloroplast AT4G20850 1.32 2.17 1.52 1.70
Metalloendopeptidase Chloroplast AT5G42390 1.27 1.82 1.26 1.27
Stomatal development
SDD1; Stomatal density and distribution Secretion AT1G04110 0.47 0.62 0.40 0.53
EPF1; Epidermal patterning factor 1 Secretion AT2G20875 0.50 0.49 0.37 0.47
Heat shock proteins + stress responses
HSP70; Heat shock protein 70 AT3G12580 1.01 3.24 1.37 1.26
HSP81-3; Heat shock protein 81-3 Secretion AT5G56010 1.01 2.85 1.08 1.37
HSP70-3, Heat shock cognate 70-kD protein 3 AT3G09440 0.90 2.83 1.21 1.30
HSP81-1; Heat shock protein 81-1 AT5G52640 1.41 2.20 1.44 1.39
HSP17.6-Cll; 17.6-kD class 1l heat shock protein AT5G12020 1.14 2.09 1.30 1.20
AT-HSP17.6A; Heat shock protein 17.6A AT5G12030 0.91 1.86 1.12 1.14
BIP; Luminal binding protein Secretion AT5G42020 1.01 2.02 1.16 1.52
GPX7; Glutathione peroxidase Chloroplast AT4G31870 1.39 1.92 1.76 1.85
RCD1; Radical-induced cell death 1 AT1G32230 1.23 2.11 1.31 1.38

net CO, assimilation of short-day-grown ntrc leaves,
two distinct metabolic processes came up from the
transcript profiling: chlorophyll biosynthesis and pho-
torespiration (Table IV). Two genes encoding enzymes
of the chlorophyll biosynthesis pathway, glutamyl-
tRNA reductase (HEMAI) and the H subunit of the
Mg-chelatase (GUNJ5), were among the most up-
regulated genes in short-day-grown ntrc leaves (Table
IV). Slightly increased accumulation of the transcript
for GUNS5 was also observed in long-day-grown ntrc
rosette leaves. The increased accumulation of GUNS
transcripts in ntrc leaves was verified by northern
blotting (Supplemental Fig. S5). Furthermore, tran-
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scripts for CHLOROPLAST BIOGENESIS6 (CLB6) ac-
cumulated in short-day-grown ntrc rosette leaves.
CLB6 is an enzyme of plastid isoprene biosynthesis,
which provides phytol chains for chlorophyll mole-
cules.

Consistent with the high CO, compensation point of
ntrc leaves (Supplemental Fig. S2), transcript levels of
six photorespiratory genes were induced in short-day-
grown ntrc rosette leaves: peroxisomal CATALASE?2,
ALANINE-2-OXOGLUTARATE AMINOTRANSFERASE,
and NAD*-HYDROXYPYRUVATE REDUCTASE, mi-
tochondrial GLYCINE DECARBOXYLASE P SUBUNIT
and SERINE HYDROXYMETHYL TRANSFERASE,
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Figure 6. Hypocotyl length of 7-d-old ntrc and Col-0 grown under
different light qualities in short-day conditions. n = 20 in all experi-
ments. *** P < 0.005 by Student’s t test.

and plastidial FERREDOXIN-DEPENDENT GLUTA-
MATE SYNTHASE (Table 1V). Thus, enhanced photo-
respiration may account for draining of excess light
energy in the slowly growing ntrc leaves, thereby
hindering more severe damage to photosynthetic
structures (Kozaki and Takeba, 1996).

It is worth noting that CATALASE?2 and GLUTATHI-
ONE PEROXIDASE7 were the only hydrogen perox-
ide metabolism-linked genes that were differentially
expressed in short-day-grown ntrc plants (Table IV).
However, eight genes related to various stress re-
sponses were markedly induced in short-day ntrc
leaves. Four of them belong to heat shock proteins
(HSP70, HSP81-1, HSP17.6-ClI, and HSP17.6A) that
were also induced by high-light treatment of catalase-
deficient plants (Vanderauwera et al.,, 2005). Up-
regulation of RADICAL-INDUCED CELL DEATH]I,
which is associated with hormonal signaling and
stress responses (Ahlfors et al., 2004), and three ATP-
dependent chaperones (HSP70-3, HSP81-3, and BIP)
also referred to specific stress responses in short-day
ntrc leaves (Table IV). Finally, transcript levels for four
chloroplast-located proteases, including a Clp prote-
ase (CLPCI), were increased in short-day ntrc rosette
leaves, indicating stress responses and/or modified
activity of proteolysis in ntrc chloroplasts.

Auxin and Abscisic Acid Contents in ntrc Plants

Chloroplast-derived metabolites serve as precursors
for biosynthesis of the growth hormone auxin (indole-
3-acetic acid [IAA]) and the growth inhibitor abscisic
acid (ABA). The auxin content is highest in the first
true leaves of Arabidopsis seedlings after 8 to 10 d of
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germination (Ljung et al., 2001). Therefore, we mea-
sured the amounts of auxin and ABA in 5- and 10-d-
old ntrc seedlings, which began to display the visible
mutant phenotype. Consistent with the earlier mea-
surements (Ljung et al., 2001), auxin content in young
seedlings of wild-type Arabidopsis was independent
of photoperiod (Fig. 7). Notably, ntrc plants grown
under the short photoperiod contained significantly
less auxin than wild-type plants, whereas under the
long photoperiod, differences in auxin levels were less
distinct (Fig. 7). Thus, the small size of ntrc leaves may
be related to the restriction of auxin-dependent cell
elongation under short-day conditions. No differences
were observed in the levels of ABA between the wild-
type and ntrc plants (data not shown).

Photoperiod-Dependent Accumulation of Amino Acids
in Young ntrc and Wild-Type Plants

The clear deficiency in the accumulation of auxin
and anthocyanins in short-day ntrc plants (Table I; Fig.
7) prompted us to address possible photoperiod-
dependent alterations in the accumulation of amino
acids in the wild-type and ntrc plants. Aromatic amino
acids, which serve as precursors for the biosynthesis of
auxin and flavonoids, are synthesized in chloroplasts
via the shikimic acid pathway (Herrmann, 1995;
Woodward and Bartel, 2005). The length of the daily
photoperiod distinctly modulated the amino acid
composition of the wild-type Arabidopsis plants
(Fig. 8; Supplemental Table S3). The levels of Gly,
Ala, and Thr were significantly lower in plants grown
in the long-day photoperiod, and this trend was sim-
ilar in wild-type and ntrc plants. Interestingly, how-
ever, ntrc plants accumulated more aromatic amino
acids (Trp, Phe, and Tyr) than the wild-type plants,
and the differences were more pronounced in plants
grown under the short-day photoperiod. Furthermore,
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Figure 7. IAA content in Col-0 and ntrc seedlings. IAA content was
determined from 5- and 10-d-old seedlings grown in short-day (SD) or
long-day (LD) conditions. Data are means = st of three independent
experiments. ** P < 0.05 by Student’s t test. FW, Fresh weight.
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Figure 8. Free amino acid concentrations (nmol g71 fresh weight) of Col-0 and ntrc seedlings grown under short-day (SD) and

long-day (LD) conditions.

short-day-grown ntrc plants had higher amounts of
Arg, Asn, and His than wild-type plants, whereas
growth under the long photoperiod diminished the
differences. Finally, ntrc plants accumulated less Leu
and Ile than wild-type plants under short-day condi-
tions. The opposite was observed under long-day
conditions, where the levels of Leu and Ile were higher
in ntrc as compared with wild-type plants.

Seedling Development on a Medium Supplemented with
External Auxin and Amino Acids

As demonstrated above, the absence of NTRC
resulted in photoperiod-dependent imbalances in
both amino acid and auxin metabolism in the devel-
oping ntrc seedlings. Thus, we tested whether the
small size and the pale green phenotype of ntrc ob-
served under short-day conditions could be rescued
by the addition of external auxin or amino acids on the
growth medium.

When grown on Murashige and Skoog agar plates,
the ntrc phenotype was somewhat less distinct than
in ntrc grown on soil (Supplemental Fig. S6). Addition
of external auxin did not significantly enhance the
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growth of ntrc seedlings (Supplemental Fig. S6A). An
enlargement of mesophyll cell size and an increase in
the number of chloroplasts per cell, however, were ob-
served when the growth medium was supplemented
with aromatic amino acids (Supplemental Fig. S6B).
The most distinct recovery of cell size and a particu-
larly enhanced accumulation of chloroplasts were ob-
served when ntrc seedlings were supplemented
with Ile (Supplemental Fig. S6B). Notably, the level
of this chloroplast-derived amino acid was reduced in
ntrc seedlings (Fig. 8). A similar but slightly less
pronounced effect was observed upon the addition
of Phe (Supplemental Fig. S6B). The enlargement of
ntrc cell size was also obtained by the addition of Trp
in the growth medium (Supplemental Fig. S6B), but its
impact on the recovery of cell size was not systematic
on every plate. Moreover, it is worth emphasizing that
none of the externally added amino acids fully re-
stored the greening process of ntrc leaves. The addition
of Ala had no effect on the growth and development of
ntrc plants (Supplemental Fig. S6B). The external sup-
ply of auxin or amino acids did not significantly
modulate the growth and development of wild-type
seedlings.
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DISCUSSION

Plants possess two main types of thioredoxin re-
ductases, the universal NTRs and the plastidial FTR,
which is unique for photosynthetic organisms (Hirt
et al, 2002; Dai et al., 2004). The family of NTRs
includes NTRA and NTRB, dually localized in cytosol
and mitochondpria, and chloroplastic NTRC (Hirt et al.,
2002). Functional analysis of the Arabidopsis single
mutants ntra and ntrb revealed no phenotypic defi-
ciencies under standard growth conditions (Reichheld
et al., 2007). Surprisingly, the ntra ntrb double knock-
out mutant also was viable, even though the absence of
the two important regulatory enzymes, NTRA and
NTRB, led to a notable reduction in growth rate
(Reichheld et al., 2007). In this paper, we demonstrate
that single mutants deficient in NTRC display severe
photoperiod- and age-dependent developmental dis-
orders, indicating that the two types of plastidial
thioredoxin reductases, FTR and NTRC, are function-
ally nonredundant. Moreover, the pleiotropic pheno-
type of ntrc plants suggests that NTRC contributes to
multiple important metabolic processes in chloro-
plasts, such as the biosynthesis of chlorophyll and
amino acids. NTRC is present solely in green tissues
(Fig. 1; Perez-Ruiz et al., 2006), emphasizing its impact
on light-dependent functions of plastids. Loss of
NTRC, however, does not interfere with the primary
photosynthetic reactions (Fig. 3; Table III), implying
that the FTR-dependent ferredoxin/thioredoxin sys-
tem acts as the primary regulator of photosynthetic
electron transfer reactions and the Calvin cycle in
chloroplasts (Buchanan and Balmer, 2005).

NTRC Is Required for Chlorophyll Biosynthesis and for
the Proper Biogenesis of Chloroplasts

The ntrc lines showed substantial reduction of chlo-
rophyll content and of the number of chloroplasts per
cell, particularly under short-day conditions. In line
with the pale green phenotype, microarray analysis
revealed a specific up-regulation of genes related to
chlorophyll biosynthesis in ntrc leaves: the genes en-
coding glutamyl-tRNA reductase (HEMAI), the H
subunit of Mg-chelatase (GUNJ), an enzyme of plastid
isoprene biosynthesis (CBG6), and chloroplast clip
protease (CLPC1; Table IV). Glutamyl-tRNA reductase
and Mg-chelatase catalyze the important regulatory
steps of tetrapyrrole biosynthesis (Tanaka and Tanaka,
2007), whereas CBG6 and ClpCl act farther down-
stream in chlorophyll biosynthesis. ClpC1 regulates
the biosynthesis of chlorophyll b through the destabi-
lization of chlorophyll a oxidase (CAO), the enzyme
that catalyzes the synthesis of chlorophyll b from
chlorophyll a (Nakagawara et al.,, 2007). Finally, a
mutation in the CBG6 gene resulted in an albino
phenotype (de la Luz Gutierrez-Nava et al., 2004),
emphasizing the key function of the enzyme in chlo-
roplast biogenesis.

The activity of Mg-chelatase is regulated via thio-
redoxin-mediated disulfide/dithiol exchange in the
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CHL-I subunit (Ikegami et al., 2007); therefore, the
enzyme may represent a potential target for thiol-
redox regulation by NTRC. Furthermore, in vitro
experiments showed that in the presence of chloro-
plast 2-Cys peroxiredoxin, NTRC can stimulate the
activity of Mg-protoporphyrin IX-monomethyl ester
cyclase (MgCy), the enzyme catalyzing the reaction of
chlorophyll biosynthesis downstream from Mg-chela-
tase (Stenbaek et al., 2008). Feeding of 5-aminolevulinic
acid in darkness also resulted in increased accumula-
tion of protoporphyrin IX (PPIX), Mg-PPIX, and Mg-
PPIX-monomethylester in ntrc plants compared with
wild-type plants (Stenbaek et al., 2008), demonstrating
that the lack of NTRC imbalances the chlorophyll
biosynthesis reactions. In the absence of NTRC, de-
creased enzyme activities in the chlorophyll branch of
tetrapyrrole biosynthesis may induce imbalanced ac-
cumulation of chlorophyll precursors and finally re-
duced production of chlorophyll in developing ntrc
chloroplasts. Recent expression analyses of the chlo-
rophyll biosynthesis genes showed that HEMAI,
GUNS5, MgCy, and CAO constitute the most important
regulatory gene cluster in tetrapyrrole biosynthesis
(Matsumoto et al., 2004). It is conceivable, therefore,
that the expanding ntrc leaves attempt to compensate
for the low enzyme activities by up-regulating the
regulatory genes in the chlorophyll biosynthesis (Ta-
ble 1V).

Reduced activity of chlorophyll biosynthesis en-
zymes may promote signals that contribute to the
attenuation of chloroplast biogenesis in ntrc leaves
(Nott et al., 2006). Accordingly, reduced accumulation
of LHCB and RBCS transcripts in ntrc plants (Table IV)
may be a consequence of the imbalanced biosynthesis
of chlorophyll in ntrc leaves. In line with this hypoth-
esis, the ntrc plants also show 3-fold repression of a
gene encoding the chloroplast-targeted membrane-
remodeling protein FLZ, which is involved in the
regulation of thylakoid membrane networks (Table IV;
Gao et al., 2006). Knockout flz plants resemble short-
day-grown ntrc in having pale green leaves, delayed
flowering, and a reduced number of chloroplasts,
albeit with heterogeneous size (Gao et al., 2006; Fig.
2). These similarities suggest that the lowered expres-
sion level of FLZ in ntrc plants may contribute to the
formation of the ntrc phenotype under short-day con-
ditions.

Interestingly, a null mutant for chloroplast ATP/
ADP transporters (NTTs) also resembles ntrc with
respect to chlorophyll biosynthesis and photoperiod-
dependent reduction in growth (Reinhold et al., 2007).
Short-day-grown ntt null mutants show a dwarf phe-
notype with reduced Mg-chelatase activity and gen-
erate reactive oxygen species (ROS) after the shift from
darkness to light. This raises the question of whether
the accumulation of chlorophyll precursors in dark-
ness (Stenbaek et al., 2008) also induces the formation
of ROS during the subsequent reillumination of ntrc
plants. NTRC was recently demonstrated to act in the
reduction of chloroplast 2-Cys peroxiredoxins (Moon

1271

Downloaded on January 19, 2021. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.


https://plantphysiol.org

Lepisto et al.

et al., 2006; Perez-Ruiz et al., 2006; Alkhalfioui et al.,
2007; Stenbaek et al., 2008) and may thereby be crucial
for antioxidant activities in chloroplasts. Accumula-
tion of photodamaged PSII complexes further speaks
for photooxidative stress in illuminated short-day-
grown ntrc leaves (Table III). However, we did not
detect any differential accumulation of superoxide or
hydrogen peroxide in ntrc leaves as compared with
wild-type leaves, regardless of the length of the dark
period or the duration of the subsequent daytime
illumination period (A. Lepistd, unpublished data). In
fact, substantial increase in the accumulation of hydro-
gen peroxide in ntrc leaves was reported to occur
solely upon reillumination of plants after a prolonged
3-d dark treatment (Perez-Ruiz et al., 2006). It is also
worth noting that the mutants with lower contents of
chloroplast 2-Cys peroxiredoxins showed stronger
phenotypes under long-day than under short-day
growth conditions and that the stress symptoms be-
came more severe in older plants (Heiber et al., 2007).
Yet, the ntrc phenotype showed the opposite trend.
Evidently, the exact role of NTRC in chloroplast ROS
metabolism still requires experimental clarification.

Chloroplast Biogenesis Is Connected with the Control of
Photoperiodic Growth in Plants

Regulation of developmental processes by light
intensity is well documented in plants. We found
that short-day-grown wild-type Arabidopsis plants
possess thin leaves, low chlorophyll a/b ratio, and low
stomatal density typical of shade-grown plants,
whereas the opposite was observed for long-day-
grown plants with adaptations typical of high-light-
acclimated leaves (Tables I and II). Thus, the daily light
period and the light intensity seem to be comparable in
terms of developmental regulation.

Both the photoperiodic and photomorphogenic de-
velopment are regulated by phytochromes and cryp-
tochromes in Arabidopsis (Li and Yang, 2007; Bae and
Choi, 2008). In photoperiodic development, the pho-
toreceptors provide light input signals to the circadian
clock, which controls developmental signaling path-
ways in plants (Hotta et al., 2007). It is noticeable that a
distinct repression of genes coding for CRY2 and the
far-red light-impaired response regulator FRS3 oc-
curred in ntrc plants, and ntrc also showed long-
hypocotyl phenotypes both under low fluence rates
of blue light and under far-red light (Fig. 6). Since
CRY2 and PHYA act as photoreceptors for deetiolation
under these light conditions (Cashmore et al., 1999;
Fankhauser and Casal, 2004; Li and Yang, 2007), we
conclude that light perception by CRY2- and PHYA-
mediated signaling is affected by the knockout of
NTRC.

Together, the defects in light receptor-mediated sig-
naling, altered expression of chlorophyll biosynthesis
genes, and lower number of chloroplasts in short-day
ntrc plants suggest that disturbances in chloroplast
metabolism interfere with the circadian clock-mediated
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regulation of plant growth. This interpretation is con-
sistent with a recent report by Hassidim et al. (2007).
They showed that malfunction of chloroplasts in Ara-
bidopsis mutant lines disturbed the expression pattern
of genes controlled by the circadian clock, indicating
that chloroplast signals may regulate the circadian
system in plants.

Photoperiodic Regulation of Stomatal Development in
ntrc and Wild-Type Plants

Light intensity and CO, partial pressure are well-
known environmental factors that control the number
of stomata in plants. Shading and elevated CO, partial
pressure both decrease the stomatal density in leaves
(Lake et al., 2001, 2002). Here, we demonstrate that the
diurnal photoperiod also contributes to the develop-
ment of stomata in wild-type Arabidopsis leaves. The
short photoperiod during growth equals low light
intensity by decreasing both the stomatal density and
the stomatal index of leaves (Table II).

The stomatal density is significantly higher in short-
day ntrc leaves than in wild-type plants (Table II). This
is accompanied by the repression of two genes encod-
ing important negative regulators of stomatal devel-
opment, SDD1 and EPFI, in ntrc plants (Table IV),
which speaks for disturbed stomatal development in
the absence of NTRC. Stomatal development starts
with an asymmetric division of the epidermal cell that
creates a meristemoid cell (reviewed by Bergmann and
Sack, 2007). Besides SDD1 and EPF1, several other
genes also control the density and spatial pattern of
stomata in Arabidopsis leaves (Geisler et al., 2000;
Masle et al.,, 2005; Shpak et al., 2005). These gene
products mostly act as negative regulators of stomatal
development, either by reducing the entry of epider-
mal cells to meristemoids or by inhibiting the forma-
tion of neighboring stomata (Bergmann and Sack,
2007). Consequently, the loss-of-function mutations
of these genes result in increased stomatal density
and/or changes in stomatal index (Geisler et al., 2000;
Von Groll et al., 2002; Masle et al., 2005).

Interestingly, in the regulatory model of stomatal
development, the membrane proteins SDD1 and EPF1
control the first steps of the signaling cascade imme-
diately after an unknown environment-dependent ini-
tiatory factor (Casson and Gray, 2008), indicating that
the repression of SDD1 and EPF1 may seriously influ-
ence the developmental pattern of stomata. Induced
expression of SDD1 was also observed in experiments
in which shading of mature Arabidopsis leaves was
found to induce systemic signals that decreased the
stomatal density in young, untreated leaves of the
same plant (Coupe et al., 2006). This is consistent with
the role of SDD1 as a negative regulator of stomatal
development. Based on the increased stomatal density
and the low levels of SDD1 and EPF1 transcripts in
ntrc leaves, we propose that the ntrc mutants are not
capable of correctly controlling the development of
stomata. This defect in stomatal development becomes
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pronounced under short-day conditions, in which
negative developmental control is most crucial to
lower the number of stomata (Table II; Lake et al.,,
2001).

Reduced Accumulation of Shikimate Pathway
Derivatives in ntrc Plants

The plastid-localized shikimic acid pathway serves
as a biosynthetic route for aromatic amino acids
(Herrmann, 1995; Ishihara et al., 2007). Besides pro-
viding building blocks for protein synthesis, aromatic
amino acids also serve as precursors for important
secondary metabolites, including Trp-derived indole
hormones and Phe- and Tyr-derived flavonoids and
lignins (Herrmann, 1995; Woodward and Bartel, 2005).
Growth under short-day conditions increases the pool
sizes of aromatic amino acids and decreases the con-
tent of their derivatives auxin and anthocyanins in ntrc
plants (Figs. 7 and 8; Table I), suggesting that the lack
of NTRC imbalances the metabolic pathways that
derive from the shikimate pathway. It is likely, there-
fore, that the distinct structural and functional defi-
ciencies of ntrc plants are partially due to the altered
metabolism of aromatic amino acids and their deriv-
atives. Also, the restoration of growth that was ob-
served for short-day ntrc seedlings when grown on
externally added aromatic amino acids supports this
conclusion (Supplemental Fig. S6). Such restoration of
ntrc growth may first sound inconsistent, considering
that the levels of aromatic amino acids are increased
rather than decreased in ntrc seedlings. However,
shikimate-derived pathways are regulated by complex
networks, including feedback control by aromatic
amino acids and environmental factors (Ishihara
et al., 2007). Thus, exogenous amino acids may restore
the growth of ntrc plants by altering the homeostasis
among biochemical pathways in chloroplasts.

Attempts to identify thiol-redox-regulated enzymes
have revealed putative targets for the thioredoxin
systems both in the shikimate pathway and in the bio-
synthesis of aromatic amino acids, including 3-deoxy-p-
arabino-heptulosonate 7-phosphate synthase and Trp
synthase 3 (Entus et al., 2002; Balmer et al., 2006; Kolbe
et al., 2006). Currently, we are exploring whether these
enzymes are subjects for thiol-redox regulation by
NTRC.

MATERIALS AND METHODS
Materials and Growth Conditions

Homozygous T-DNA insertion mutants deficient in NTRC (At2g41680;
SALK_096776 and SALK_114293) were identified from the SALK Institute’s
collection by PCR analysis of genomic DNA according to the institute’s
protocols (http://signal.salk.edu/cgi-bin/tdnaexpress; Alonso et al., 2003).
Homozygous SALK_096776 plants were backcrossed to wild-type Arabidop-
sis (Arabidopsis thaliana), selfed, and rescreened prior to usage in experiments.
The homozygous ntrc mutants of SALK_114293 showed visible phenotypes
identical with backcrossed SALK_096776 (for phenotypic and biochemical
characterization of SALK_114293, see Supplemental Fig. S1 and Supplemental
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Table S1). Both SALK lines were also similar in phenotypes to ntrc mutant line
SALK_012208 described previously by Serrato et al. (2004). The mutant and
wild-type Arabidopsis ecotype Columbia (Col-0) plants were grown on a
mixture of soil and vermiculite (1:1) under 100 wmol photons m 25 ' at 20°C
or 10°C under short-day conditions (8/16 h of light/darkness), long-day
conditions (16/8 h of light/darkness), or continuous light (no dark period).

Germination of Seeds under Different Spectral Qualities
of Light

Seeds were sterilized with 50% (v/v) ethanol + 0.5% (v/v) Triton X-100 for
2 min, subsequently rinsed with 95% (v/v) ethanol, and dried. Sterilized seeds
were sown on half-strength Murashige and Skoog salts in 1% (w/v) agar.
After incubation at 4°C for 2 d, the plates were transferred to growth chambers
under different spectral qualities of light: white, 100 umol photons m 2™
red, 30 umol photons m s’} high-fluence-rate blue, 30 wmol photons m?
s L and low-fluence-rate blue, 3 pmol photons m~2 s L. For far-red light,
germination was first induced by a 2-h white light treatment under 100 wmol
photons m % 5™, after which the plates were kept in darkness at 20°C for 70 h
and finally placed under far-red light. Hypocotyl length was measured after 7 d.

Growth on a Medium Supplemented with External
Amino Acids and Auxin

Sterilized seeds were sown on half-strength Murashige and Skoog salts in
1% agar containing 40 um Trp, 40 um Phe, 40 um Ile, 40 um Ala, or 1 um TAA.
After incubation at 4°C for 2 d, the plates were transferred to the growth
chamber, where the seedlings were grown under short-day conditions for 2
weeks.

Measurement of Leaf Pigment Contents, Gas Exchange,
Water Loss, and Chlorophyll Fluorescence

Foliar chlorophyll content was determined by punching two leaf discs, 3
mm in diameter, into 1 mL of dimethylformamide. The leaf discs were
incubated overnight at 4°C in darkness, and the chlorophyll content was
measured spectrophotometrically according to Inskeep and Bloom (1985).
Anthocyanin content was determined according to Neff and Chory (1998)
with slight modifications. Five leaf discs, 5 mm in diameter, were extracted in
300 uL of 7% (v/v) hydrochloric acid in methanol overnight at 4°C with gentle
shaking in darkness. Thereafter, 200 uL of sterile water and 500 uL of
chloroform was added to each sample and mixed. Samples were centrifuged
at 13,000 rpm for 2 min. The top layer was used for absorbance measurements
at 530 and 657 nm. Relative anthocyanin concentrations were calculated as
(Aszy — Agsy) X 1,000 cm ™2,

Gas exchange of intact ntrc and wild-type plants was measured with the
CIRAS-1 combined infrared gas analysis system (PP Systems) equipped with
an Arabidopsis pot chamber (PP Systems). The response of net photosynthesis
to the reference CO, was measured at 20°C under a photosynthetically active
photon flux density of 500 umol m 2 s™!, which was saturating for net
photosynthesis. The parameters for maximal carboxylation rate of Rubisco
(Vs #mol CO, m™2 s71), maximal electron transport rate (J,,,,; wmol m~>
s™1), and rate of mitochondrial respiration in light (Ry; umol m 257! were
obtained by modeling the response of net CO, assimilation to increasing
extracellular CO, concentration according to Farquhar et al. (1980). Water loss
from detached rosettes was measured according to Leung et al. (1997).

The photoinhibition state of PSII in intact leaves was recorded as the ratio
of variable to maximal fluorescence (F,/F,, where F, is the difference between
maximal fluorescence [F,] and initial fluorescence [F,]), measured with a
Hansatech PEA fluorometer after a 30-min dark incubation.

Isolation of Thylakoid Membranes and Total Root and
Leaf Extracts

Rosettes of ntrc and wild-type plants were immediately frozen in liquid
nitrogen. Total root and leaf extracts were collected after homogenization of
the tissue in ice-cold isolation buffer (330 mm Suc, 25 mm HEPES-KOH, pH 7.4,
10 mm MgCl,, and 10 mm NaF) and filtration through Miracloth under dim
light. For isolation of thylakoids, the filtrate was centrifuged at 6,000g for 5
min at 4°C. The thylakoid pellet was gently resuspended in 25 mm HEPES-

1273

Downloaded on January 19, 2021. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.


https://plantphysiol.org

Lepisto et al.

KOH, pH 7.4, 10 mm MgCl,, and 10 mm NaF, centrifuged at 6,000g, for 5 min at
4°C, and finally suspended in the isolation buffer and stored at —80°C. The
chlorophyll content of isolated thylakoids was determined according to Porra
et al. (1989), and the protein contents of the total and soluble extracts were
determined with the Bio-Rad Protein Assay Kit.

Blue-Native Electrophoresis

Blue-native PAGE was performed according to Kiigler et al. (1997) with
modifications according to Rokka et al. (2005). Thylakoid suspension corre-
sponding to 5 ug of chlorophyll was centrifuged at 2,000¢ for 1 min at 4°C and
resuspended in medium A (25 mwm Bis-Tris/HCI, pH 7.0, 20% [w/Vv] glycerol,
and 0.25 mg mL ™" Pefabloc) to a final concentration of 1 ug uL ™" chlorophyll.
An equal volume of 2% (w/v) dodecyl B-p-maltoside (Sigma), freshly pre-
pared in medium A, was added, and thylakoids were solubilized on ice for
1 min and then centrifuged at 18,000¢ for 12 min at 4°C. The supernatant was
supplemented with one-tenth volume of loading buffer (100 mm Bis-Tris/HCl,
pH 7.0, 0.5 M g-amino-n-caproic acid, 30% [w/v] Suc, and 50 mg mL™! Serva
Blue G) and run on a native gel with a 5% to 12% gradient of acrylamide on the
separation gel. Electrophoresis was performed with the Hoefer Mighty Small
system (Amersham Biosciences) at 3°C for 3.5 h by gradually increasing the
voltage from 75 to 200 V. Photosynthetic thylakoid protein complexes were
identified according to Aro et al. (2005).

SDS-PAGE and Western Blotting

Soluble and total extracts corresponding to 5 to 15 ug of protein were
solubilized and separated by SDS-PAGE (Laemmli, 1970), using 15% (w/v)
acrylamide and 6 M urea on the separation gel, and subsequently electro-
blotted to a polyvinylidene difluoride membrane (Millipore; http://www.
millipore.com). After blocking with 1% (w/v) bovine serum albumin (fatty
acid free; Sigma-Aldrich), the polypeptides were immunodetected with
protein-specific antibodies using a Phototope-Star Detection Kit (New En-
gland Biolabs). The Arabidopsis NTR-specific antibody was raised against
amino acids 475 to 488 (Innovagen). Protein-specific antibodies were pur-
chased from Research Genetics (D1; http://www.resgen.com/about/index.
php3), Agrisera (Lhcb1; Lhca2; http://www.agrisera.se/), and kindly pro-
vided by Prof. H.V. Scheller (psaD).

Determination of NADP-MDH and FBPase Activities

For enzymatic assays, 500 mg of leaves was ground to a fine powder in
liquid nitrogen. Subsequently, initial and maximal activities of chloroplast
NADP-MDH and FBPase were measured according to Scheibe and Stitt (1988)
and Kelly et al. (1982), respectively. The activation states of NADP-MDH and
FBPase were calculated as a proportion of initial activity to maximal activity.

Visualization of Stomata and Leaf Mesophyll Cells by
Laser Scanning Confocal Microscopy

Laser scanning confocal microscopy images were obtained with an
inverted confocal laser scanning microscope (Zeiss LSM510 META; http://
www.zeiss.com) with a 20X /0.50 water objective. Stomata were imaged by
exciting autofluorescing compounds at 488 nm on the adaxial surface of
4-week-old leaves, followed by detection with a 420- to 480-nm passing
emission filter. Stomatal density (number of stomata per square millimeter)
and stomatal index (the ratio of the number of stomata to the total number of
epidermal cells X 100) were calculated from the images. Chloroplasts and
mesophyll cells were imaged by chlorophyll autofluorescence, which was
excited at 488 nm with an argon diode laser, and detected with a 650- to 710-
nm passing emission filter. Maximal projections of the sequential confocal
images were created with the Zeiss LSM Image Browser version 3,5,0,376.

Hormone Analysis

Plant hormones were analyzed using a modified vapor-phase extraction
method described by Schmelz et al. (2003). Briefly, 100 mg of seedlings was
ground in liquid nitrogen and extracted with 300 uL of 1-propanol:water:
concentrated HCI (2:1:0.002, v/v) containing isotopically labeled standards,
vortexed, and extracted with 1 mL of dichloromethane. The dichloromethane
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fraction was transferred to 4-mL glass vials, methylated with 3 uL of
(trimethylsilyl)-diazomethane in hexane (2 m; Sigma-Aldrich), evaporated
after 30 min under a N, stream at 70°C (10 min) and 200°C (150 s), and
collected in traps containing 20 mg of SuperQ (Alltech Associates). Standards
for each sample were 10 ng of [?Hslindole-3-acetic acid (OlChemIm) and 20 ng
of [*Hlabscisic acid (Icon Isotopes). Traps were eluted with 3 X 200 uL of
dichloromethane, samples were dried and silylated with 8 uL of N-methyl-N-
trimethylsilyltrifluoroacetamide (Sigma-Aldrich) for 30 min at 37°C and
diluted with 16 uL of water-free pyridine (Sigma-Aldrich), and 1 uL was
injected for gas chromatography-mass spectrometry analysis performed on a
Trace-DSQ (Thermo) in the single ion monitoring mode on a ZB-5 capillary gas
chromatography column (5% phenylpolysiloxane and 95% methylpolysilox-
ane, 30 m X 0.25 mm X 0.25 um) with splitless injection and 230°C injector
temperature. The column was held at 40°C for 1 min after injection, then
heated at 15°C min™ to 250°C, held for 4 min, and heated at 20°C min™" to
310°C final temperature (kept for 3 min) with helium as carrier gas (flow, 1 mL
minY).

Amino Acid Analysis

Approximately 100 mg of 10-d-old plant material was frozen in liquid
nitrogen and ground with the Retsch Tissue Lyser (Qiagen). The plant
metabolites were extracted twice with 500 uL of 50% (v/v) methanol by
shaking vigorously for 30 min with the Tissue Lyser. The extract was
centrifuged for 5 min at 33,000¢ (Jouan MR 23i; Thermo Electron Industries),
and the supernatant was dried in vacuo for 2 h (SC250 Express SpeedVac
Concentrator SDP121P; Thermo Electron Industries). The dried residue was
redissolved in 100 uL of 10% methanol. Amino acids in the extracts were
further extracted and derivatized with the Ez:faast liquid chromatography-
mass spectrometry kit (Phenomenex) using the procedure described by Husek
(1998) and analyzed as propyl chloroformates with HPLC-electrospray ion-
ization mass spectrometry (Thermo LTQ; Thermo Finnigan). Liquid chroma-
tography was performed on the Ez:faast AAA-MS column as described in the
Ez:faast kit.

Microarray Analysis

Global changes in gene expression were explored with spotted Arabidop-
sis 24k oligonucleotide arrays (MWG Biotech; http://www.mwg-biotech.
com; ArrayExpress database accession no. A-ATMX-2; http://www.ebi.ac.
uk/arrayexpress). A total of 500 mg of 10-d-old seedlings or rosette leaves (28
d old, grown in short days, and 21 d old, grown in long days) of wild-type and
ntrc mutant plants was collected 4 h after the onset of the light period, and
total RNA was isolated with Trizol as described previously (Piippo et al.,
2006). Subsequently, DNA was removed with the Qiagen RNeasy Mini Kit,
and cDNA synthesis was performed in the presence of 0.2 mm aminoallyl-
dUTP using anchored poly(dT) primer (Oligomer) and the reverse transcrip-
tase SuperScript III (Invitrogen). The aminoallyl-labeled cDNA was purified
with the QIAquick PCR purification kit (Qiagen) and stained with the Cy
Postlabeling Reactive Dye Pack (Amersham). cDNA corresponding to 15 pg of
each dye was hybridized to the arrays in 50% (v/v) formamide, 5X SSC, 0.1%
(w/v) SDS, 0.1 mg mL ™" herring sperm, and 5x Denhardt’s solution at 42°C
overnight.

The arrays were scanned with an Agilent scanner (G2565BA; http://www.
agilent.com), and spot intensities were quantified with the ScanArray Express
Microarray Analysis System 2.0 (Perkin-Elmer Life Sciences; http://las.
perkinelmer.com) using the adaptive circle method. Low-quality spots were
flagged and not included in the analysis. The raw data were normalized using
the Lowess method in GeneSpring GX 7.3 (Agilent; http://www.agilent.com).
Normalized data from three biological replicates were used, and the genes
with Student’s t test P values below 0.05 were chosen for further analysis. The
gene annotation used was derived from The Arabidopsis Information Re-
source (TAIR 7; http://www.arabidopsis.org).

Northern Blotting

The probe for GUN5 was amplified from ¢cDNA by PCR with primers
5'-CTCACGGACTCCCATTTTGT-3' and 5'-AGGGACTGCAGCTTACCTCA-3'.
Northern blotting and hybridization of the membranes with GUNS5 and probe
for 18S rRNA were performed according to Mulo et al. (2003).

Plant Physiol. Vol. 149, 2009

Downloaded on January 19, 2021. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.


https://plantphysiol.org

Array design and data from this article have been deposited at Array-
Express under accession number E-MEXP-1697.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Characterization of the SALK_114293 ntrc
knockout mutant grown under short and long photoperiods.

Supplemental Figure S2. Response of net CO, assimilation to reference
CO, concentration in Col-0 and ntrc plants.

Supplemental Figure S3. Diurnal accumulation and degradation of starch
in ntrc and Col-0.

Supplemental Figure S4. Numbers of differentially expressed genes in
ntre relative to Col-0.

Supplemental Figure S5. Transcript levels of GUN5 in Col-0 and ntrc
grown under short- and long-day conditions.

Supplemental Figure S6. Growth of Col-0 and ntrc seedlings on external
amino acids and auxin.

Supplemental Table S1. Specific leaf weight (SLW) and pigment content in
SALK_114293 plants and Col-0 grown under different photoperiods.

Supplemental Table S2. Transcript profiling of ntrc plants under different
physiological and developmental stages.

Supplemental Table S3. Free amino acid concentrations of ntrc and Col-0
seedlings grown under short and long photoperiods.
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