
A Redox-Mediated Modulation of Stem Bolting in Transgenic Nicotiana sylvestris
Differentially Expressing the External Mitochondrial NADPH Dehydrogenase
Author(s): Yun-Jun Liu, Adriano Nunes-Nesi, Sabá V. Wallström, Ida Lager, Agnieszka M.
Michalecka, Fredrik E. B. Norberg, Susanne Widell, Kenneth M. Fredlund, Alisdair R. Fernie,
Allan G. Rasmusson
Reviewed work(s):
Source: Plant Physiology, Vol. 150, No. 3 (Jul., 2009), pp. 1248-1259
Published by: American Society of Plant Biologists (ASPB)
Stable URL: http://www.jstor.org/stable/40538090 .
Accessed: 28/03/2012 07:47

Your use of the JSTOR archive indicates your acceptance of the Terms & Conditions of Use, available at .
http://www.jstor.org/page/info/about/policies/terms.jsp

JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of
content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms
of scholarship. For more information about JSTOR, please contact support@jstor.org.

American Society of Plant Biologists (ASPB) is collaborating with JSTOR to digitize, preserve and extend
access to Plant Physiology.

http://www.jstor.org

http://www.jstor.org/action/showPublisher?publisherCode=aspb
http://www.jstor.org/stable/40538090?origin=JSTOR-pdf
http://www.jstor.org/page/info/about/policies/terms.jsp


A Redox-Mediated Modulation of Stem Bolting in 
Transgenic Nicotiana sylvestris Differentially Expressing 
the External Mitochondrial NADPH Dehydrogenase1[wl[OA] 

Yun-Jun Liu2, Adriano Nunes-Nesi, Sabá V. Wallström, Ida Lager, Agnieszka M. Michalecka, Fredrik 
E.B. Norberg, Susanne Widell, Kenneth M. Fredlund, Alisdair R. Fernie, and Allan G. Rasmusson* 

Department of Cell and Organism Biology, Lund University, SE-22362 Lund, Sweden (Y.-J.L., S.V.W., I.L., 
A.M.M., F.E.B.N., S.W., A.G.R.); Max-Planck-Institut für Molekulare Pflanzenphysiologie, 14476 Potsdam- 
Golm, Germany (A.N.-N., A.R.F.); and Syngenta Seeds AB, SE-26123 Landskrona, Sweden (K.M.F.) 

Cytosolic NADPH can be directly oxidized by a calcium-dependent NADPH dehydrogenase, NDB1, present in the plant 
mitochondrial electron transport chain. However, little is known regarding the impact of modified cytosolic NADPH reduction 
levels on growth and metabolism. Nicotiana sylvestris plants overexpressing potato {Solarium tuberosum) NDB1 displayed early 
bolting, whereas sense suppression of the same gene led to delayed bolting, with consequential changes in flowering time. The 
phenotype was dependent on light irradiance but not linked to any change in biomass accumulation. Whereas the leaf 
NADPH /NADP+ ratio was unaffected, the stem NADPH /NADP+ ratio was altered following the genetic modification and 
strongly correlated with the bolting phenotype. Metabolic profiling of the stem showed that the NADP(H) change affected 
relatively few, albeit central, metabolites, including 2-oxoglutarate, glutamate, ascorbate, sugars, and hexose-phosphates. 
Consistent with the phenotype, the modified NDB1 level also affected the expression of putative floral meristem identity genes 
of the SQUAMOSA and LEAFY types. Further evidence for involvement of the NADPH redox in stem development was seen 
in the distinct decrease in the stem apex NADPH/NADP+ ratio during bolting. Additionally, the potato NDB1 protein was 
specifically detected in mitochondria, and a survey of its abundance in major organs revealed that the highest levels are found 
in green stems. These results thus strongly suggest that NDB1 in the mitochondrial electron transport chain can, by modifying 
cell redox levels, specifically affect developmental processes. 

Plant mitochondria possess an electron transport 
chain (ETC) that in known complexity supersedes that 
of other eukaryotes (Rasmusson et al., 2008). In par- 
ticular, a setup of non-proton-pumping plant type II 
NAD(P)H dehydrogenases and alternative oxidases 
bypasses the standard proton-pumping protein com- 
plexes of oxidative phosphorylation and, as a conse- 
quence, ATP formation (Vanlerberghe and Mclntosh, 
1997; Rasmusson et al., 2004). Additionally, the un- 
coupling protein, which is present in both plants and 
mammals, can directly bypass the ATP synthase itself 
(Vercesi et al., 2006). 

The type II NAD(P)H dehydrogenases are located on 
the internal and external sides of the inner mitochon- 
drial membrane and oxidize NADH or NADPH from 
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the mitochondrial matrix or the cytosol. These reactions 
bypass the first energy conservation step maintained by 
the proton-pumping complex I, which oxidizes matrix 
NADH. Among the type II NAD(P)H dehydrogenases, 
NDB proteins of potato (Solarium tuberosum) and Arabi- 
dopsis (Arabidopsis thaliana) are present on the exter- 
nal surface of the inner mitochondrial membrane 
(Rasmusson et al, 1999; Elhafez et al, 2006). The NDB 
proteins characteristically possess an inserted domain 
carrying more or less conserved EF-hand motifs for 
calcium binding (Michalecka et al., 2003). Upon analy- 
ses of cytoplasmic membranes of Escherichia coli pro- 
ducing Arabidopsis NDB fusion proteins, AtNDB2 and 
AtNDB4 oxidized NADH but not NADPH, and cal- 
cium ions bound to and stimulated AtNDB2 but not 
AtNDB4 (Geisler et al, 2007). This was consistent with 
the generally observed partial calcium dependence of 
external NADH oxidation (Rasmusson et al, 2004). In 
contrast, potato StNDBl expressed in Nicotiana sylvest- 
ris catalyzed calcium-dependent NADPH oxidation 
(Michalecka et al., 2004). Consistently, the E. coli- 
expressed AtNDBl was shown to be specific for 
NADPH and to bind calcium via its EF-hand domain 
as a prerequisite for its activity (Geisler et al, 2007). 

External NADPH-specific type II dehydrogenases 
have to date been reported in the ETC of plants 
(Michalecka et al., 2004) and the filamentous fungus 
Neurospora crassa (Melo et al., 2001) but are absent in www.plantphysiol.org/cgi/ doi/10.1104/pp.l09.136242 
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yeasts and animals. This indicates that the enzyme has 
specific physiological roles, which are not required in 
all eukaryotes. Given that it is not directly linked to 
energy conservation, NDB1, like other type II NAD(P)H 
dehydrogenases, may be able to modulate cellular 
NADP(H) redox levels, irrespective of the cellular ATP 
phosphorylation status. In N. sylvestris overexpressing 
StNDBl and thus having elevated levels of mitochon- 
drial NADPH dehydrogenase, a decrease in NADPH/ 
NADP+ ratio independent of the NADH/NAD+ ratio 
was observed in leaves during the day. This provided 
a physiological demonstration in which the NDB1 
enzyme was active and able to specifically modify the 
cellular NADP(H) pools (Liu et al., 2008). However, 
under the growth conditions used, no visual phe- 
notype was observed, and it is hitherto not known 
what the physiological importance of mitochondrial 
NADPH oxidation is. 

Here, we report that when grown under higher light 
intensities, N. sylvestris plants overexpressing StNDBl 
exhibit an earlier transition from rosette stage to 
bolting, whereas a line suppressing both StNDBl 
and NsNDBl is delayed in this parameter. The phe- 
notype was strongly correlated with stem-specific 
changes in NADPH reduction levels. These changes 
were in turn correlated to the levels of a relatively 
small set of metabolites and affected the expression of 
genes associated with floral phase transitions. Specific 
changes in the wild-type apical NADPH/NADP+ ratio 
during bolting as well as a high abundance of the 
StNDBl protein in potato stem mitochondria provide 
further support for an important role of mitochondrial 
NADPH oxidation in stem development. 

RESULTS 

Overexpression and Suppression of StNDBl Induce 
Bolting Phenotypes in N. sylvestris 

Transformation of N. sylvestris with StNDBl in the 
sense orientation has allowed the isolation of homo- 
zygous lines S2 and S6 that show a high abundance of 
StNDBl mRNA, encoded protein, and associated ex- 
ternal NADPH oxidation. In contrast, line S8, which 
carries the same construct, displays low mRNA levels 
for StNDBl and NsNDBl coupled to hardly detectable 
protein and activity levels, indicative of sense cosup- 
pression (Michalecka et al., 2004; Liu et al., 2008). 
When growing these plants at a higher light intensity 
(500 ¿tmol m~2 s"1), we noted an obvious variation 
in the timing of bolting, with the overexpressors S2 
and S6 repeatedly bolting earlier and the suppressor 
line S8 bolting later than wild-type plants (Fig. 1). We 
additionally compared hemizygous and homozygous 
S8 plants grown at 500 jumol m"2 s"1. They displayed 
similar times for bolting, with both being significantly 
later than the wild type, consistent with NDB1 sup- 
pression being a dominant trait (Liu et al., 2008). 
At 200 /¿mol m~2 s"1 light, all lines developed identi- 

Figure 1. Time course for shoot growth of N. sylvestris plants. Plants 
were grown at 23°C under 1 6 h of light per day at 500 (A), 300 (B), and 
200 (C) /xmol m~2 s~1. Stem height is presented as means ± se for three 
plants (A) or six plants (B and C). Median day for appearance of first 
flower is denoted by circled symbols in A. WT, Wild type. 

■g 30 -aeWT tI/.^A^í tJ 

0 

55 60 65 70 75 80 
Time (days) 

cally, whereas at intermediate light, a pattern similar to 
the situation at higher light was discernible, although 
not statistically significant (Fig. 1). For plants grown 
at 500 /¿mol m"2 s"1, dry weight determinations of 
root and shoot showed that biomass accumulation 
was unaffected (Supplemental Fig. SI), indicating that 
the phenotype was not a consequence of a perturba- 
tion of metabolic efficiency. The stem extension rate 
was similar in all lines (Supplemental Fig. S2), and the 
difference in bolting time between the lines persisted 
as a similar variation in flowering time (Fig. 1A). These 
results thus suggest that the principal effect was on the 
timing of the transition of the stem apex from rosette 
stage to bolting. 

NADPH/NADP+ Ratios Are Specifically Modified in 
the Stem 

Plants grown at 500 jumol m"2 s"1 light were ana- 
lyzed for changes in tissue NAD(P)(H) levels (Fig. 2). 
In leaves, no difference could be observed between the 
transgenic lines for the NAD(H) and NADP(H) redox 
couple, regarding neither reduction levels nor total 
amount of each nucleotide. However, in stems, the 
NADPH /NADP+ ratio was lowered in the overex- 
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Figure 2. Pyridine nucleotide contents and ratios in N. sylvestris plants. 
Plants were grown at 500 /¿mol m~2 s~1 and sampled 4 h into the light 
period. A and B, Stems were taken from 7-week-old plants. C and D, 
Mature leaf samples were taken from 6-week-old plants. Values are 
means ± se for six to seven plants. For ratios (B and D), significant 
differences from the wild type (WT; P< 0.05) are denoted by asterisks. 
E, Correlation of stem NADPH/NADP+ ratio to bolting time. Bolting 
time was measured as the time required for plants to grow to 8 cm in 
height and is expressed as percentage of the time needed for the wild 
type in each experiment. On the y axis, error bars denote se of four 

pressor lines and increased in the suppressor line S8. 
The changes in lines S2 and S8 were significant at P < 
0.05. The total amounts of NADP(H) and NAD(H) 
were little changed, whereas both the overexpression 
lines and the suppression line had somewhat lowered 
NADH/NAD+ ratios. The results were investigated in 
relation to the bolting phenotype as seen over four 
separate growth experiments. Some variation existed 
in the number of days needed for the wild type to bolt, 
and the phenotypic variation was most consistent 
when expressed as relative difference to the wild 
type. The reduction level of NADP(H) in the different 
transgenic lines was strongly correlated to bolting time 
(Fig. 2E), whereas the NAD(H) reduction level varied 
independently from bolting time. 

Metabolic Profiles Display Tissue Specificity and 
Distinct Domains of NADP(H)-Metabolite Correlations 

The differences in stem NADPH/NADP+ ratio in 
the transgenic lines constituted an almost 2-fold var- 
iation. In order to analyze for consequences of mod- 
ified NADPH levels, the same tissue samples that were 
used for NAD(P)(H) analyses were also subjected to 
metabolic profiling, rendering levels for 42 and 46 
hydrophilic metabolites in stem and leaf, respectively 
(Supplemental Tables SI and S2). In stems, significant 
changes included decreased Glu and trehalose in the 
overexpression lines S2 and S6 and decreased Pro in S2 
(Fig. 3). Regarding these metabolites, the suppression 
line S8 was similar to the wild type. In contrast, 
2-oxoglutarate and tyramine were lower in the S8 
line, whereas the overexpression lines were similar to 
the wild type. Ascorbate was lower in S8, but also in S6 
a lower value was observed, although in this instance 
it was not significantly different from the wild type. 
For Ala and He, no clear pattern could be distin- 
guished in relation to the transgenic modification. In 
leaves, several metabolites were present in amounts 
varying significantly from the wild type in at least one 
transgenic line (Fig. 3). However, with the exception of 
citramalate and maltose, which were lowered in at 
least one overexpression line but not in S8, the changes 
in overexpressors and the suppression line were not 
consistent with the genetic modification. For example, 
shikimate was significantly increased in lines S2, S6, 
and S8. 

In order to account also for plant-to-plant variation in 
the analysis, we determined Pearson coefficients and 
significances for the correlation of both the NADPH/ 
NADP+ ratio and the absolute NADPH level to the 
quantified metabolites. Figure 4A displays the stem 
metabolites that correlated significantly to NADP(H) as 
well as those that correlated to these metabolites in 

independent experiments, each comprising three to six plants. On the x 
axis, error bars are as in A to D. r values are given by the linear 
regression lines. 
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Figure 3. Metabolite changes in stem and leaf. The tissue samples used 
in Figure 2 were analyzed by metabolic profiling. The figure shows 
levels of the metabolites in stem (A) and leaf (B) for which a significant 
(P < 0.05) difference from the wild type (WT) was seen in any 
transgenic line (asterisks). The transgenic lines are ordered according to 
the NADPH/NADP+ ratio in Figure 2. Error bars denote se for six plants. 
2-OG, 2 -Oxogl utarate; Ase, ascorbate; Tyrav tyramine; Treh., treha- 
lose; Citramal., citramalate; Malv malate; Sorb, sorbitol; Fruc, fruc- 
tose; Malt., maltose; Shik., shikimate. 

turn. Eleven metabolites correlated to NADPH /NADP+ 
and /or NADPH, including hexose-Ps and sugars, 
intermediates of the citric acid cycle and ascorbate 
metabolism, and amino acids. Consistent with the 
analysis of Figure 3, positive correlations to Glu and 
trehalose and negative correlations to 2-oxoglutarate 
and ascorbate were observed. An obvious stem-specific 
pattern seen was that 2-oxoglutarate, galactonate, and 
ascorbate correlated negatively to the NADPH/NADP+ 
ratio but to very few of the other metabolites analyzed. 

Leaves displayed a correlation pattern highly differ- 
ent from stems (Fig. 4B). Hexose-P, especially Glc-6-P, 
was positively correlated to NADP(H) in both organs. 
However, raff inose was positively correlated to NADP(H) 
in stem but negative in leaves, and the opposite pattern 
was seen for ascorbate. In leaves, 20 additional metab- 
olites correlated to NADPH/NADP+ and/or NADPH, 
including intermediates from both primary and inter- 

mediary metabolism. These results thus show that the 
integration of NADP(H) into the metabolic systems is 
completely different in stem and leaf. 

The Overexpression and Suppression of StNDBl 
Induce Up- and Down-Regulation of 
Flowering-Associated Genes 

To determine the mode of influence of the observed 
redox changes on bolting, we analyzed gene expres- 
sion in stems from the transgenic plants by real-time 
reverse transcription (RT)-PCR. The transcript levels 
for StNDBl and NsNDBl were consistent with previ- 
ous results for leaves (Liu et al., 2008), confirming the 
overexpression of StNDBl in lines S2 and S6 as well as 
the suppression of both genes in line S8 in stem tissue 
(Fig. 5). On searching of databases, we found two floral 
induction-associated MADS box genes in N. sylvestris 
(Jang et al., 1999, 2002; Gallego-Giraldo et al., 2007). 
The NsMADS2 transcript was 3-fold higher in the 
overexpressor lines (S2 and S6) than in the suppres- 
sor line (S8), with the wild type being intermediate 
(Fig. 5). A similar but weaker trend was observed for 
NsMADSl. We also used primers against NtNFL2, a 
homolog of Arabidopsis LEAFY present in Nicotiana 
tabacum but originating from the N. sylvestris parent 
(Kelly et al., 1995). Transcript levels for NFL2 were 
lower in S8 as compared with the other lines. The 
expression of NsMADSl and NsMADS2 was signifi- 
cantly correlated to the NADPH/NADP+ ratio (Fig. 
5B). This suggests that a lower stem NADPH/NADP+ 
ratio promotes the expression of floral phase transition 
genes, inducing the observed phenotype. To investi- 
gate if any of the metabolites correlating to NADPH 
levels (Fig. 4A) were likely to mediate the effect, 
we additionally performed Pearson analyses for 
these, which revealed correlation of NsMADSl and 
NsMADS2 to D-Xyl but not to the other metabolites 
(Fig. 5B). 

GAs induce bolting and floral phase transitions in 
plants, including the rosette plant N. sylvestris (Lee and 
Zeevaart, 2005). Also, ascorbate and 2-oxoglutarate, 
which were observed to vary in the stems of the 
transgenic lines, are cofactors in GA biosynthesis. 
Therefore, we analyzed gene expression with primers 
against N. tabacum GA2OX3 and GA2OX5, which are 
induced by GA in N. tabacum (Gallego-Giraldo et al., 
2008). Both genes were unresponsive in the transgenic 
lines, except for a higher GA2OX3 expression in S8 
(Fig. 5). This indicates that G A levels were unchanged 
in the overexpressors but may be elevated in line S8, 
which would have partially counteracted the late- 
bolting phenotype observed in S8. The relative unre- 
sponsiveness of GA-induced genes was consistent 
with the fact that S8 bolted significantly later than S6 
also when grown with the GA synthesis inhibitor 
paclobutrazol. For four plants, the average bolting 
time with paclobutrazol was 56.7 ± 0.6 and 52.9 ±1.2 
d for S8 and S6, respectively. Thus, the observed 
phenotypic change was not mediated by GA. 

Plant Physiol. Vol. 150, 2009 1251 
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Figure 4. Correlation of NADP(H) parameters to metabolite levels. For 
stem (A) and leaf (B), correlation was determined by Pearson analyses 
on a plant-by-plant basis between NADP(H) and metabolite profile 
data. In A and B, metabolites correlated to the NADPH/NADP+ ratios 
and/or NADPH levels are shown. Additionally in A, correlations 
between these metabolites and other metabolites are denoted, but 
these were for clarity omitted in B. Pearson coefficients are denoted for 
the direct correlations in A. Connecting lines denote significant corre- 
lation and are continuous for P < 0.01 and dashed for P < 0.05. Red 
and blue lines denote positive and negative correlations, respectively. 
Nodes for metabolites correlating to NADP(H) in A are colored for 

NADP(H) Reduction Varies Temporally and Spatially in 
the Stem Apex 

To further investigate the importance of cellular 
NADPH reduction level during bolting, we compared 
the apical 10-mm parts of wild-type stems at different 
stages (Fig. 6A). A 3-fold decrease in the NADPH/ 
NADP+ ratio was observed during the growth of the 
stem from 15 mm (i.e. just before bolting) to 60 mm 
length, whereas NADH/NAD+ ratio was unchanged. 
In the same developmental span, the total amounts of 
NADP(H) in the apex increased, whereas the NAD(H) 
amount was little affected. 

The spatial distribution of nucleotides and reduction 
levels was investigated in 50- to 60-mm-high stems 
that were dissected before extraction. NAD(H) total 
amount and reduction levels were relatively similar 
over the investigated length (Fig. 6B). However, the 
total amounts of NADP(H) were concentrated to 
the apex, whereas the segment 20 to 40 mm below the 
apex contained only a small part of the total NADP(H). 
In the same extracts, the NADPH/NADP+ ratio dis- 
played somewhat higher values in the basal parts. 

StNDBl Is Highly Abundant in Mitochondria Purified 
from Green Stems 

We wanted to investigate if the observed effects of 
NDB1 in the stem were mirrored in the expression 
pattern of the encoding gene. The StNDBl transcript is 
unresponsive to several treatments in potato leaves 
(Svensson and Rasmusson, 2001; Svensson et al, 2002; 
Geisler et al., 2004), and the Arabidopsis ortholog 
(AtNDBl; At4g28220) is stably expressed upon stress 
treatments of cell cultures (Clifton et al, 2005). Com- 
parison of the Arabidopsis ecotype Columbia-0 arrays 
present in Genevestigator (https://www.genevestigator. 
ethz.ch) revealed expression of AtNDBl in most tissues, 
including the apical meristem. For 1,357 arrays, the 
standard deviation of the signal was 35% of average 
signal intensity for AtNDBl but 101% for both the 
energy-bypass genes AtNDBl and AtAOXla. Thus, the 
AtNDBl transcript appears relatively unresponsive over 
a wide range of stresses and conditions. 

We previously reported the use in western blotting 
of an antiserum specifically detecting StNDBl but not 
N. sylvestris homologs (Michalecka et al., 2004) and 
which is suitable for analyzing the StNDBl protein 
distribution in its species of origin. Since a recent 
targeting analysis using a C-terminal peptide of the 
Arabidopsis NDB1 suggested that NDB1 may reside 
also in peroxisomes (Carrie et al., 2008), we also 
compared purified potato tuber mitochondria and 
peroxisomes (Fig. 7A). The peroxisomes had high 
catalase activities, as observed previously (Struglics 
et al., 1993), and no mitochondrial contamination. 

positive (red) or negative (blue) correlation. Other metabolite nodes 
are yellow. 3CQ, Cis-3-caffeolyl quinate; DHAsc, dehydroascorbate; 
GABA, y-amino butyrate; GlyAld-3-P, glyceraldehyde-3-P. 
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Figure 5. Gene expression changes in stems of N. sylvestris transgenic 
lines. A, RNA was analyzed by real-time RT-PCR for expression of floral 
induction-associated {NFL2, MADS1, and MADS2) and GA-induced 
{GA2OX3 and GA2OX5) genes. The figure shows average relative 
mRNA levels ± se for four plants, except for S2 (three plants). Significant 
differences from the S8 line are denoted by asterisks, except for the 
transgene StNDBl. B, Significant correlations of MADS1 and MADS2 
expression to NADPH/NADP+ ratio and D-Xyl are denoted as Pearson 
coefficients and F values over 1 5 individual plants. WT, Wild type. 

Antibodies against a glyoxysomal malate dehydro- 
genase detected a 37-kD band in peroxisomes and a 
larger band in mitochondria, consistent with previous 
observations (Gietl et al, 1996). However, even at film 
exposure times where the StNDBl antibodies gave a 
strong signal in mitochondria, no NDB1 signal could 

be detected in peroxisomes (Fig. 7A). Therefore, we 
conclude that StNDBl resides in mitochondria and not 
peroxisomes in potato, consistent with previous re- 
sults using less specific antibodies against the con- 
served C terminus of StNDBl (Rasmusson and Agius, 
2001), and that the phenotype observed in this inves- 
tigation was due to enzymatic changes in the mito- 
chondrial ETC. 

To determine organ distribution of StNDBl in po- 
tato, mitochondria were purified in triplicate from 
seven potato organs: sink and source tubers, etiolated 
and green stems, young and mature leaves, and flower 
buds. The mitochondria were analyzed by western 
blotting, comparing StNDBl with other ETC proteins 
(Fig. 7B). Consistent between preparations, StNDBl 
was most abundant in green stems, with lower levels 
being detectable in source and sink tubers and mature 
leaves. A weak band was repeatedly detected in young 
leaves but not in etiolated stems and flower buds. 
Immunoprobing was also carried out with antibodies 
against the alternative oxidase and the type II NAD(P)H 
dehydrogenase StNDAl, the latter of which most likely 
also detects a second potato NDA protein (Svensson 
and Rasmusson, 2001; Svensson et al., 2002; Geisler 
et al., 2004). These immunosignals were for both pro- 
teins strongest in mature leaves, with the NDA1 signal 
showing a smaller difference between organs, possibly 
due to the detection of differently regulated NDA-type 
proteins in a single band. The uncoupling protein was 
relatively evenly distributed but somewhat elevated in 
tubers and stems. The 78-kD and NAD9 subunits of 
complex I, the proton-pumping NADH dehydrogenase 
of the ETC, were evenly distributed in mitochondria 
from different organs, consistent with their role in basic 
energy production. To estimate whether mitochondria 
were differently prevalent in the organs, we analyzed 
the copy number ratio of the mitochondrial NAD9 and 
the nuclear NDA1 genes by real-time PCR. The results 
indicate a higher mitochondrial DNA copy number per 
nuclear DNA in sink tubers and flower buds as com- 
pared with other organs. If normalized in this respect, 
the highest levels of StNDBl would be present in green 
stems and sink tubers, but the difference between green 
stems and leaves is unchanged. The results, therefore, 
strongly suggest that StNDBl levels are specifically 
elevated in green stem mitochondria, consistent with a 
specific function in stems. Also, the organ distribution 
of StNDBl deviates substantially from that of energy- 
bypass pathways as well as proteins of the energy- 
conserving part of the potato ETC. 

DISCUSSION 

Transgenic N. sylvestris Displays Modified NADPH 
Reduction and a Bolting Phenotype 

We present here three consistent lines of evidence 
suggesting that the NDB1 external NADPH dehydro- 
genase is important for stem development and specif- 
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Figure 6. Changes in pyridine nucleotides during 
bolting of wild-type plants. Plants were sown at 
different times and grown at 500 /¿mol m~2 s~' 
A, The top 10 mm of the stem of plants with 
different heights was analyzed for ratios and 
contents of pyridine nucleotides. For each data 
point, stem apices from four plants were pooled. 
r2 values were determined by linear regression. B, 
The distribution of nucleotides in different parts of 
5- to 6-cm-long wild-type stems was determined 
after dissection. Error bars denote se for three 
pools of four plants. 
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ically accelerates bolting: (1) the NADPH/NADP+ 
ratio is lowered 3-fold during bolting and onset of 
stem elongation; (2) the overexpression and suppres- 
sion of NDB1 accelerate and retard bolting, respec- 
tively, coupled to specific changes in stem NADPH/ 
NADP+ ratio and expression of flowering induction- 
associated genes; and (3) the investigated StNDBl 
protein is specifically highly abundant in stem mito- 
chondria of the transgene donor species, potato. 

StNDBl is an external calcium-dependent NADPH 
dehydrogenase that is theoretically able to modulate 
the NADPH /NADP+ ratio in the cytosol irrespective 
of the cellular energy charge (Michalecka et al., 2004). 
Consistently, the N. sylvestris plants overexpressing 
StNDBl displayed decreased leaf NADPH/NADP+ ra- 
tios when grown at 200 ¿imol m"2 s"1 (Liu et al., 2008). 
The absence of such an effect in leaves at higher light 
(Fig. 2) could be due to NDB1 being inactive (e.g. 
calcium availability being insufficient). Alternatively, a 
larger photon flux may increase the export of chloro- 
plast reductant via a triose-P shuttle (Krömer, 1995), 
compensating for an elevated mitochondrial NADPH 
oxidation. In contrast, the stem NADPH/NADP+ ratio 
varies between the genotypes, suggesting that NDB1 is 
active under these conditions and affecting the 
NADPH/NADP+ ratio beyond what other reactions 
can compensate for. The simplest interpretation of the 
phenotype, therefore, is that higher levels of external 
mitochondrial NADPH dehydrogenase will speed up a 
decrease in NADPH /NADP+ ratio that normally takes 
place in the wild-type apex during bolting. 

Integration of NDB1 and NADP(H) in the Cellular 
Metabolic Systems 

In this investigation, stem NADPH/NADP+ ratios 
showed specific changes between the transgenic lines. 
This material gave an opportunity to use metabolic 
profiling for identifying interaction points between 
NADP(H) and central carbon metabolism. In both 
leaves and stems, we found a positive correlation 
between NADPH and Glc-6-P (in stems also the iso- 
mer Fru-6-P). This was likely mediated by NADPH 
inhibition of Glc-6-P dehydrogenase of the pentose-P 
pathway, which is believed to be modulated by the 
NADPH/NADP+ ratio (Kruger and von Schaewen, 
2003; Wakao and Benning, 2005), although direct in 
vivo support has not yet been provided. Previously, a 
surprising increase in NADPH /NADP+ ratio in an 
Arabidopsis mutant lacking the NADP+-reducing 
nonphosphorylating glyceraldehyde-3-P dehydroge- 
nase was attributed to an elevated Glc-6-P dehydroge- 
nase activity (Rius et al., 2006). The Glc-6-P level is a 
marker for carbon status in Arabidopsis and is located 
at the connection point between growth, respiration, 
and carbon storage (Stitt et al., 2007). Thus, the corre- 
lation between Glc-6-P and NADPH reduction level 
appears to be a general property rather than a specific 
one directly involved in the mediation of bolting. 

Apart from the hexose-Ps, the correlation of 
NADPH to metabolites is highly different in stem 
and leaf. Differences in individual metabolites may be 
consequences of the NADPH /NADP+ ratio being out- 
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Figure 7. Distribution of StNDBI in organelles and organs of potato. A, 
Purified potato tuber mitochondria from cv Désirée (DM) and cv Bintje 
(BM) and peroxisomes from cv Bintje (BP; two independent prepara- 
tions) were analyzed for content of NDB1. As controls, the antibody 
against glyoxysomal malate dehydrogenase (gMDH) detected bands of 
37 and 44 kD in peroxisomes and mitochondria, respectively, and 
catalase activity is denoted for each preparation in ¿imol min"1 mg~1 
protein. B, Mitochondria were purified from seven organs of potato 
plants (Désirée) in three independent preparation sets. Twenty micro- 

grams of protein per lane was subjected to western blotting using 
antibodies against different mitochondrial proteins. Antibody designa- 
tions and apparent molecular masses are denoted to the right. Results 
from one representative set of preparations are shown except for N DB1 - 

EFD, where two sets are shown to indicate the extent of variation. The 
ratios of mitochondrial to nuclear genome were determined by real-time 
PCR against StNAD9 and StNDA 7 and are denoted as percentage of the 
mature leaf value ± se (n = 3) below the blots. AOX, Alternative oxidase; 
EFD, EF-hand domain; Etio., etiolated; FI., flower; Mat., mature; Src, 
source; UCP, uncoupling protein. 

NADPH Reduction Level Modulates Bolting 

side the response range of a critical enzyme in one 
organ, variations in isoenzymes expressed, or switches 
between metabolic pathways using the metabolites in 
question. Particularly marked differences between leaf 
and stem were seen for sugars. We further observed 
that the stem NADPH/NADP+ ratio specifically cor- 
relates (positively or negatively) to a small set of 
metabolites, three of which (2-oxoglutarate, galacto- 
nate, and ascorbate) show little correlation to other 
metabolites in the data set. In contrast, the leaf 
NADPH/NADP+ couple appears to interact with a 
large number of metabolites that represent numerous 
pathways (Fig. 4). This is consistent with NADP(H) 
having a regulatory role in stems (as suggested by the 
effect on bolting) whereas a general role in metabolic 
redox transfer would dominate in the leaves. 

In stems, we observed a positive correlation of the 
NADPH/NADP+ ratio to Glu and a negative one to 
2-oxoglutarate and citrate (Figs. 3 and 4), metabolites 
that are central intermediates connecting the citric 
acid cycle and nitrogen assimilation. Thus, the Glu/ 
2-oxoglutarate redox pair responds to the NADPH 
reduction level. A potentially NADPH-mediated func- 
tional connection between the oxidative pentose-P 
pathway and Glu synthase was reported for barley 
(Hordeum vulgäre) and pea (Pisum sativum) roots 
(Esposito et al., 2003; Bowsher et al, 2007). However, 
an NADPH effect on the Glu /2-oxoglutarate redox 
pair being mediated by an NADP(H)-Glu dehydro- 
genase (Purnell et al., 2005) cannot be excluded at 
present. The similarity in response between 2-oxoglu- 
tarate and citrate may also be derived from an NADP(H) 
effect on the formation or removal of these metabo- 
lites, for example via the control of citric acid cycle 
proteins by thioredoxin, which is reductively activated 
by NADPH (Balmer et al, 2004). Overall, the obser- 
vations here emphasize the metabolic differences be- 
tween leaves and stems and provide in vivo support 
for an influence of NADP(H) redox homeostasis on 
sugar metabolism, the pentose-P pathway, and Glu 
metabolism. 

Redox Modulation of Bolting 
The NADP(H) redox effect observed in stems of the 

transgenic lines must have been relayed to the floral 
transition signaling pathways in order to affect bolting 
and flowering time. We observed higher and lower 
transcript levels in the overexpressor and suppres- 
sor lines, respectively, for N. sylvestris MADS1 and 
MADS2 as well as a decrease of NFL2 in the suppres- 
sor line. NsMADSl and NsMADS2 belong to the 
SQUAMOSA subfamily of floral meristem and organ 
identity proteins, including Arabidopsis APETALA1 
(API; Becker and Theissen, 2003; Smykal et al, 2007). 
NsMADSl is an ortholog to the floral transition marker 
NtMADSll (Jang et al., 2002; Gallego-Giraldo et al., 
2007). NsMADS2 is a transcriptional activator that 
upon overexpression in N. tabacum causes early flow- 
ering, and the ortholog NtMADS5/NAPl-2 is tran- 

Plant Physiol. Vol. 150, 2009 1255 



Liu et al. 

scriptionally induced in the stem apex during floral 
transition (Cho et al., 1999; Jang et al., 1999; Smykal 
et al., 2007). Thus, NsMADS2 has a central function for 
bolting and flowering induction in N. sylvestris, possi- 
bly similar to API in Arabidopsis (He and Amasino, 
2005). API cooperates with its activator LEAFY to 
integrate the converging signals from the photoperiod, 
GA, autonomous, and vernalization pathways (Bernier 
and Périlleux, 2005; He and Amasino, 2005; Parcy, 
2005). The LEAFY homolog NtNFL2 is expressed in 
meristems (Kelly et al., 1995), and overexpression of the 
close homolog NtNFLl in N. tabacum induces earlier 
flowering (Ahearn et al., 2001). In summary, the ex- 
pressional change for NsMADS2 in the transgenic lines 
(Fig. 5) is sufficient to explain the bolting phenotype 
observed (Fig. 1), but NsMADSl and NFL2 are likely to 
contribute to the phase transition. These results thus 
show that floral meristem identity genes respond to the 
stem NADPH/NADP+ ratio and should be promoted 
by its decrease in the wild-type apex during bolting. 

The observed changes in stem NADP(H) may be 
mediated by metabolite changes to affect the expression 
of meristem identity genes. Several intermediates of 
primary metabolism have been implied to affect floral 
transitions. Examples include ascorbate (Yamamoto 
et al, 2005; Barth et al, 2006), nitric oxide (He et al, 
2004), Pro (Mattioli et al, 2008), and sugars (Francis and 
Halford, 2006; Aluri and Buttner, 2007), especially me- 
tabolites of the trehalose pathway (van Dijken et al., 
2004; Veyres et al, 2008). Whereas the trehalose syn- 
thase mutation influenced flowering downstream of 
LEAFY (van Dijken et al, 2004), ascorbate and nitric 
oxide affected LEAFY expression (He et al., 2004; Barth 
et al, 2006). Also, Suc exported from leaves has been 
suggested to affect meristem identity genes in the stem 
apex (Bernier and Périlleux, 2005). For other metabo- 
lites, there is little insight into how the effects are 
mediated. Our investigation identifies a pattern of 
relatively few compounds correlated to NADPH levels 
in the stems of the transgenic lines. These are candi- 
dates for mediating, individually or in combination, the 
NADP(H)-imposed redox regulation of floral integrator 
genes and consequentially bolting. Especially, the cor- 
relation of MADS gene expression to Xyl suggests an 
involvement of sugar metabolism, complementing the 
previously known sugar effects on shoot meristems 
(Francis and Halford, 2006). The changes in ascorbate 
content are also particularly interesting given that the 
terminal step of ascorbate biosynthesis appears to be 
physically (Millar et al., 2003) and functionally (Nunes- 
Nesi et al, 2005) linked to the ETC. Therefore, ascorbate 
synthesis may be influenced downstream of NDB1 in 
the electron transport path, whereas the majority of the 
other metabolic changes described here are most likely 
a direct consequence of the modified NADPH /NADP+ 
ratio. 

An option worth considering would be that NADPH 
and /or NADP+ are directly sensed in the cell. This 
scenario is not without precedence, since sensors for 
NADH/NAD+ such as Streptotnyces coelicolor Rex 
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(Brekasis and Paget, 2003) and the human CtBP protein 
(Zhang et al., 2002) have been long identified. Further- 
more, human HSCARG was recently reported to be a 
sensor for NADPH /NADP+ and via protein binding to 
decrease nitric oxide formation in response to lowered 
NADPH/NADP+ ratios (Zhao et al., 2008). When the 
results of these and our current study are considered 
together, it seems reasonable to postulate that an 
NADPH-sensing system also exists in plants. Identify- 
ing the exact mechanism linking the NADPH /NADP+ 
redox couple will probably require considerably more 
research effort. However, irrespective of which of these 
models is ultimately correct, the results we present here 
clearly demonstrate that manipulation of the mito- 
chondrial external NADPH dehydrogenase StNDBl 
has profound effects on stem NADPH/NADP+ ratio 
and, as a consequence, floral integrator genes and 
bolting time. Thus, NADPH constitutes a connection 
between redox signaling and floral phase transitions, 
both of which integrate multiple influences from the 
plant environment (Bernier and Périlleux, 2005; Foyer 
and Noctor, 2005). 

NDB1 Deviates from Other Mitochondrial Enzymes 
Regarding Phenotype and Expression 

It is relevant to compare the StNDBl transgenic 
investigation here with known phenotypes of plants 
modified for mitochondrial proteins. Mitochondrial 
effects on plant development have so far mainly been 
concerned with flower morphology. Cytoplasmic male 
sterility traits involve chimeric genes in the mitochon- 
drial genome that modify expression of flower organ 
identity genes, leading to conversions of floral organs 
without affecting the vegetative plant body (Linke and 
Borner, 2005; Carlsson et al., 2008). In a second class of 
genetic alterations, N. sylvestris and Zea mays geno- 
types lacking subunits of energy-conserving ETC 
complexes display retardations regarding growth, 
leaf shape, photosynthesis, and chloroplast greening 
(Marienfeld and Newton, 1994; Gutierres et al., 1997; 
Karpova et al., 2002; Dutilleul et al., 2003; Noctor et al., 
2004). Third, repression of citric acid cycle proteins has 
resulted in variable effects. Examples in tomato (Sola- 
rium lycopersicum) include a decrease in stomatal func- 
tion, photosynthesis, and growth rate in fumarase 
antisense plants and an increase of photosynthesis and 
growth rate in plants suppressed for malate dehydro- 
genase (Nunes-Nesi et al., 2005, 2007). Arabidopsis 
suppressed for pyruvate dehydrogenase kinase dis- 
played decreased vegetative growth and early flower- 
ing (Zou et al., 1999). In a fourth category, genetic 
modifications of energy-bypass pathways in Arabi- 
dopsis have uncovered the importance of the uncou- 
pling protein AtUCPl for optimal photosynthesis and 
growth rate (Sweetlove et al., 2006), while the alterna- 
tive oxidase gene AtAOXla is essential for optimal 
growth at lower temperatures (Fiorani et al., 2005) and 
combined light and drought stress (Giraud et al., 
2008). In summary, plants modified for enzymes of 
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the mitochondrial respiratory pathways have previ- 
ously displayed phenotypes of modified photosynthe- 
sis and growth but not specific developmental changes 
without showing a modified biomass accumulation. 

In combination, the specific bolting phenotype, the 
lack of an effect on the biomass accumulation seen here 
and at lower light (Liu et al., 2008), and the protein 
distribution in potato organs suggest that StNDBl 
deviates in physiological role from ETC proteins of 
both the energy-conserving and the energy-bypass 
pathways. A specialized function of NDB1 is also 
consistent with the distribution of external NADPH 
dehydrogenases, being present in plants and Neurospora 
but not in mammals and yeasts (Rasmusson et al, 
2008). 

CONCLUSION 

We demonstrate that the mitochondrial external 
NADPH dehydrogenase StNDBl has capacity to im- 
pose changes in the cellular NADPH/NADP+ ratio that 
in turn can modulate a developmental process. Specif- 
ically, we observed an apical NADPH-induced redox 
modulation of bolting via changes in expression of 
floral meristem integrator genes. This was consistent 
with wild-type temporal changes in NADPH/NADP+ 
ratio during bolting. Also, major differences between 
stem and leaf were identified regarding points of inter- 
action between the NADP(H) redox couple and pri- 
mary metabolism. However, further investigations are 
needed to define how NADP(H) is integrated into the 
metabolic and regulatory systems of plant cells. Re- 
garding the enzymatic properties, gene expression, and 
the phenotype induced by expressional modification, 
StNDBl strongly deviates from other mitochondrial 
respiratory proteins. This supports specific, including 
regulatory, physiological roles of the external mito- 
chondrial NADPH dehydrogenase. 

MATERIALS AND METHODS 
Plant Growth 

Seeds from homozygous transgenic Nicotiana sylvestris overexpressing or 
cosuppressing potato {Solarium tuberosum) NDB1 (Michalecka et al., 2004; Liu 
et al., 2008) were sown on soil and grown in a greenhouse with 16 h of 
supplementary light per day at 200 /¿mol m"2 s"1 at 23°C. Two- week-old 
seedlings with similar sizes were transferred to individual pots and grown at 
23°C at 200 /¿mol m~2 s"1 or 500 /imol irT2 s"1 in a greenhouse with 
supplementary light or at 300 /¿mol m"2 s"1 in a climate chamber. Shoot height 
was measured as the length from the stem bottom, just below the lowest leaf, 
to the top of the shoot apex. For dry weight determination, shoots and roots 
were dried at 90°C for 21 h. Paclobutrazol was applied to soil by adding 100 
mL of a 10 /am solution to each plant two times weekly, starting at day 17. 

Determination of Pyridine Nucleotide Levels 

Transgenic lines were compared by sampling stems that were approxi- 
mately 4 cm long, whereas leaf samples were taken from the first and second 
uppermost fully developed leaves. Pyridine nucleotide levels were measured 
as described previously (Liu et al., 2008). Additional powder aliquots were 
stored at -80°C for other measurements. 
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Metabolic Profiling 
Metabolites were extracted principally as described previously (Roessner- 

Tunali et al., 2003). One hundred to 150 mg of sample powder was mixed with 
1.4 mL of methanol, and 60 /x,L of ribitol (0.2 mg mL"1) was added as an 
internal standard. The mixture was extracted for 15 min at 70°C and then 
centrifuged for 10 min at 14,000 rpm. The supernatant was transferred to a 
glass vial, and 750 ¡xL of chloroform and 1,500 /¿L of water were added. The 
mixture was centrifuged for 15 min at 4,000 rpm. The upper polar phase was 
dried in vacuo and stored at - 80°C. Metabolite analysis was performed by gas 
chromatography-time of flight-mass spectrometry as described previously 
(Lisec et al., 2006), and the relative metabolite contents were evaluated by 
comparison with libraries housed in the Golm Metabolome Database (Kopka 
et al., 2005; Schauer et al., 2005). 

Transcript Quantification 
Total RNA isolation, DNase treatment, cDNA synthesis, and real-time RT- 

PCR were carried out using the RNeasy Plant mini kit (Qiagen), DNase I (New 
England Biolabs), RevertAid H minus first-strand cDNA synthesis kit 
(Fermentas), and GoTaq DNA polymerase (Promega), respectively, but oth- 
erwise as described previously (Svensson and Rasmusson, 2001; Svensson 
et al., 2002; Geisler et al., 2004). Primer pairs used were as reported previously 
(Liu et al., 2008) or derived from N. sylvestris or Nicotiana tabacum cDNA or 
EST sequences as follows (with GenBank accession nos.): NsMADSl 
(AF068725), S'-GCATTGCAAGAGCAAAACAA-S' and 5'-CCATTAAGA- 
TGGCG AAGC A-3 ' ; NsMADS2 ( AF068726), 5 ' -GTTGAATGGCATCAG- 
CAAAA-3' and S'-TGAACTCCAGCAAAAGGACA-S'; NtNFL2 (U16173, 
U16174), S'-GGGAGCATCCTTTTATCGTG-S' and S'-GTCGCATTTTTGGC- 
TTGTTT-3'; NtGA2OX3 (EF471117), S'-GGTGCACATACTGACCCACA-S' 
and 5'-TGGTGGTCCTCCAAAATAAATC-3'; and MGA2OX5 (EF471118), 
S'-GGAGAGCATACAGACCCACAA-S' and 5'-AGGTGGCCCTCCAAAAT- 
AAA-3'. The results were normalized to the expression of a control gene. For 
this, we used N sylvestris UBI11 (Genschik et al, 1992; M74101, 5'-GGGAA- 
GACCATCACTTTGGA-3' and 5'-GCCACTAAAGGAAAGCACAGA-3') that 
is homologous to Arabidopsis UBQ10 (Czechowski et al., 2005). 

Organelle Analyses 
Potato mitochondria from growing sink tubers and source tubers (sprout- 

ing in darkness at 25°C) were purified as described (Struglics et al., 1993). 
Young leaf (1-3 cm), mature leaf (13-15 cm), green stem (the part carrying the 
uppermost eight leaves), etiolated stem (growing in darkness at 25°C), and 
flower bud (sampled approximately 1 d before flower opening) mitochondria 
were purified principally as reported (Boutry et al., 1984). Peroxisomes were 
purified as described (Struglics et al., 1993). Protein analysis was performed 
by the bicinchoninic acid method (Sigma). Mitochondria were analyzed by 
SDS-PAGE and western blotting (Michalecka et al., 2004). Antibodies used 
were against potato NDB1 EF-hand domain (Michalecka et al., 2004), potato 
NDA1 (Rasmusson and Agius, 2001), Sauromatum guttatum alternative oxi- 
dase (Elthon et al., 1989), Arabidopsis (Arabidopsis thaliana) uncoupling 
protein (Borecky et al., 2001), glyoxysomal malate dehydrogenase (Gietl 
et al., 1996), and the mitochondrial complex I subunits NAD9 from wheat 
(Triticum aestivum; Lamattina et al., 1993) and 78-kD protein from Neurospora 
crassa (Friedrich et al., 1989). The latter detects the 76-kD subunit in potato 
(Rasmusson et al., 1998). Catalase activity was detected in the presence of 
Triton X-100 as reported previously (Struglics et al., 1993). Mitochondrial and 
nuclear genome copy number ratio was determined by isolating total cellular 
DNA with the DNeasy kit (Qiagen), followed by real-time PCR using primers 
against the potato mitochondrial gene NAD9 (S'-CGATCGATATTTGAG- 
GAGTT-3' and S'-TCCAATAGTTCAGCAACAGA-S'; accession no. X79774) 
and the nuclear gene NDA1 (5'-CACAATGCCATGGTTCAA-3' and 
S'-TCCAATAGGTTCAGCAACAGA-S'; AJ245861) at 60°C annealing, as de- 
scribed previously (Michalecka et al., 2003). The analysis was made using 
three biological replicates and two to four machine replicates. 

Data Treatment 

Comparisons of values for significant differences were made using Stu- 
dent's t test in Excel (Microsoft) at P < 0.05, unless otherwise denoted. Pearson 
correlation analyses were carried out using SPSS 16.0 (SPSS). Correlation 
networks were built using Cytoscape 2.6 (Cline et al., 2007). 
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The following materials are available in the online version of this article. 

Supplemental Figure SI. Biomass accumulation of N. sylvestris lines. 

Supplemental Figure S2. Stem extension rates in N. sylvestris transgenic 
lines. 

Supplemental Table SI. Metabolite changes in leaves. 

Supplemental Table S2. Metabolite changes in stems. 
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