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metabolism (Ghosh and Chance, 1964; Goldbeter, 
1996; Danø et al., 1999). In this study, we have exam-
ined changes in NAD(P)H during oscillatory pollen 
tube growth. We find that NAD(P)H oscillates with 
the same period as growth but not the same phase. 
Deconvolution of the signal reveals that at least one 
component, possibly NAD(P)# , anticipates changes in 
growth rate and thus might be a part of the central 
regulator of growth. 

RESULTS 

NAD(P)H Colocalizes with Mitochondria 

When exciting at 360 nm and collecting the emis-
sion using a 400-nm long pass filter, we detect a fluo-
rescent signal along the length of the pollen tube. 
Because these images are based on excitation and 
emission at single wavelengths, the amounts of fluo-
rescence are not corrected for changes in optical path 
length. Nevertheless, by scanning a midline along the 
length of the tube, where the accessible volume will 
be relatively uniform, it becomes apparent that the 
signal is enriched in the apical 50 ! m, with the 
strongest component occurring about 20 to 40 ! m 
back from the apex, which corresponds to the base of 
the clear zone (Fig. 1, A and B). To provide further 
information about associated structures, we stained 
living cells with Mitotracker Green, a fluorescent dye 
that labels mitochondria. It can be seen in Figure 1 (C 
and D) that mitochondria, which occur along the 
length of the pollen tube, tend to accumulate in the 
region 20 to 40 ! m back from the apex. Line scan 
measurements along the length of the pollen tubes 
further indicate the close spatial localization of the 
NAD(P)H signal with the accumulation of mitochon-
dria (Fig. 1, E and F). 

NAD(P)H Fluorescence Oscillates during Pollen Tube 
Growth Oscillation 

Because pollen tubes of lily longer than 700 ! m re-
liably exhibit oscillations in their growth rate, we se-
lected cells at this state of growth for the analysis of 
NAD(P)H fluorescence. Pollen tubes were thus repeti-
tively excited by 360 nm light for 250 ms at 3-s inter-
vals over a total time period of 10 min. Images from a 
segment of sequential data are shown in Figure 2; a 
graphic display of representative oscillations is shown 
in Figure 3. The resulting fluorescent signals clearly 
show distinct oscillations in which the peak fluores-
cence displays the same period as growth but not the 
same phase (Fig. 3). To provide more certainty on this 
point, we used autocorrelation to estimate the average 
periods of NAD(P)H titers and tip-growth rate within 
five independent pollen tubes; while the periods var-
ied between 19 and 24.9 s between tubes, the periods 
of tip growth and NAD(P)H oscillation were virtually 
identical within tubes (data not shown). These oscilla-
tions in NAD(P)H fluorescence were not observed in 

tubes that did not exhibit growth oscillations, e.g. pol-
len tubes starting to grow or terminating growth. 
Here, we only observe a constant signal in the subapi-
cal region (data not shown). We also determined that 
these oscillations in signal were not due to a nonspe-
cific effect, such as changes in accessible volume. 
Thus, single wavelength measurements from cells 
loaded with rhodamine dextran, which fills the acces-
sible cytoplasm and does not respond to ions (calcium 
or pH), failed to show an oscillatory pattern (data not 
shown). 

To determine the phase relationship with growth, 
we subjected these data to cross-correlation analysis 
(Fig. 4). The results show that in the tip of the pollen 
tube, the NAD(P)H fluorescent peaks follow growth 
maxima by 7 to 11 s or 77" to 116". However, the 
troughs in the data are also thought to contain impor-
tant information. It is known, for example, that the 
strongest fluorescent signal derives from protein-
bound NAD(P)H, whereas free NAD(P)H has a sub-
stantially weaker fluorescent signal (Wakita et al., 
1995; Paul and Schneckenburger, 1996; Blinova et al., 
2005). The oscillation, therefore, could arise from a 
change between bound and free forms. Alternatively, 
there could be an oscillation between reduced and 
oxidized forms, where the latter [NAD(P)# ] is non-
fluorescent. Accordingly, we looked at the negative 
view of these fluorescent traces in cross-correlation 
analysis. The results indicate that in the apical-most 
domain, the troughs anticipate peak growth by 5 to 10 
s or 54" to 107". In addition, the cross-correlation 
analysis reveals that the troughs are as strongly corre-
lated with growth as are the peaks. 

To increase our understanding of the spatial nature 
of this signal, we examined fluorescence in 10-! m 
increments from a point centered at 5 ! m from the tip 
to a point centered at 55 ! m back using cross-
correlation analysis of growth rate with regional 
NAD(P)H fluorescence (Fig. 4, B–G). In all areas, we 
are able to detect an oscillatory signal; however, the 
data show that the troughs are most advanced from 
growth at the extreme apex, with a gradual decline 
until 55 ! m, when the troughs are in phase with the 
growth rate (Fig. 4H). A similar analysis of the peaks 
reveals that they progressively fall further behind 
growth. Because each subarea of NAD(P)H measure-
ment is being cross correlated with the same set of tip 
growth data, it is also evident that the apical areas of 
NAD(P)H fluorescence are most highly correlated 
with tip growth (Fig. 4, B–G); however, the strength 
of cross correlation progressively attenuates and 
reaches approximately 60% of the peak correlation at 
55 ! m from the tip. 

Diphenyleneiodonium Increases NAD(P)H Fluorescence 
and Decreases Growth 

To modify the levels of NAD(P)H and see how this 
affects both fluorescence and tube growth, we applied 
diphenyleneiodonium (DPI), which inhibits plasma 
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subapical region has an elevated level of ROS (Fig. 
6C). Further studies involving a comparison of the 
ROS stain with Mitotracker Green reveal that the re-
gion with high ROS production correlates with the 
distribution of mitochondria and is largely excluded 
from the region of the inverted cone in the apex 
(compare Figs. 1D and 6B). 

DISCUSSION 

The results show that the amount of NAD(P)H, 
based on its endogenous fluorescence, spatially corre-
lates with the distribution of mitochondria (Fig. 1). 
Not only do we recognize that mitochondria are the 
major source of NAD(P)H in the cell, but the studies 
showing that the components of the glycolytic path-
way are also associated with outer membrane of the 
mitochondria (Giegé et al., 2003) ensure that addi-
tional enzymes associated with NAD(P)H metabolism 
will be similarly localized. Although oxidation of 
NAD(P)H occurs at the plasma membrane in soybean 
(Glycine max) hypocotyls and even exhibits an oscilla-
tory profile (Morré and Morré, 1998; Morré, 2004), 
this process will be only a fraction (10%) of that gen-
erated by mitochondria. In addition, the oscillatory 

period for this process is 24 min and thus is 40 times 
longer than that reported herein in pollen tubes. We 
conclude, therefore, that mitochondrial metabolism 
accounts for the signal that we observe. 

Of particular importance, the NAD(P)H-dependent 
fluorescence in pollen tubes oscillates and relates in a 
meaningful way to the corresponding oscillatory 
changes in the rate of growth (Figs. 2 and 3). When 
the signal is examined by cross-correlation analysis, 
the results indicate that the peak fluorescence follows 
the peak in growth rate. However, a similar analysis 
of the troughs indicates that they anticipate changes 
in growth rate (Fig. 4). A question that is often raised 
concerns how we can have confidence within an oscil-
latory context that an event either anticipates or fol-
lows changes in growth rate. To resolve this issue, we 
have used cross-correlation analysis, which permits 
us to establish the strength of covariance and lag be-
tween two processes, e.g. tip growth and process “x” 
(Brillinger, 1975). Because there are irregularities in 
the amplitudes, periods, and shapes of individual 
oscillation profiles, which are shared between tip 
growth and process “x”, cross-correlation analysis is 
able to exploit those to establish the phase relation-
ship. The direction of stronger correlation indicates 
the better fit and provides information on whether a 
process is phase advanced or retarded relative to 
growth rate. The process of cross-correlation analysis 
also provides information on the strength of fit, which 
can be important in helping us to determine which 
relationships are more meaningful. 

Although the cross-correlation analysis indicates 
that the troughs and peaks are equal in their strength 
of correlation to growth, we focus on the troughs be-
cause they indicate a process that anticipates the 
changes in growth rate. It is our view that a preceding 
or anticipatory event may bear a closer relationship to 
the central regulator of growth than one that follows. 
The troughs represent a decrease in NAD(P)H fluo-
rescence, which could be due to two different proc-
esses. First, it could be due to a shift from bound to 
free NAD(P)H in which the bound form exhibits a 
much stronger fluorescence than that which is free 
(Wakita et al., 1995; Paul and Schneckenburger, 1996; 
Blinova et al., 2005). Second, it could be due to oxida-
tion of NAD(P)H, where the oxidized form 
[NAD(P)# ] is nonfluorescent. Results from previously 
published studies appear to be in greater accord with 
the second option. Thus, Kasimova et al. (2006), using 
fluorescence lifetime spectroscopy, find a significant 
amount of free NADH in isolated potato (Solanum 
tuberosum) tuber mitochondria. Porcine heart mito-
chondria also contain substantial free (63%) NADH 
(Blinova et al., 2005). However, changes in the free 
component have not been detected. Wakita et al. 
(1995), in studies on rat liver mitochondria, report 
that the fluorescence signal is not due to changes in 
the environment (binding) but rather to changes in 
the amount of NAD(P)H. Kasimova et al. (2006) find 
that the concentration of free NADH in isolated po-

 
Figure  2. A time lapse sequence of a growing pollen tube reveals
the changes in NAD(P)H fluorescence as the pollen tube grows.
The individual images were acquired by exposure for 250 ms, with
a 3-s interval between successive images. They are displayed in
pseudocolor where red indicates high levels of NAD(P)H. 
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tato tuber mitochondria remains constant, regardless 
of the metabolic conditions or the total amount of 
NADH. When taken together, these considerations 
lead us to favor the idea that the troughs in the oscil-
latory signal represent an increase in NAD(P)# . 

Of additional interest, the troughs are most ad-
vanced over growth in the apical domain, but they 

become progressively less advanced in more basipetal 
regions until they are in phase with growth rate at 
about 50 to 60 ! m back from the tip (Fig. 4). More-
over, the troughs show a stronger correlation to 
growth rate in the apical domains where they are 
most advanced over growth rate. If the troughs repre-
sent a relative increase in NAD(P)# , then the data in-

Figure 3. A comparison of the growth rate
(dashed line; white squares), and NAD(P)H 
fluorescence, taken at about 20 ! m behind the 
tip (solid line; black circles), reveals that these 
two oscillatory signals show the same period 
but not the same phase. 

  

 

 
Figure 4. Cross-correlation analysis of tip growth with NAD(P)H fluorescence in incremental regions (10 ! m) along the 
length of the pollen tube. A to G, Analysis of one pollen tube in a series of six. A, Autocorrelation of tip growth. The thick 
vertical bars represent 95% confidence intervals of the mean phase offset, while the thin vertical extensions mark 95% 
confidence intervals of the offsets. B to G, Cross covariance between tip growth and NAD(P)H fluorescence in circum-
scribed regions centered at 5, 15, 25, 35, 45, and 55 ! m behind the tip. The thick vertical solid line illustrates the position 
of zero offset. The displacement of the positive correlation peak is marked by a thin solid line and the displacement of the 
negative correlation is marked by a dashed vertical line. H, Average phase offset of NAD(P)H positive (solid line) and 
negative correlation (dashed line) of fluorescence to tip growth for the series of six tubes. The vertical bars represent a 
95% confidence intervals of the mean phase offset. 
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phasize the importance of achieving the correct bal-
ance between the oxidized and reduced forms of 
these coenzymes. Thus, the inhibition of NAD(P)H 
dehydrogenase activity with DPI leads to an increase 
in NAD(P)H and eventually to a decrease in the 
growth rate (Fig. 5). We also provide preliminary evi-
dence about ROS production in pollen tubes. In 
agreement with several others (Pei et al., 2000; Murata 
et al., 2001; Coelho et al., 2002; Foreman et al., 2003), 
our studies are consistent with the idea that 
NAD(P)H is a prime participant. Staining the pollen 
tubes with CM-H2DCFDA reveals that ROS are most 
concentrated in the region where mitochondria accu-
mulate and also where the NAD(P)H levels are most 
elevated (Fig. 6). A subapical, mitochondrial associa-
tion with ROS production is also seen in tip-growing 
rhizoids of Fucus (Coelho et al., 2002). Despite these 
similarities, the Fucus rhizoid in addition shows a 
region of ROS production at the extreme apex that is 
not seen in pollen tubes. Although a certain amount 
of NAD(P)H oxidation may be coupled to the forma-
tion of ROS, which then serve a signaling role in guid-
ing pollen tube growth, it seems likely that the bulk of 
NAD(P)H oxidation is coupled to cellular energetics, 
e.g. ATP synthesis. 

In conclusion, we have shown that NAD(P)H fluo-
rescence oscillates during oscillatory pollen tube 

growth. Mathematical analysis of the phase relation-
ship between NAD(P)H fluorescence and growth rate 
indicates that at least one component, possibly 
NAD(P)# , anticipates the changes in growth rate and 
might therefore occupy a position close to the central 
growth regulator. We favor the idea that oxidation of 
NAD(P)H with the concomitant production of ATP 
constitutes a primal event in pollen tube growth con-
trol. We also recognize that the NAD(P)H oxidation 
may be associated with formation of ROS and these 
may serve an important signaling function. 

MATERIALS AND METHODS 

Pollen Tube Growth 

Pollen grains of lily (Lilium formosanum) were germinated and grown in 
lily growth medium (LGM), which is composed of 15 mM MES, 1.6 mM 
H3BO3, 1 mM KCl, 0.1 mM CaCl2, and 7% (0.2 M) Suc at pH 5.5. Pollen tubes 
were plated on a coverslip in an open glass slide chamber by mixing 35 ! L of 
LGM containing the recently germinated pollen tubes and 35 ! L of LGM, 
which contained 1.4% of low gelling point agarose (type VII; Sigma). This 
step turned out to be very critical as the layer of agarose on the coverslip 
should be as thin as possible to keep the pollen tubes flat and as close to the 
coverslip as possible. To ensure a thin layer, the coverslips were previously 
treated with hydrofluoric acid (5%) for 10 min, which slightly etched the 
glass and facilitated the tight binding of the agarose layer. 

Figure 6. A and B show the same pollen tube.
A, DIC image; B, fluorescence image indicat-
ing the relative distribution of ROS. To make 
this image, the pollen tube was microinjected 
with CM-H2DCFDA, which is sensitive to ROS,
and tetramethyl-rhodamine 70 kD, which is an 
accessible volume marker. A ratio-image of 
the two fluorophores provides an indication of 
the distribution of ROS, which is independent 
of the optical path length. Note the highest 
values in the subapical region where mito-
chondria are more abundant (Fig. 1D). Figure 
6C provides a line scan of intensity values 
along the length of the pollen tube shown in B. 
Note the increase in signal in the subapical 
region. 

  






