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High spatio-temporal-resolution
detection of chlorophyll fluorescence
dynamics from a single chloroplast
with confocal imaging fluorometer

Yi-Chin Tseng' and Shi-Wei Chu'#"

Abstract

Background: Chlorophyll fluorescence (CF) is a key indicator to study plant physiology or photosynthesis efficiency.
Conventionally, CF is characterized by fluorometers, which only allows ensemble measurement through wide-field
detection. For imaging fluorometers, the typical spatial and temporal resolutions are on the order of millimeter and
second, far from enough to study cellular/sub-cellular CF dynamics. In addition, due to the lack of optical sectioning
capability, conventional imaging fluorometers cannot identify CF from a single cell or even a single chloroplast.

Results and discussion: Here we demonstrated a fluorometer based on confocal imaging, that not only provides
high contrast images, but also allows CF measurement with spatiotemporal resolution as high as micrometer and
millisecond. CF transient (the Kautsky curve) from a single chloroplast is successfully obtained, with both the tempo-
ral dynamics and the intensity dependences corresponding well to the ensemble measurement from conventional
studies. The significance of confocal imaging fluorometer is to identify the variation among individual chloroplasts,
e.g. the temporal position of the P-S—M phases, and the half-life period of P-T decay in the Kautsky curve, that are
not possible to analyze with wide-field techniques. A linear relationship is found between excitation intensity and
the temporal positions of P-S—M peaks/valleys in the Kautsky curve. Based on the CF transients, the photosynthetic
quantum efficiency is derived with spatial resolution down to a single chloroplast. In addition, an interesting 6-order
increase in excitation intensity is found between wide-field and confocal fluorometers, whose pixel integration time
and optical sectioning may account for this substantial difference.

Conclusion: Confocal imaging fluorometers provide micrometer and millisecond CF characterization, opening up
unprecedented possibilities toward detailed spatiotemporal analysis of CF transients and its propagation dynamics, as
well as photosynthesis efficiency analysis, on the scale of organelles, in a living plant.
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Background

Chlorophyll fluorescence (CF) has been proven to be
one of the most powerful and widely used techniques for
plant physiologists [1-7]. Despite of its low quantum effi-
ciency (2-10% of absorbed light [8]), CF detections are
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meaningful due to its intricate connection with numer-
ous internal processes during photosynthesis, such as
reduction of photosystem reaction centers, non-pho-
tochemical quenching, etc. [9, 10]. It is well known that
the efficiency of photosynthesis can be derived from CF
dynamics, thus providing noninvasive, fast and accurate
characterization for photosynthesis. CF characteriza-
tion has been widely adopted to study plant physiology,
including stress tolerance, nitrogen balance, carbon fixa-
tion efficiency, etc. [11]. It is not too exaggerated to say
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that nowadays, no investigation about photosynthetic
process would be complete without CF analysis.

Conventionally, the tool of choice to study CF is a
fluorometer. There are many different fluorometry tech-
niques, such as plant efficiency analyzer (PEA) [12],
pulse amplitude modulation (PAM) [13], the pump and
probe (P&P) [14, 15] and the fast repetition rate (FRR)
[16]. It is interesting to note that these various detection
approaches are all based on the same principle, i.e. the
Kautsky effect [7], or equivalent, CF transient when mov-
ing photosynthetic material from dark adaption to light
environment.

Conventional imaging fluorometers (e.g. PAM and
P&P fluorometers) are based on wide-field detection,
and are routinely adopted to study ensemble of CF tran-
sients from a large area of a leaf, significantly limiting its
spatiotemporal resolution. For example, to study stress
propagation in a plant leaf [17], current imaging fluorom-
eters only provide spatial resolution on the order of mil-
limeter, with temporal resolution on the order of second.
To unravel the more detailed propagation dynamics, the
required spatial resolution should be at least on single
cell or sub-cellular level, while the temporal resolution
should be enhanced to millisecond scale.

The concept of introducing fluorescent microscope to
study high-resolution CF dynamics has been realized two
decades ago [18], but the drawback of the early micro-
scopic fluorometer version is the lack of optical section
capability due to its wide-field nature, and thus prevents
study of CF transient on a truly single cell or even a single
chloroplast level. Confocal microscopy, which is known
to provide optical sectioning with exceptionally high axial
contrast, has been extensively used for CF imaging with
sub-micrometer resolution [19-23]. However, the high-
speed time-lapsed imaging capability is less explored in
earlier works.

Here we introduce a concept of confocal imaging fluo-
rometer, which is the combination of confocal micros-
copy and CF transient detection. The technique not only
detects CF signals with millisecond temporal resolution,
but also attains micrometer spatial resolution in all three
dimensions. The CF transient (Kautsky curve) within a
single chloroplast is successfully retrieved. With statisti-
cal comparison, the CF transients of a group of palisade
cells and the ensemble of single chloroplasts are found
to be similar to each other, and both correspond well to
the result of conventional imaging fluorometers, showing
the reliability of our result. Nevertheless, the CF transient
of individual chloroplast can be substantially different,
manifesting the value of the unusual capability to study
plant cell organelles. Furthermore, we found that the
shape of transients is highly intensity-dependent, which
is also shown in an earlier study [24]. We also found that
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the short integration time and optical section character-
istic of confocal image fluorometer make a significant
difference of illumination intensity comparing to that
of conventional fluorometers. Given CF transient from
a single chloroplast, it is possible to investigate degree
of influence from external or internal plant-stress with
scale of organelle, and confocal imaging fluorometer has
paved the way for this high spatiotemporal resolution CF
detection.

Principle

Basic concept of confocal imaging fluorometer

The optical principle of confocal imaging fluorometer is
basically the same as confocal laser-scanning microscopy
[25], which is an optical imaging technique for increas-
ing contrast and resolution. The essential components of
a confocal imaging fluorometer is shown in Fig. 1, includ-
ing a laser system, a dichroic mirror, a scanning mirror
system, an objective lens, a pinhole and a photomultiplier
tube (PMT).

The laser system in a confocal imaging fluorometer
provides strong and monochromatic illumination, whose
wavelength can be selected to meet sample request. The
laser beam is sent to the objective after the scanning mir-
ror system to achieve two-dimensional raster scanning
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Fig. 1 Principle and basic components of a confocal imaging
fluorometer. Laser beam is reflected by a dichroic mirror and goes
through a set of scanning mirrors, then focused by an objective lens
onto the specimen. Fluorescence signals is epi-collected in the same
path, and filtered out by the dichroic mirror. A confocal pinhole is
used to allow only fluorescence emitted from the focal plane being
detected by the PMT
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at the focal plane. The backward fluorescence signal is
collected by the same objective, de-scanned through
the scanning mirrors, and separated from residual laser
by the dichroic mirror. The fluorescence signal then is
focused onto the pinhole, which is placed at the conju-
gate plane of objective focus, to achieve optical section-
ing by excluding out-of-focus signals. One or more PMTs
are placed behind the pinhole to collect the in-focus fluo-
rescence signals, which are reconstructed into images by
synchronization with the scanning mirrors [25].

In general, a confocal imaging system is capable of col-
lecting signal with a well-defined optical section on the
order of 1 um [26]. This high axial resolution makes con-
focal system an invaluable tool to observe single cell or
sub-cellular organelles [27-29].

The objective lens is characterized by magnification
and numerical aperture (NA). To enable large field-of-
view observation, low magnification objectives are typi-
cally required. However, please note that resolution is
determined by NA, which can be independent from mag-
nification. NA describes the light acceptance cone of an
objective lens and hence light gathering ability and reso-
lution. The definition of NA is:

NA =n x sin6, (D)

where # is the index of refraction of the immersion
medium, and 0 is the half-angle of the maximum light
acceptance cone. Both lateral (xy-direction) and axial
(z-direction) resolutions for fluorescence imaging mode

are defined by NA and the wavelength (M) [30].

043 x 4
Tlateral = “NA )
0.67 x A
Taxial =

n—+/n?— NA? )
To compare the actinic light illumination in a conven-
tional fluorometer, e.g. PAM, and in a laser scanning con-
focal fluorometer, there are several aspects. First, in PAM
the actinic light is provided by a lamp or an LED, which is
an incoherent light source; while in a confocal system, the
laser excitation is coherent. Second, the spectral band-
width of a laser is in general much narrower than that of
a lamp, which is typically tens of nanometers even after
adding bandpass filters. Third, wide-field illumination is
adopted in PAM, while point-scan is used in confocal.
Although there are many differences between the illu-
mination method of the conventional fluorometer and
the confocal one, in an early work [31], it has been shown
that the actinic effect of using a Xe lamp or a laser is
equivalent. In a more recent work [23], they have shown
that frequency of scanning (~300 s™!) does not seem to
affect the response, even when compared to wide-field
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illumination. In our current work, the scanning fre-
quency on each chloroplast is about 10,000 s~. However,
as we will show in the results, clear OPSMT transitions
and similar intensity-dependent CF dynamics are all
observable. Therefore, it seems that the high-frequency
laser beam movement does not cause significant effects
on CF dynamics.

Kautsky effect

Kautsky effect, discovered in 1931, describes the dynam-
ics of CF when dark-adapted photosynthetic chloro-
phyll suddenly exposes to continuous light illumination
[32]. After initial light absorption, chlorophyll becomes
excited and soon releases its energy into one of the three
internal decay pathways, including photosynthesis (pho-
tochemical quenching, qP), heat (non-photochemical
quenching, NPQ) and light emission (CF). Owing to
energy conservation, the sum of quantum efficiencies for
these three pathways should be unity. Therefore, the yield
of CF is strongly related to the efficiency of both qP and
NPQ [33].

To be more specific, when transferring a photosyn-
thetic material from dark adaption into light illumina-
tion, CF yield typically exhibits a fast rising phase (within
1 s) and a slow decay phase (few minute duration), as
shown by the green curve in Fig. 2. The fast rising phase
is labeled as O-P, where O is for origin, and P is the peak
[24]. It is mainly caused by the reduction of qP; that is,
depletion of electron acceptors, quinine (Qa) in the elec-
tron transport chain [34]. The slow decay phase is labeled
as P-S—M-T, where S stands for semisteady state, M for
a local maximum, and T for a terminal steady state level

CF intensity

10°
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1 Actinic Light on Time (ms)
Fig. 2 The Kautsky effect, showing the CF transient as well as its
intensity dependence. Wavelength of excitation: 650 nm. Excita-

tion light intensity for curves labeled 1,2 and 3 was 32, 320 and

3200 umol/m?/s, respectively. For definition of OPSMT, O is the origin,
P is the peak, S stands for semi-steady state, M for a local maximum,
and T for a terminal steady state level (Modified figure from [1], with
copyright permission)
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[24]. One very interesting phenomenon is the shape of
this decay phase depends strongly on illumination inten-
sity. At low intensity (32 pmol/m?/s), the Kautsky curve is
the green one. When the intensity grows one order larger,
the amplitude of S—M rise in the transient is smaller, as
shown by the red curve. At one more order higher inten-
sity, the blue curve shows that the S—M section disap-
pears completely, leaving an exponential decay in the P-T
section. This is known as saturation state, which is critical
to derive the quantum efficiency of photosynthesis. Such
intensity-dependent curve transition is the result of pho-
tosynthetic state transition, and more detailed discussion
can be found in the references [1, 10, 13, 35-37].

Methods

Plant sample

Brugmansia suaveolens (solanaceae), also known as
Angel’s Trumpet, was a woody plant usually 3-4 m in
height with pendulous flowers and furry leaves distrib-
uted widely in Taiwan, especially in wet areas. Being
interested in spatiotemporal dynamics of CF, we selected
B. suaveolens as our target material since the CF of its
cousin Datura wrightii, also known as Devil's Trumpet,
had been studied in depth [17]. B. suaveolens leaves were
collected from the Botanical Garden of National Taiwan
University, Taipei, Taiwan (25°1'N, 121°31’E, 9 m a.s.L.).
All sample leaves were picked as fully expanded leaves
that had neither experienced detectable physical damage
nor herbivory. In order to minimize the sampling error,
three leaves were chosen within plants that grew in simi-
lar micro-climate. Furthermore, all the measurements
were completed no longer than two hours after disleav-
ing. Fresh leaves were sealed in slide glass (76 x 26 mm),
and slide samples were dark-adapted under constant
temperature and constant humidity dark environment
(20 °C, 70%RH) for 20 min.

Experimental setup

A confocal microscope (Leica TCS SP5) in the Molecu-
lar Imaging Center of National Taiwan University was
adopted. CF was excited by a HeNe laser, whose wave-
length (633 nm) was the same as that used in popular con-
ventional fluorometers, such as LI-6400 from LI-COR.
A relatively low-NA objective (HC PL Apo 10x/0.4 CS)
was selected to allow not only large field of view over a
few millimeters, but also spatial resolution better than a
single chloroplast. From Egs. (2) and (3), the lateral and
axial resolutions were 1 and 5 pm, respectively. Although
this was not particularly high compared to common con-
focal imaging system, due to the low-NA objective here,
the three-dimensional spatial resolution was much better
than conventional imaging fluorometers.
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To operate the confocal fluorometer, the initial step was
to bring the sample to focus by weak excitation (~1 kW/
cm?, or equivalently 5.56 x 107 umol/m?/s for intensity
conversion, please see “Discussion”), and then the leaf
was left in dark again for 5 min. To observe the Kautsky
effect, the 633-nm laser was focused on the sample, and
the fluorescence emission was recorded in the spectral
range of 670-690 nm. The intensity-dependent CF tran-
sient curves were obtained by taking time-lapsed images
while varying the 633-nm excitation intensity from 1 to
55 kW/cm?, at different sample regions. For experimental
details, the scanning speed was 1400 Hz (1400 rows per
second), the pinhole size was 52 um (one Airy diameter),
the built-in PMT voltage was set at 600 V, and a dichroic
filter TD 488/543/633 was included in the optical path.
With different number of total pixels, the temporal res-
olution of the CF transient varies from 10 ms (16 x 16
pixels) to about 200 ms (256 x 256 pixels). No signifi-
cant photobleaching of CF was expected at this intensity
range [38].

Results

Fluorescence dynamics from a single chloroplast
Conventional fluorometers observe CF dynamics over
a large area on a leaf, and here we demonstrate that the
confocal imaging fluorometer allows us to obtain CF
transients from a precisely chosen cell or even a single
chloroplast. Figure 3a shows the confocal images of a leaf
sample. (al) is the large-area view, showing the distribu-
tion of vascular bundles, while (a2) gives a zoom-in view
of a group of palisade cells, showing clear distribution of
chloroplasts in each cell. By further zooming in, the field
of view is focused onto a single chloroplast, as given in
(a3), showing the distribution of chlorophyll density
inside the organelle [39].

Figure 3b presents the CF transients at low intensity
illumination (3 kW/cm?) from a group of palisade cells
(b1) and a single chloroplast (b2). The latter is noisier
due to less pixels involved. The characteristic P-S decay
and S—M rise of Kautsky curve are obvious in both (b1)
and (b2). In Fig. 3b1, based on the statistics of 30 chloro-
plasts, the averaged timing points for P-S—M states are
1.8, 5.9 and 10.4 s, respectively, corresponding well with
the reported values in the literature (Fig. 2). On the other
hand, box plots are embedded in Fig. 3bl to show the
variations of time and intensity in P-S—M states between
the 30 individual chloroplasts. The bottom and top of the
box are the first and third quartiles, while the ends of the
whiskers represent the maximum and minimum values.
This result not only confirms that the averaged Kautsky
curves acquired by the confocal fluorometer are similar
to the curves taken with conventional fluorometers, but
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Fig. 3 Confocal images and CF transients on different spatial scales inside a living leaf. A 633-nm laser, with 3 kW/cm? intensity, is adopted for
50 s continuous confocal imaging. The sample leaf was kept in darkness for ~20 min before imaging. a1 The image over a large area of the leaf,
a2 zoomed into show a group of palisade cells, and a3 further zoomed into focus onto a single chloroplast. b1, b2 CF transient from a group of
palisade cells and a single chloroplast, respectively. b2 Noisier since less pixels are involved

also shows that the variations between individual chloro-
plasts are indeed significant.

Intensity dependent fluorescence transient

As we have mentioned in Fig. 2, it is well known that the
Kautsky curve changes with intensity. Figure 4 shows the
intensity-dependent Kautsky curves from ~780 chlo-
roplasts (colored lines) along with their standard error
(gray lines), obtained by the confocal fluorometer. Note
that to make the standard error visible on the same scale,
it is multiplied by 16. Figure 4a is acquired with low laser
intensity (3 kW/cm?), and a temporal variation similar to
curve 1 of Fig. 2 is found, i.e. a complete O—P-S—-M-T
curve. The CF intensity rises to its first peak within 1 s
(O-P rise), quickly decreasing to a local minimum (P-S
fall), rising again to a second peak (S—M rise) then slowly
falling as exponential decay (M-T decay). At slightly
higher intensity (10 kW/cm?), a temporal variation simi-
lar to curve 2 of Fig. 2 is observed. The P-S fall and S—-M
rise still exist, but become much smaller, while the posi-
tions of P, S, and M appear earlier in the curve. At high
intensity (55 kW/cm?), the S—M part disappears com-
pletely, leaving a single exponential P-T decay, similar to
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Fig. 4 Averaged CF transients from ~780 chloroplasts (colored) with
standard error (x 16, gray) under excitation intensity ata 3, b 10, and
¢ 55 kW/cm2, respectively, showing clearly the intensity-dependent

Kautsky curves
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curve 3 of Fig. 2, i.e. saturation state. This result matches
very well to the conventional wide-field fluorometer [1,
13, 36], but with much higher spatiotemporal resolution,
manifesting again the reliability and usefulness of the
confocal technique.

From Fig. 4, not only the curve shape is intensity-
dependent, but the positions of local maxima and
minimum (P, S, M points) are strongly dependent on
excitation intensities. Figure 5a shows the detailed curve
variation relative to intensity, in the range of 3-55 kW/
cm?, and the corresponding temporal position of local
maximum of induced transients, i.e. point M, is given
in Fig. 5b. Surprisingly, an almost perfect linear trend
is observed. Similar linear results are found for the

Time (s)

[llumination intensity

0.0 0.5 1.0 1.5
Time (s)
Fig. 5 a Detailed Kautsky curve variation in the intensity range of
3-55 kW/cm?. The temporal positions of b the local maximum (M), ¢

semisteady state (), and d peak (P), all change linearly with excitation
intensity. The grey area represents 95% confidence region
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semi-steady state point S in Fig. 5¢, and for the peak point
P in Fig. 5d. Due to the limitation of temporal resolution
(200 ms for 256 x 256 pixels), S and P points are ana-
lyzed with intensity range 3—40 kW/cm? and 3-20 kW/
cm?, respectively. The linear trends indicate that the state
transition rate increases with higher excitation intensity.
The underlying mechanism relies more investigation in

the future.

Fluorescence dynamics under saturation intensity

In the last section, we have shown that at high excitation
intensity, the CF is driven into saturation, which is very
important for the quantum efficiency calculation. Thus,
here we provide further characterization of the satura-
tion states across individual chloroplasts. In Fig. 6a, the
green color provides the spatial distribution of CF inten-
sity over many living cells, and the red color shows the
distribution of P-T phase decay time constant. For bet-
ter identification, the two colors are shown separately in
Fig. 6b, c. The statistical analysis for the P-T decay time
constant of transients from individual chloroplasts is
derived from Fig. 6¢. The averaged decay time constant
of a large area of leaf is 34.6 s, again matching well to the
reported values in Fig. 2. Nevertheless, the standard vari-
ation of the decay time constant is 10.6 s, which reaches
one-third of the average value, so significant divergence
exists between each chloroplast. This decay time diver-
gence is manifested by explicitly showing four Kautsky
curves from individual chloroplasts in Fig. 6¢1—c4.

Please note that error values in Fig. 6c1—c4 are the least
square errors when fitting the curves with an exponen-
tial decay, different from the statistical standard deviation
above. When analyzing data from a single chloroplast,
the signal-to-noise ratio is relatively low, resulting in
about 10% error in the time constant determination.
Fortunately, the variation of time constants among chlo-
roplasts is much larger than 10%, so this error is still tol-
erable. In the case where reduced error is necessary, the
confocal system provides the flexibility to increase the
integration time (reducing temporal resolution), so that
higher signal-to-noise ratio can be achieved.

Since the laser intensity is relatively strong, it is neces-
sary to confirm the reproducibility of the Kautsky curve
in the same region of chloroplasts. Figure 7al shows the
confocal CF image of a group of cells, and the corre-
sponding averaged Kautsky curve is given in Fig. 7b1. The
excitation intensity is 55 kW/cm?, which is adequate to
saturate the photosystem, so a curve similar to 3 in Fig. 2
is observed. The sample was then kept in dark for 5 min,
before the same intensity was applied again. The results
of second excitation is given in Fig. 7a2, b2. Apparently,
the Kautsky curve is fully recoverable, even under rela-
tively high illumination intensity.
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Fig. 6 High-resolution spatial distribution of CF intensity (green in a, b) and of the PT-phase time constant (red in a, €). The fluorescence transients
of four selected chloroplasts within a living leaf are shown in the bottom panels, manifesting the significant difference in the time constants. The
dataset is acquired at 40 kW/cm? with a HeNe laser (633 nm)

Deriving quantum efficiency of photosystem Il

We have shown that intensity-dependent CF transient
is found on the scale of cells and chloroplasts, it is then
straightforward to derive the physiologically important
factors, such as the maximal quantum efficiency of pho-
tosystem II (®Dpg;). To derive maximal @pg, the first step
is to quantify the fluorescence yield, which is the ratio
between CF intensity and excitation intensity. In our
work, the relative quantum yield values are obtained by
normalizing the CF intensities to the fluorescence inten-
sity of a commercial fluorescent slide (92001, Chroma
Tech., VT) under the same excitation intensity. The val-
ues of relative quantum yield at low excitation intensity
(Dp, at 3 kW/cm?) and at saturation intensity (@, at

55 kW/cm?) are given in Table 1. Then the spatial dis-
tribution of @y, is obtained with pixel-by-pixel calcula-
tion of (D, — Opy)/DPp,, as shown in Fig. 8. Apparently,
the effect of the fluorescent slide is removed when calcu-
lating the quantum efficiency with the above equation.
Numerical values of quantum efficiencies on different
scales are also listed in Table 1. Similar to the results of
Kautsky curves, the mean values of quantum efficiency
are similar throughout a large area of leaf to a single
chloroplast. On the other hand, from Table 1 and Fig. 8,
the value of ®g;; can be very different among individual
chloroplasts, once again manifesting the significance of
high-resolution mapping of the CF dynamics inside a liv-
ing plant.



Tseng and Chu Plant Methods (2017) 13:43

Page 8 of 11

,;2— b1|] b2
(72] _| |
S <
o | i
S )l
o
©sH | I | I ™ I | I | |
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)

Fig. 7 The reproducibility of Kautsky curve under strong illumination intensity (55 kW/cm?). a1, b1 are confocal CF image and Kautsky curve for the
first set of excitation. a2, b2 are the corresponding results with the second set of excitation after 5 min in dark

Table 1 Relative quantum yields and quantum efficiencies at different spatial scales

Large area of leaf (mean/SD)

Group of palisade cells (mean/SD)

Single chloroplast (mean/SD)

O, 47.15/7.76 45.27/6.67 46.77/5.77

O 13.44/3.66 12.46/3.19 11.94/2.44

Dpg 071/0.22 0.72/0.20 0.74/0.16

Discussion highlighted by the box plot in Fig. 3 and the clear variation

We have successfully obtained the Kautsky curve, as well
as its intensity dependence, with the confocal imaging
fluorometer. Comparing to conventional wide-field imag-
ing fluorometers, the confocal technique allows much bet-
ter spatial confinement due to optical sectioning capability,
and thus observation from a single chloroplast becomes
possible. With the statistical analyses for P, S, M, T states
of the Kautsky curves, at low and high intensities in Figs. 3
and 6 respectively, it can be concluded that the behavior
of individual chloroplasts under our confocal imaging
fluorometer is indeed similar to a large area of leaf under a
conventional wide-field fluorometer. However, the value of
the confocal technique lies in the capability to unravel the
significant difference between individual chloroplasts, as

of P-T decay time constants in Fig. 6c.

In terms of the temporal resolution performance, the
confocal and wide-field fluorometers should be similar
in terms of a single pixel detection, which takes about
1-10 ps in both cases. As mentioned in [17], the wide-
field fluorometer takes about 1 s to record one image.
Nevertheless, the advantage of the confocal scheme is the
freedom to select number of pixels, as well as the posi-
tion of these pixels, significantly enhancing the temporal
responses. By using more advanced scanning approaches,
such as random-access microscopy [40], high-speed
CF detection among distant chloroplasts is possible. In
addition, by adopting a multi-focus scanning approach,
such as being demonstrated by spinning disk confocal



Tseng and Chu Plant Methods (2017) 13:43

d)PSII

Fig. 8 High-resolution spatial distribution of quantum efficiency of

photosystem Il inside a living leaf

microscopy in 2009 [23], the frame rate of confocal fluo-
rometer can be significantly improved.

Although spinning disk technique may potentially pro-
vide higher frame rate, there are several limitations that
prevent it to be an ideal choice for fluorometry applica-
tion [41]. First of all, due to the size limitation of camera,
spinning disk confocal microscopy typically exhibits a
small field of view, often only the size of a few cells, which
is problematic when studying tissues. A good comparison
is given in Fig. 8 of [41], where laser scanning confocal
microscope provides much larger field of view.

Second, due to the existence of multiple pinholes on
a pinhole array, the optical sectioning capability of spin-
ning disk microscopy is in general less ideal than laser
scanning confocal microscopy, especially when observ-
ing thick and scattering tissues. In addition, when using a
low-magnification lens for large-area study, the spinning
disk technique can significantly lose its optical section-
ing ability. The reason is that most spinning disk system
has a pinhole array comprising pinholes with a fixed size,
which is designed for high-magnification and high-NA
immersion objective lens, such as a 100x/NA 1.4 objec-
tive. However, for plant tissues, low magnification lens
with moderate NA is preferred for large area observation.
In our case, a 10x/NA 0.4 objective is employed, provid-
ing 1.5 mm x 1.5 mm field of view. If the 10x objective
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is used in a spinning disk system, whose pinhole diameter
cannot be adjusted, both the axial sectioning capability
and the lateral resolution shall be far less optimal than a
confocal system. On the other hand, in a point-scanning
confocal system, the pinhole size is easily adjustable,
allowing observation for both high and low magnifica-
tions. Even with the low NA objective, as we mentioned
in the main text, our confocal fluorometer still provides
1-micrometer lateral resolution and 5-micrometer axial
resolution, adequate for single chloroplast imaging.

The third concern is image uniformity. In a spinning
disk system, when using a Gaussian laser beam, the exci-
tation intensity of the center region is larger than the
edge, making it difficult to quantify the response from
individual chloroplast. On the other hand, the image uni-
formity of laser scanning confocal fluorometer is much
better than typical spinning disk one.

Last but not least, when comparing spinning disk
and laser scanning confocal techniques, it is commonly
accepted that the laser intensity at each focus is less for
the former, so photobleaching is reduced. However,
we would like to point out that the overall accumulated
power/energy on the plant tissue is in fact higher, since
the laser power is spread over hundreds of foci across the
entire field of view. Therefore, more powerful lasers are
required for the spinning disk system, and the issue of
potential photothermal damage in the tissues has to be
considered.

Another important aspect to notice is that the illu-
mination intensity of the confocal fluorometer is much
higher than that of the wide-field fluorometers. As
shown in Figs. 5 and 6, to eliminate the semi-steady
state S in the CF transient, about 55 kW/cm? is required
for the confocal fluorometer. However, in the case of
wide-field fluorometer, as shown in the example of
Fig. 2 [1], to eliminate S, 3200 pmol/m?/s is required.
Considering the wavelength to be 650 nm in [1], the
photon energy is 1240/650 = 1.9 eV = 3 x 107" J.
Therefore, the intensity unit (umol/m?/s) is equivalent to
[107° x 6 x 10% (# of photons)] x [3 x 107 (J/pho-
ton)]/10%* cm?/s = 18 x 107° kW/cm?. As a result, in the
wide-field fluorometer, the required illumination inten-
sity is 3200 x 18 x 107 kW/cm? = 5.76 x 107> kW/cm?,
six orders of magnitude smaller than that in the confocal
one.

To explain this 6-order intensity difference, optical
sectioning and illumination time of the confocal imag-
ing fluorometer have to be considered. In a conventional
fluorometer (wide-field detection), CF signals are emitted
throughout the whole leaf in the axial direction, so the
depth of field (i.e. signal collection depth) is equivalent to
the thickness of a leaf, which is usually 100—-1000 um. On
the other hand, for a confocal fluorometer, a pinhole is
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inserted before the detector to reject most out-of-focus
fluorescence, and thus the total signal strength is sig-
nificantly reduced. The typical depth of field in a confo-
cal fluorometer is about 1-10 um, which is 2-orders less
than that of the wide-field one. Hence, the signal strength
of the confocal fluorometer is expected to be 2-orders
weaker than the wide-field counterpart.

In terms of the illumination time, in a conventional
wide-field imaging fluorometer, the whole leaf sample
is illuminated continuously, so the illumination time
for each pixel is the same as the frame acquisition time.
On the other hand, a small laser focus scans across the
sample in the confocal scheme, making the illumination
time for each pixel much shorter than the frame time. For
example, in the case of Fig. 4a2, 1 frame takes about 1 s,
and the frame is composed of 256 x 256 pixels, so the
illuminating time for each pixel (1 pixel is roughly 1 pm?
in this case) of the confocal imaging fluorometer is about
4-orders shorter than that of conventional wide-field
imaging fluorometer.

Combining the above two reasons, it is reasonable that
the illumination intensity in the confocal imaging fluo-
rometer needs to be much higher than that in the wide-
field fluorometer to achieve similar CF signal strength,
as well as the Kautsky curves. The latter is somewhat
surprising since it indicates that the physiological
response of the chlorophyll remains the same with such
high-intensity, yet short-period, illumination. One pos-
sible reason is that there is a slow reaction during pho-
tosynthesis and CF generation, so the chlorophyll only
responses to the average intensity, not the instantaneous
intensity. By looking into the electron transport chains
in the photosystem, the bottleneck reaction might be the
reduction of plastoquinone (PQ), which has a relatively
slow reaction rate (100 molChl mmol~! s™!) [42]. Further
studies are necessary to identify the underlying photo-
chemical mechanism.

Conclusion

In this work, we demonstrated a confocal imaging fluo-
rometer that can provide high spatiotemporal characteri-
zation of CF inside a living leaf. The three-dimensional
spatial resolution is on the order of micrometer, and the
temporal resolution reaches tens of milliseconds, allow-
ing us to study CF transient, i.e. the Kautsky effect, from
even a single chloroplast. Although the ensemble behav-
ior of CF transient, as well as the intensity-dependent
Kautsky curves, agree well with the results of conven-
tional wide-field fluorometers, confocal imaging fluorom-
eter provides valuable information toward the difference
of CF dynamics among individual chloroplasts. The fea-
tures of optical sectioning and laser focus scanning in the
confocal fluorometer result in much higher illumination
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intensity compared to conventional techniques, while
maintaining normal cellular physiological responses. Our
work not only opens up new possibilities to study CF
dynamics on the level of organelles, but also is promising
to unravel more spatial/temporal details in the associated
photosynthetic processes.
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