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Chlorophyll (Chl) fluorescence measured on a leaf surface only provides the photosynthetic
status of chloroplasts near the surface due to self-shading effect of Chl. Here, we report a laser-
induced Chl fluorescence measurement system, which enables measurement of fluorescence in-
duction kinetics at different tissues within a leaf as well as on both leaf surfaces, to assess
photosynthetic status within leaves. The logarithmic time-scaled Chl fluorescence induction ki-
netics obtained from Chenopodium album leaves showed polyphasic transients in which four in-
flection points designated as O, J, I and P, were observed. Adaxial surface and palisade mesophyll
showed significantly higher fluorescence intensities at O than abaxial surface and spongy
mesophyll, respectively. In contrast, fluorescence intensities at J, I and P were significantly
higher at abaxial surface and spongy mesophyll. Using these fluorescence intensities, the JIP test
was performed. The results of JIP test indicated that adaxial surface and palisade mesophyll are
characterized by lower maximum quantum yield of photosystem II (PSII) and net rate of PSII clo-
sure, but higher rate of energy transfer into electron transport chain than abaxial surface and
spongy mesophyll. Considering these dorsiventral and intra-leaf variations in Chl fluorescence
parameters, this study suggested the necessity of Chl fluorescence measurements on tissues as
well as both surfaces to evaluate photosynthetic status of a whole leaf.

Keywords : adaxial and abaxial leaf surfaces, Chenopodium album L., fast induction kinetics,
JIP test, palisade and spongy mesophylls

INTRODUCTION

Chlorophyll (Chl) fluorescence measurement has been used extensively as a simple and reli-
able technique to assess photosynthetic performance of plants nondestructively (Baker and
Rosenqvist, 2004; Takayama and Nishina, 2009). However, there is an increasing number of de-
bates concerning that Chl fluorescence obtained from a leaf surface only reflects physiological
status of photosynthetic cells near the surface on which measurement is carried out (Lichtenthaler
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et al., 2005; Losciale et al., 2008; Oguchi et al., 2011). This is primarily due to self-shading effect
of Chl. That is, when Chl fluorescence measurement was made on adaxial surface of leaves, exci-
tation light is intensively absorbed by Chl at upper tissue layers and thereby Chl at deeper tissue
receives limited light intensity (Schindler and Lichtenthaler, 1994). Moreover, fluorescence emit-
ted at deeper tissues is likely to be reabsorbed by Chl that resides in upper tissues (Lichtenthaler
et al., 2005). Therefore, Chl fluorescence parameters obtained in such a way depend exclusively
on physiological status of upper tissues, and those of deeper tissue is largely ignored.

The dissimilarities between adaxial and abaxial sides of leaves in terms of anatomical and bio-
chemical properties influence the photosynthetic status within a leaf. In most bifacial leaves, sto-
mata are more abundant on abaxial than adaxial surface, and mesophyll tissues are differentiated
into densely packed long palisade mesophyll cells and sparse spongy mesophyll cells surrounded
by intracellular airspaces (Smith et al., 1997). These two cell types also differ in pigment compo-
sition, ultrastructure of chloroplasts and contents of photosynthetic enzymes (Terashima and Inoue,
1985). Such differences between palisade and spongy mesophyll tissues cause gradient in photo-
synthetic capacity inside a leaf (Evans and Vogelman, 2003). It has been also reported previously
that the contribution of abaxial leaf half to whole leaf photosynthesis is significantly larger than
that of adaxial leaf half in cucumber leaves (Yasutake et al., 2000).

Because of those dorsiventral heterogeneities in leaf anatomy and biochemical composition,
Chl fluorescence parameters obtained from a single leaf surface would not represent the photosyn-
thetic characteristics of a whole leaf. Therefore, it is desirable to monitor Chl fluorescence on both
leaf surfaces (Lichtenthaler et al., 2005), and more ideally, at different tissue levels within leaves
so as to assess photosynthetic status of a whole leaf. For this purpose, we established a laser-
induced fluorescence (LIF) measurement system which enables in vivo excitation and detection of
Chl fluorescence under a light microscope. Using this system, we assessed Chl fluorescence induc-
tion kinetics at different tissue layers within leaves of a C; dicot, Chenopodium album L.

MATERIALS AND METHODS

Plant materials and growth conditions

Seeds of Chenopodium album L. were germinated on a nursery box filled with loam soil gran-
ules and grown for 3 weeks in a greenhouse at Kyushu University (33°35'N, 130°23'E). Seedlings
were then transplanted to 5 L pots containing sandy loam soil incorporated with 9.82 g of 16:16:16
synthetic N:P:K fertilizer. Plants were further grown outdoors for 4 weeks in September 2011 and
uppermost fully expanded leaves from 3 plants were used for the following experiments.

LIF measurement system

LIF measurement was conducted using a system depicted in Fig. 1. A 5 mW helium-neon
(He-Ne) laser (1125P, JDS Uniphase Corp., California, USA) was guided into a light microscope
(YKCBM132, Yuji Kikaku Co., Ltd., Fukuoka, Japan) through an optical quartz fiber (¢ 400 um).
The laser intensity was adjusted by combined application of neutral density (ND) and polarizing fil-
ters settled in light pass between the laser source and fiber coupling instrument. Inside the micro-
scope, the beam was reflected by a dichroic mirror (98% reflectance at A =580-651 nm, 90%
transmittance at A=670-800 nm) deployed at 45° and focused onto leaf samples under an objective
lens. Chl fluorescence transmitted through the dichroic mirror was detected by a photomultiplier
tube (PMT; R646, Hamamatsu Photonics K.K., Shizuoka, Japan) connected to the microscope with
another optical quartz fiber (¢ 600 um). A high performance long-pass filter was embedded in
front of the PMT to exclude the partially transmitted laser (Fig. 2A). The signal from PMT was
recorded by a digital oscilloscope (DS-8812, Iwatsu Electric Co., Ltd., Tokyo, Japan) at 20 us in-
tervals and transferred to a personal computer for data analysis thereafter.
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Fig.1 Schematic diagram of Laser-induced fluorescence measurement system. He-Ne, helium-neon; ND,
neutral density; CCD, charge coupled device; PC, personal computer; PMT, Photomultiplier tube.

Spectral properties of Chl florescence, laser and optical filters

The emission spectra of He-Ne laser and Chl fluorescence and transmission spectra of optical
filters presented in Fig. 2 were obtained by using a spectroscope (SA-100W-HPCB/C, Lambda
Vision Inc., Kanagawa, Japan). For the measurement of He-Ne laser spectrum (Fig. 2A), the laser
source was directly delivered to the spectroscope with an optical quartz fiber. For the measurement
of Chl fluorescence spectra (Fig. 2A), on the other hand, PMT in Fig. 1 was replaced by the spec-
troscope, and Chl fluorescence spectrum from adaxial surface of a C. album leaf was measured.

Transmission spectra of the high performance long-pass filter (Fig. 2A) and cold mirror (Fig.
2B) were measured by the spectroscope coupled with an optical quartz fiber whose end was verti-
cally oriented towards a halogen light source (MHF-150L, Moritex Corp., Tokyo, Japan) at ap-
proximately 5 cm distance. The background halogen light spectrum (Fig. 2B) was recorded once
before the measurements, and spectra of filter-transmitted light were measured by placing filters
immediately above the fiber end. The transmittances (7) at different wavelengths were calculated
from equation (1).

T(%)=1/1,X 100 (1)

where /, and 7 denote background and transmitted light intensity at given wavelengths, respectively.

Measurements of transmittances of ND and polarizing filters

Three ND filters designated as high, medium, and low strengths were examined for He-Ne
laser transmittance (Fig. 3A). The laser was guided directly into the PMT through an optical quartz
fiber, and the full laser intensity without application of ND filter was measured as background.
Subsequently, laser intensities with ND filter of different strength were measured, and
transmittances were derived from equation 1. Similarly, transmittances of the polarizing filter at
various filter angles were measured (Fig. 3B). Using those values, the photon flux density (PFD)
of excitation laser was calculated as equation 2.

PFD (umol m *s ")=(L Twp Trr) 3.186 €/ Na/ Av ®))

where L denotes the full laser intensity in mW under objective lens of given magnification; 7w and
Twe represent transmittances of ND and polarizing filters, respectively; N. and A represent
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Fig.2  Spectra of He-Ne laser and Chl fluorescence and transmission spectra of the long pass filter embedded
in front of photomultiplier tube (A), and spectra of halogen light and the filter transmitted halogen
light and transmission spectrum of cold mirror (B). Relative intensities of He-Ne laser, Chl fluores-
cence and halogen light were normalized to the peak intensities, whereas that of filter-transmitted was
normalized to peak intensity of halogen light.
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Fig.3 Transmittances of three ND filters which differ in attenuation strength (A) and of polarizing filter at
various filter angles (B).

Avogadro number and area of laser beam cross-section, respectively. Under X5 and X40 objec-
tive lenses, measured L were 0.85 and 0.33 mW, respectively. In addition, transmittance of
coverslip (98.1%) was also taken into account for PFD calculation under <40 objective lens.

LIF measurement at leaf surface and tissue levels

LIF measurement was conducted at two resolutions; at leaf surface and tissue levels. In the
former, Chl fluorescence was measured at both adaxial and abaxial leaf surfaces. Upon the mea-
surement, two leaf discs were excised from adjacent areas of an overnight dark-adapted leaf and
mounted with a drop of distilled water on a glass slide. Each leaf disc facing either adaxial or
abaxial side upward was focused under X5 objective lens. To avoid excitation of leaf samples dur-
ing focus adjustment, the halogen source under sample stage was filtered by a cold-mirror which
blocks wavebands below 700 nm as shown in Fig. 2B. The induction kinetics of Chl fluorescence
was recorded for 2 s at five different spots of approximately 330 um in diameter. The same proce-
dure was repeated for the leaf disc facing abaxial surface upward.
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For tissue level measurements, a leaf disc was sampled from adjacent area where two
leaf discs were sampled previously, and hand-sectioned to yield a cross-section of approximately
50 um thickness. The cross-section was mounted on buffer solution containing 0.65 M sorbitol, 1
mM CaCl, 0.5 mM MgCl,, 10 mM HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid;
pH 7.0) (Riazunnisa et al., 2007) and focused under the X 40 objective lens. Measurements were
taken from 4 different tissue layers, namely, upper palisade (UPM), lower palisade (LPM), upper
spongy (USM) and lower spongy mesophylls (LSM) as indicated in Fig. 4. For each layer, the
measurements were repeated at five different spots of approximately 40 um in diameter.

All the data obtained from leaf surfaces and different tissue layers were presented as means
of 15 individual measurements from 3 plants.

Analysis of Chl induction kinetics by the JIP test

Chl fluorescence induction kinetics with logarithmic time scale exhibits a polyphasic transient
with inflection points at 0.05, 0.3, 2 and 30 ms after the onset of excitation (Govindjee, 1995). By
defining the fluorescence intensities at these inflection points as F,, Fsos, F) and Fi, respectively,
and the maximum fluorescence intensity as Fe, the JIP test originally developed by Strasser and
Strasser (1995) was performed to parameterize photosynthetic status of leaf tissues. The parame-
ters of JIP test described below were calculated according to van Heerden et al. (2003).

The maximum quantum yield of photosystem II (PSII) (¢ro), which reflects the probability that
an absorbed photon will be trapped by the PSII reaction center (RC), was derived from equation
3.

Pro=1—F,/ Fe (3)

The approximate value of the initial slope of induction curve (M), a parameter interpreted as
net rate of PSII closure, was calculated as equation (4).

M, =4(Fs0us—Fo) | (Fo—Fy) 4

The electron transport probability (y.), representing the efficiency of trapped excitation energy
to be transferred to electron transport chain (ETC) beyond primary quinone acceptor (Q.), was de-
rived from equation (5).

Yo=1=Vi=1—(F,—F)/ (F»—F,) ®)

The performance index (PI), a multi-parametric expression of these three independent steps
contributing to photosynthesis, was calculated from equation 6.

Adaxial epidermis

e UPM
LPM
usm
LSM
‘ _ 50um Abaxial epidermis

Fig.4 Hand cut section of Chenopodium album leaf. Bar=50 um. UPM, upper palisade mesophyll; LPM,
lower palisade mesophyll; USM, upper spongy mesophyll; LSM, lower spongy mesophyll.
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PI=RCIABS [($ro ! (1—ro)][1p0 / (1 —10)] (6)

where RC/ABS represents reaction centers per absorbed energy flux.

Determination of optimal excitation laser intensity

To determine optimal excitation laser intensity to obtain a polyphasic O-J-I-P transient of Chl
fluorescence, LIF measurements were made under different excitation laser intensity. The ND fil-
ters of medium and high strength were used for measurements at leaf surface and tissue levels, re-
spectively, and a precise adjustment of laser intensity was made by rotating the polarizing filter.
The measurements were conducted on adaxial surface and at UPM.

Statistical analysis

Statistical analysis was made by using SigmaPlot 12 (Systat Software Inc., Illinois, USA).
Student #-test was performed for comparison between adaxial and abaxial data with means of 15 in-
dividual measurements. For comparisons among data from different tissues, Tukey’s range test (P
<0.05) was performed on means of 15 individual measurements.

RESULTS AND DISCUSSION

Optical performance of filters and lenses

Emission spectrum of Chl fluorescence showed double peaks at 690 and 740 nm, the former
of which was relatively close to the peak of He-Ne laser (633 nm) (Fig. 2A). Therefore, a high per-
formance long-pass filter was placed in front of PMT to ensure exclusion of partially reflected He-
Ne laser from Chl fluorescence signal. The long-pass filter showed negligibly low transmittance
at 633 nm while showing remarkably high transmittance above 660 nm (>95%), confirming suc-
cessful separation of He-Ne laser and Chl fluorescence at around 640 nm with small loss of fluo-
rescence intensity.

Another optical filter, a cold mirror, was applied onto a halogen light source beneath the sam-
ple stage to avoid excitation of leaf samples during focus adjustment (Fig. 1). The measured halo-
gen light spectrum was rich in red wavebands with a peak at 680 nm, which is preferentially
absorbed by Chl (Fig. 2B). The application of the filter, which selectively transmits far-red wave-
bands efficiently but not red wavebands, generated light spectrum peaked at 730 nm (Fig. 2B).
Since far-red light is absorbed less intensively by Chl, the filter application allowed us to perform
repetitive focus adjustment without affecting the dark-adapted state of leaf samples.

The transmittances of three ND filters and of polarizing filter at various filter angles were ob-
tained for PFD calculation of excitation laser (Fig. 3). ND filters of low, medium and high attenua-
tion strength showed transmittances of 36.9, 21.4 and 2.6%, respectively (Fig. 3A). The medium
and high ND filters were selected for a coarse adjustment of laser intensity to generate roughly
equal PFD under X5 and <40 objective lenses, respectively. Transmittance of the polarizing filter
was the highest at filter angle of 0° and decreased consecutively with increasing filter angle (Fig.
3B). Therefore, more precise adjustment of laser intensity was done by rotating the polarizing fil-
ter, and the optimal laser intensities for the measurements were determined in the following section.

Effects of laser intensity on Chl fluorescence induction kinetics

Fluorescence intensity and overall shape of Chl fluorescence induction curve was largely in-
fluenced by excitation laser intensity (Fig. 5). When the measurements were made on adaxial leaf
surface at lower laser intensity (the polarizing filter angle of 60°), the transient curve showed flat-
tened O-J rise with marked I-P rise (Fig. SA) as reported previously (Hsu and Leu, 2003; Shansker
et al., 2006). An increase in laser intensity by adjusting the filter angle to 20° drastically elevated
overall fluorescence intensity with O-J-I-P transient (Fig. 5SA). Further increase in laser intensity
(the filter angle 0°) slightly altered the fluorescence intensity and shape of the curve (Fig. SA).

Similarly, Chl fluorescence kinetics measured on UPM showed flattened O-J-I rise at lower
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Fig. 5 Logarithmic time-scaled Chl fluorescence induction kinetics at different polarized filter angles. The
measurements were carried out on adaxial leaf surface (A) and upper palisade mesophyll (B). O, J and
I indicate inflection points at 0.05, 2 and 30 ms, respectively and P indicates point where fluorescence
intensity reached the maximum. The values are means of 15 individual measurements taken from 3
plants.

laser intensities (the filter angles of 60° and 40°), and difference in fluorescence intensity was not
almost observed between the filter angles of 20° and 0° (Fig. 5B). Therefore, it became clear that
the filter angle of 20° generated optimum laser intensity for both leaf surface and tissue level mea-
surements.

The calculated PFD of excitation laser delivered at surfaces of leaf discs and cross-sections
were approximately 10,350 and 10,450 umol m > s™', respectively. Actinic light intensity used in
previous studies ranged from 10 to 15,000 umol m > s~ ' (Shansker et al., 2006; Takayama et al.,
2010), among which 3,000 umol m * s™' was more frequently used. However, Shansker et al.
(2006) reported that increases in PFD from 1,800 to 15,000 umol m * s ' had no apparent effect
on quality of fluorescence kinetics. Since higher fluorescence intensity reduces noise to fluores-
cence signal ratio, the high intensity of excitation laser is preferable for attaining a certain level of
accuracy in this system.

Chl fluorescence induction kinetics on adaxial and abaxial surfaces

The overall shape as well as fluorescence intensities of induction kinetics differed remarkably
between adaxial and abaxial leaf surfaces (Fig. 6A). The curve obtained from abaxial surface
showed pronounced polyphasic transient with significantly higher Fi, Fi and F» values than that of
adaxial surface (Fig. 6A and Table 1). In contrast, F, was significantly higher at adaxial than at
abaxial surface. The higher fluorescence intensities and steeper initial slopes of induction kinetics
at abaxial surface have been reported previously for various plant species (Schreiber et al., 1977).

The higher F» and lower F, at abaxial surface resulted in higher ¢ro than adaxial surface (Table
1). Moreover, initial slope was also steeper at abaxial surface than at adaxial surface, as indicated
by significantly higher M, (Table 1). On the other hand, ¥., a parameter reflecting electron trans-
port capacity beyond Qx, was significantly higher at adaxial surface. The overall performance of
photochemical reactions expressed as PI was therefore higher at the adaxial surface than the abaxial
surface (Table 1).

Chl fluorescence induction kinetics at different tissue levels

The induction kinetics of Chl fluorescence measured on different tissue levels varied signifi-
cantly in F,, F), Fi and Fy (Fig. 6B and Table 1). The F, Fi and F» were the lowest at UPM and

(7)) 97



98 (8)

T. NAKASHIMA ET AL.

60

50

40

30 |

.
~Adaxial

Fluorescence intensity [r.u.]

B
o LSM
60 |
USM
50 PM
w0 | UPM

30
20
10

0 L s L y s
0.01 0.1 1 10 100 1000 10000

Time [ms]

Fig. 6 Logarithmic time-scaled Chl fluorescence induction kinetics measured at adaxial and abaxial leaf sur-
faces (A), and at different tissue levels (B). UPM, upper palisade mesophyll; LPM, lower palisade
mesophyll; USM, upper spongy mesophhyll; LSM, lower spongy mesophyll. O, J and I indicate in-
flection points at 0.05, 2 and 30 ms, respectively and P indicates point where fluorescence intensity
reached the maximum. The values are means of 15 individual measurements taken from 3 plants.

increased in the order of LPM <USM <LSM, whereas F, increased in the reverse order (Table 1).
In addition, UPM and LPM showed relatively flat O-J-I rise as compared to USM and LSM (Fig.
6B). The JIP test parameters also showed tissue-dependent variations, in which ¢r. and M, were
significantly higher for spongy mesophyll than for palisade mesophyll. In contrast, palisade
mesophyll exhibited significantly higher 1. than spongy mesophyll. Furthermore, ¢», and M,
showed increasing trends as tissue depth from adaxial leaf surface increased. These results were
consistent with those obtained from leaf surfaces, indicating that induction kinetics measured at
adaxial and abaxial leaf surfaces only reflects photosynthetic status of palisade and spongy
mesophyll, respectively, but not that of a whole leaf. These results suggest the necessity of Chl
fluorescence measurements on tissues as well as both surfaces to evaluate photosynthetic status of
a whole leaf.

Future prospects

The LIF system developed in this study revealed dorsiventral and intra-leaf variations in Chl
fluorescence induction kinetics, which has been often ignored in previous studies. Although our
approach devoted a large advantage of Chl fluorescence measurement for the simplicity and non-
destructiveness, further advances in this technique may provide detailed insight into differential re-
sponses of photosynthetic cells to abiotic stresses such as high light, water-deficit and extreme
temperatures. Furthermore, cell-type specific measurement of Chl fluorescence may help differen-
tially evaluating physiological responses of mesophyll and bundle sheath cells in leaves of C. plants
to various environmental factors.

To further develop this system as a more reliable tool for cellular assessment of Chl fluores-
cence, the reproducibility of leaf cross-section with a constant thickness, accuracy of focus adjust-
ment, and measurement resolution remain to be improved.

This study was supported by a grant from the Japanese Society for the Promotion of Science Research
Fellowship for Young Scientists to T.N. (No. 10J01856).
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