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Introduction

Eukaryotic cells contain various membrane-bound organelles, 

each with a specific set of resident proteins with specific 

functions. Fluorescence microscopy is an essential methodol-

ogy in the current cell biology field to elucidate the subcel-

lular distributions of proteins and organelles.  

The development and improvement of technologies for live 

cell imaging, especially for multicolor imaging, have enabled 

researchers to monitor the subcellular localization of multiple 

fluorescently tagged proteins and organelles in the same 

cell. This technique is also an efficient means to investigate 

the dynamics of, and interactions among, molecules and 

 organelles in living cells. In the plant cell biology field, multi-

color live cell imaging is a powerful tool with which to 

 unravel complex interacting networks among various organ-

elles, including plant-specific organelles such as chloroplasts 

(Ueda et al., 2001; Ebine et al., 2011; Shibata et al., 2013; 

Ebine et al., 2014). Recent studies have revealed complex 

 interactions between chloroplasts and the cytoskeleton or 

other organelles, indicating that chloroplasts are an impor-

tant target for microscopic analyses. However, chloroplasts 

are also the source of some challenges in microscopic 

 research as a result of their strong autofluorescence, which 

is mainly emitted from chlorophyll. In addition to chloro-

phyll, plant cells and tissues also possess various fluorescent 

substances such as NAD(P)H and lignin. Separating the auto-

fluorescence from the fluorescent probes of interest using 

conventional filter-based spectrometry is sometimes difficult 

due to the overlap among the emission fluorescence spectra. 

However, using spectral imaging and linear unmixing 

 (emission fingerprinting) with ZEISS Quasar technology, it is 

possible and practical to distinguish autofluorescence from the 

 fluorescence due to other fluorophores. In this note, we  intro- 

duce examples of multicolor imaging of plant organelles in living 

cells. The optimal settings for image acquisition and unmixing 

should be chosen according to the purpose of the experiment.

Experimental Procedures

Sample preparation

The gemmae of transgenic Marchantia polymorpha express-

ing Lifeact-Venus and SP-GFP-HDEL under regulation of the 

cauliflower mosaic virus 35S promoter were grown on  

0.5 × Gamborg’s B5 medium containing 1.4 % agar and 

1.0 % sucrose at 23°C under 50 μmol photons m-2 s-1 of  

continuous white light. The five-day-old thalli were stained 

with 50 nM MitoTracker Orange CMTMRos (Life Technologies) 

at room temperature for 30 min and then incubated in 8 μM 

FM4-64 (Invitrogen / Molecular Probes) at room temperature 

for 2 min. The samples were then washed with distilled  

water at room temperature for 15 min.
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400 450 500 550
Wavelength (nm)

GFP Venus FM4-64 ChlorophyllMitoTracker
Orange

600 650 700

Table 1  Maximum peak emission fluorescence wavelengths and intensities. 
The settings used for observation were master gain: 560; pinhole size: 54 μm; 
filter: 410 – 695 nm; beam splitter: MBS 488 / 561; lasers: 488 nm, 0.80 % and 
561 nm, 0.80 %.

Confocal Microscopy

The samples were mounted in distilled water and observed 

using an oil immersion lens (63 ×, numerical aperture = 1.4). 

The lambda-mode images were obtained using the following 

settings: pixel dwell: 1.58 μs; average: line 2; master gain: 

650; pinhole size: 54 μm; filter: 482 – 659 nm; beam splitter: 

MBS 488 / 561; lasers: 488 nm (Argon 488), 0.80 % and 

561 nm (DPSS 561-10), 1.20 %. Spectral unmixing and pro-

cessing of the obtained images were conducted using ZEN 

imaging software (ZEISS). For the time-series observations, 

the images were collected every 2 seconds for 4 min.

Results

Chlorophyll is a component of the light-harvesting apparatus 

in plant chloroplasts and is also an intensely autofluorescent 

substance. For live imaging of M. polymorpha thallus cells, 

we first measured the spectrum of the autofluorescence of 

chlorophyll using thirty-two GaAsP detectors at a master 

gain of 560. When excited by 488 nm and 561 nm lasers,  

the emission from chlorophyll was detected at wavelengths 

greater than 630 nm, with a peak maximum of 682 nm  

(Figure 1). For multi-color imaging of the organelles and 

 actin filaments of the M. polymorpha thallus cells, we estab-

lished a transgenic strain of M. polymorpha in which the ER 

was labeled with GFP and the actin filaments were labeled 

with Venus (YFP variant). The mitochondria and endosomes 

in the transgenic plants were stained with MitoTracker 

 Orange CMTMRos (MTO) and FM4-64, respectively. Using 

the thalli of this plant, we then measured the spectrum of 

each fluorescent protein and fluorescent dye between 410 

and 695 nm (Figure 1). GFP, Venus, MTO, and FM4-64 dem-

onstrated maximum peak wavelengths at 513 nm, 530 nm, 

584 nm, and 664 nm, respectively (Figure 1 and Table 1).

Wavelength (nm) Intensity

GFP 513 11.2 ± 3.82

Venus 530 24.5 ± 7.05

MitoTracker Orange 584 33.8 ± 13.49

FM4-64 664 41.4 ± 15.67

Chlorophyll 682 199.6 ± 9.87

Chlorophyll 655 20.0 ± 1.60

Figure 1  Spectral profiles of the emission from GFP (magenta), Venus 
(green), MitoTracker Orange CMTMRos (yellow), FM4-64 (red), and chloro-
phyll (blue). The blue and green bars indicate the wavelengths of the 488 nm 
and 561 nm lasers, respectively, used for excitation.

We next investigated the ratio of the autofluorescence inten-

sity of chlorophyll to the fluorescence intensity of each 

 fluorescent protein or dye under the same optical conditions 

established for chlorophyll. Table 1 indicates the peak wave-

lengths and intensities of the fluorescent proteins and dyes. 

The intensity of the autofluorescence from chlorophyll at 

683 nm was substantially higher than the intensity of the 

 fluorescent proteins and dyes at their respective peak wave-

lengths: 18 times higher than that of GFP, 8 times that of 

 Venus, 6 times that of MTO, and 5 times that of FM4-64. 

The software was able to separate the fluorescent signals 

with several-fold differences in their fluorescent intensities. 

However, when the differences in intensity were very large, 

it did not separate the signals effectively. We therefore also 

compared the intensity of the chlorophyll autofluorescence 

at 655 nm with the emission maxima of the other fluoro-

phores. The chlorophyll autofluorescence was approximately 

1.8 times that of GFP, 0.8 times that of Venus, 0.6 times that 

of MTO, and 0.5 times that of FM4-64 (Table 1).

We then examined whether the fluorescence emissions from 

the dyes used in this process were separable from the auto-

fluorescence of the chlorophyll in the chloroplast operating 

the Quasar detector in channel mode. In the case of the 

combination of MTO and chlorophyll, the signals were easily 

separated when an excitation wavelength of 561 nm was 

used, and signals between 566 and 627 nm and between 



Application Note

4

677 and 695 nm were monitored for MTO and chlorophyll, 

respectively (Figure 2A). In contrast, bleed-through of the 

signal from FM4-64 was detected in the channel for chloro-

phyll in the range between 686 and 695 nm, whereas we 

could extract the FM4-64 signal exclusively by collecting the 

signal between 579 and 640 nm (Figure 2B). This crosstalk 

was due to the overlap of the emission spectra of FM4-64 

and chlorophyll when excited with the 561 nm laser in the 

emission range greater than 650 nm. This demonstrates the 

limitation of the channel mode for the separation of fluoro-

phores with overlapping emission spectra.

We therefore took advantage of the lambda mode to avoid 

the bleed-through artifact. For this purpose, we measured 

the signals between 482 and 659 nm, excluding the fluores-

cent signals near the peak wavelength of the chlorophyll 

Figure 2  Images of chlorophyll autofluorescence and mitochondria stained 
with MitoTracker Orange CMTMRos (A) or endosomes stained with FM4-64 
(B). (A) The settings used for the observation for the MitoTracker Orange 
channel were as follows: master gain: 650; pinhole size: 65 μm; filter: 
566 – 627 nm; beam splitter: MBS 488 / 561; laser: 561 nm, 0.50 %. Settings 
for the chlorophyll channel were: master gain 600; pinhole: 65 μm; filter:  
677 – 695 nm; beam splitter: MBS 488 / 561; laser: 561 nm, 0.50%. (B) The 
settings used for the observation for the FM4-64 channel were as follows: 
master gain: 730; pinhole size: 65 μm; filter: 579 – 640 nm; beam splitter: 
MBS 488 / 561; laser: 561 nm, 0.80%; and for the chlorophyll channel: master 
gain: 650; pinhole size: 65 μm; filter: 686-695 nm; beam splitter: MBS 
488/561; laser: 561 nm, 0.50%. The inset shows an enlarged image of the 
boxed region. The arrowheads indicate crosstalk artifacts. Bars = 5 μm.

Figure 3A  Five-color observation of organelles in M. polymorpha thallus 
cells. The optimal setting was applied.

Figure 3B  The crosstalk was observed because of the strong intensity of the 
chlorophyll fluorescence at the long-wavelength band. 
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Movie 1  Time-lapse movie of the actin filaments (green), endoplasmic 
 reticulum (magenta), MitoTracker Orange (yellow), and chlorophyll auto-
fluorescence (blue). Images were taken every two seconds for 4 min.  
30× real time.

 autofluorescence. Using this setting, the signals from 

 chlorophyll and FM4-64 were unmixed without the crosstalk 

artifact (Figure 3A). Furthermore, the signals from GFP, 

 Venus, and MTO were also successfully separated from the 

signals from chlorophyll and FM4-64 without any bleed-

through, even though the samples were excited by a rather 

strong excitation laser intensity, and the signals were collect-

ed with a high master gain setting. Conversely, when the 

emissions were collected over a wide range of wavelengths 

that included the peak of the chlorophyll autofluorescence 

(410 – 695 nm) using the same laser power and detection 

gain settings, the chlorophyll autofluorescence was too in-

tense to permit effective unmixing of the signals, and sub-

stantial crosstalk artifact was observed, especially in the 

FM4-64 channel (Figure 3B). The use of lower laser powers 

or master gain could compensate for this artificial bleed-

through. However, this resulted in a low S/N ratio due to the 

low signal intensities even after adjustment of the brightness 

and contrast (Figure 3C). These results indicated that properly 

setting the detector range is critical for successfully   

unmixing multiple signals obtained using the lambda mode.

In addition to permitting the unmixing of multiple fluores-

cent emission signals with partially overlapping spectra,  

the microscopic system equipped with multiple detectors 

 enables the simultaneous detection of signals from multiple 

fluorescent probes. This capability is quite useful when 

 conducting time-sequence multicolor imaging. In the  

M. polymorpha thallus cells, actin filaments exhibit charac-

teristic rapid sliding movements (Era et al., 2009; Era et al., 

2013). We observed the dynamics of the actin filaments, ER, 

mitochondria, and chloroplasts in the same cell using time-

sequence acquisition with the optimized settings described 

above. This enabled us to observe the dynamic movements 

of the actin filaments. These movements were also associated 

with active movement of the mitochondria and ER,  

while the chloroplasts were almost immobile.  

The time-lapse  movie is available at the ZEISS web site  

(https://zeiss.wistia.com/medias/e4708b9spg).
Figure 3C  The images were obtained with the same setting as (B) except for 
lower master gain. Bars = 5 μm.

https://zeiss.wistia.com/medias/e4708b9spg
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Conclusions

Autofluorescence is a challenge for imaging cell structures 

and organelles of plants. Using spectral imaging and linear 

unmixing with a confocal LSM allows to obtain better data.

However, effective use of the system requires the proper 

 settings for the image acquisition and linear unmixing.  

In the case of the autofluorescence from chlorophyll in the 

M. polymorpha thallus cells, exclusion of the long-wave-

length fluorescence signal was quite effective.

Spectral imaging with the optimal detection range settings 

makes it possible to separate the chlorophyll autofluores-

cence from the fluorescence of frequently used red-fluores-

cent probes such as mRFP and FM4-64. However, proper 

 selection of the fluorescent probe sets is obviously important 

for multicolor imaging: probe pairs with similar emission 

wavelengths, e.g., TagRFP and MTO, could not be separated 

even with spectral image acquisition and linear unmixing. 

Spectral imaging and linear unmixing using the ZEISS Quasar 

detection technology is a powerful tool for multicolor live 

cell imaging because multiple fluorescent probes can be 

monitored simultaneously.
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