
STELLINGEN 

^ 

De Nod factor is een vet molecuul. 

(hoofdstuk 3 van dit proefschrift) 

De structuur van de vetzuurstaart van een Nod factor is belangrijk voor herkenning en niet voor 

"targeting". 

(hoofdstuk 4 en hoofdstuk 5 van dit proefschift) 

In tegenstelling tot de bevindingen van Philip-Hollingsworth et al., blijkt uit de resultaten 

beschreven in dit proefschrift, dat Nod factoren in de wortelepidermis extracellulair herkend 

worden. 

(dit proefschift; Philip-Hollingsworth et al., 1997, J. Lipid Res., 38 , 1229-1241) 

In vitro bindingsstudies met intracellulaire moleculen, uitgevoerd in een oplossing die het 

extracellulaire medium nabootst, zouden door tijdschriften afgewezen moeten worden. 

(Kavran et al., 1998,/. Biol. Chem., 273, 30497-30508) 

In order to be an integral part of a thesis, the "stellingen" need to be in English. 

Werd technologie-ontwikkeling in eerste instantie gedreven door de drang tot overleven, 

tegenwoordig zijn de voornaamste drijfveren luiheid en gemakzucht. 

Iedereen zou op de vingers moeten leren tellen tot 1024, uitgaande van het binaire systeem, om 

tot een beter begrip van de huidige digitale omgeving te komen. 

Fluorescentie onderzoek staat in een slecht daglicht. 

(Volkskrant, 9 juli 1997, pagina 3) 

Naar aanleiding van de gevolgen van de privatisering van de Nederlandse Spoorwegen, zou de 

uitdrukking "het loopt als een trein" veranderd moeten worden in "het treint zoals het loopt". 
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OUTLINE 

Plants of the family of legumes are capable of forming a symbiosis with Rhizobium bacteria. 

These Gram-negative bacteria invade the root system of a host legume and fix nitrogen in a 

specialized organ, the so-called root nodule. In exchange for sugars, the bacteria convert 

atmospheric nitrogen to ammonia which can be used by the plant. This remarkable alliance 

allows the plant to grow independently from nitrogen sources provided by the soil. Examples of 

leguminous plants are clover, pea, and soybean. 

The symbiosis is initiated by a molecular dialogue. The plant produces flavonoid compounds 

which are recognized by the bacterial NodD protein. The signaling pathway which is activated 

leads to the synthesis and secretion of lipo-chitooligosaccharides which are also called Nod 

factors. The production of Nod factors by the Rhizobium bacteria is an essential step for 

accomplishing symbiosis and also determines host specificity. The general structure of Nod 

factors comprises a chitin backbone of three to five P-l,4-linked JV-acetylglucosamine units. A 

fatty acid of 16-20 carbon atoms is N-linked to the terminal non-reducing sugar residue. The 

exact molecular structure can comprise different acyl chains and a variety of decorations on the 

chitin backbone depending on the Rhizobium species. 

Figure 1: Nod factors can induce root hair deformation on a compatible host legume. When sulfated Nod 
factors are administered to the growth medium of a Medicago truncatula (barrelclover) root, swelling of the tip 
of root hairs can be observed with a microscope after two hours followed by re-initiation of tip growth in a 
random direction after three hours. 



After successful recognition of the bacteria by the legume, a remarkable morphogenic process 

takes place, which is known as root hair curling. The root hair curls around the Rhizobium 

colony by which the bacteria are entrapped within the so-called shepherd's crook. Subsequently, 

the rhizobia enter the root hair through an infection thread, starting from the center of the curl. 

Via the infection thread several cell layers are crossed after which the bacteria are released in 

nodule primordium cells, where they differentiate into bacteroids that fix nitrogen. 

Nod factors in the absence of bacteria, either purified from Rhizobium cultures or chemically 

synthesized can elicit a wide variety of responses on a compatible legume host. When Nod 

factors are applied to roots, the earliest visible response takes place in root hairs. Root hairs are 

single tip-growing cells that develop from the epidermis of a root and grow perpendicular from 

the longitudinal axis of the root. Generally, root hairs that are terminating growth are susceptible 

to Nod factors and respond by swelling of the tip of the root hairs, followed by the re-initiation 

of tip growth in a random direction (figure 1). This typical Nod factor response is referred to as 

root hair deformation and can be observed with a microscope 2-3 hours after addition of Nod 

factors. 

The perception of Nod factors by the plant, and the downstream signaling cascades that are 

activated are major research topics in the Rhizobium-legame interaction. The low concentration 

(down to 10"12 M) at which Nod factors can still induce root hair deformation and the 

dependence of the bioactivity on specific decorations of the Nod factor suggest that these 

molecules are perceived by receptors at the root hair. However, to date no such receptors are 

characterized. Moreover, it is far from clear where Nod factor recognition by root hairs takes 

place. Therefore an approach was taken in which fluorescent Nod factor derivatives were 

synthesized, allowing to probe the ligand binding sites on legume root hairs. 

The research described in this thesis focuses on the quantification, characterization and 

perception by legumes of Nod factors. In order to detect Nod factors at physiologically relevant 

concentrations sensitive techniques are required. A number of fluorescence spectroscopy and 

microscopy based techniques can be used to study fluorescent derivatives of signaling 

molecules. In chapter 1, the use of fluorescence microspectroscopic techniques available in the 

laboratory are discussed. Examples how these techniques can be used for the study of root hairs 

and other living cells are described. 

In chapter 2, two methods to quantify purified Nod factors are described. An enzymatic step 

which is crucial for the first method was analyzed in detail. The second method was optimized 

and validated using fluorescent and radiolabeled Nod factor derivatives. The chapter describes in 

detail how the two optimized methods can be used for quantifying Nod factors as well as 

potential pitfalls. 

In chapter 3, the spectral properties of three novel fluorescent Nod factor derivatives are 

described. It is checked whether these fluorescent Nod factors can still elicit root hair 

deformation on Vicia sativa roots. The properties of the amphiphilic signaling molecules were 



Outline 

characterized in vitro in the absence and presence of micelles and model membrane systems 

using fluorescence spectroscopy. Time-correlated single photon counting fluorescence 

spectroscopy was used to measure rotational mobility of the fluorophore. These experiments are 

complemented with fluorescence correlation spectroscopy to examine diffusional mobility of the 

Nod factors. A lipid transfer assay was used to measure the rate of intermembrane transfer and 

intramembrane flip-flop of Nod factors. 

In chapter 4, a detailed study is reported describing the sites at which the fluorescent Nod 

factors accumulate. Fluorescence microscopy is used to examine the location of fluorescent 

Nod factors on root hairs during the initial perception and during root hair deformation. 

Subsequently, the diffusional mobility of the fluorescent Nod factors is measured in vivo using 

fluorescence correlation microscopy (FCM), allowing quantification of molecular mobility and 

concentration of fluorescent Nod factors in living root hairs at a molecular level. This study is 

continued in chapter 5 in which also novel sulfated fluorescent Nod factors are used and 

characterized, enabling a direct comparison between sulfated and non-sulfated Nod factors on a 

host and non-host legume. Also, the origin of the molecular mobility of the Nod factors is 

studied in more detail. 

In chapter 6 a novel approach towards manipulating phospholipid second messengers in single 

cells with spatiotemporal control is presented. The synthesis of a fluorescent and caged 

derivative, NPE-phosphatidic acid, which releases phosphatidic acid upon exposure to UV is 

described. The release of phosphatidic acid from the caged compound is studied in vitro and in 

vivo. The use of photoreleasable phosphatidic acid for studying phospholipid signaling in vivo 

is evaluated. 

Chapter 7 summarizes the conclusions that can be drawn from the results described in this 

thesis. The implications for Nod factor secretion by the bacterium and subsequent perception by 

legume root hairs are discussed. 
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Chapter 1 

1 Introduction 

Root hairs are very suitable for fluorescence microscopy, as they consist of a single cell, have 

low autofluorescence (because of the lack of chloroplasts) and are not covered by other cell 

layers. For many plants, transferring seedlings to liquid medium contained between a 

microscopy slide and a coverslip and growth for one or two days at room temperature is 

sufficient for microscopic observation of root hairs. Cytoplasmic streaming provides an easy 

check for viability. 

Fluorescence microscopy has the advantage that it is sensitive, non-invasive, and can be used for 

the study of living cells . Moreover, it provides the possibility to monitor specifically 

fluorescently tagged molecules with very high spatial and temporal resolution. Fluorescence 

microscopy not only enables the study of localization and dynamics of fluorescent 

(bio)molecules but also enables probing of the local microenvironment of the fluorescent 

molecule. This can be achieved by carefully monitoring the spectral properties of the 

fluorophores in the microscopic object. The integration of spectroscopic modalities into 

fluorescence microscopes is referred to as fluorescence microspectroscopy. This chapter will 

highlight a number of such techniques and their use for studying biomolecular behavior in 

single living root hairs. 

For each microspectroscopic technique, the principle, the implementation onto a fluorescence 

microscopy system, and an application to the study of root hairs will be described. We will 

show that in addition to localization in root hairs, we also can probe the local environment of 

fluorescent (bio)molecules, reporting on absolute concentration, diffusional mobility, local pH, 

hydrophobicity, and molecular proximity of (bio)molecules, all of which influence the 

spectroscopic properties of the probe fluorescence. 

Some of the microspectroscopic techniques will be illustrated by showing the results obtained 

after application of fluorescent analogs of nodulation (Nod) factors. Nod factors are lipochito-

oligosaccharides that are secreted by Rhizobium bacteria and are essential for accomplishing 

symbiosis between the bacteria and the root system of legumes. Nod factors consist of a tetra-

or pentamer of N-acetylglucosamine residues and an acyl chain attached to the non-reducing 

sugar residue (Lerouge et al., 1990; Spaink et al., 1991). Purified Nod factors are active at 

subnanomolar concentrations, induce morphological changes on root hairs of legumes (Heidstra 

et al., 1994), and activate several signaling events in root hairs including membrane 

depolarization (Ehrhardt et al., 1992; Felle et al., 1995), calcium spiking (Ehrhardt et al., 1996), 

alkalinization (Felle et al., 1996) and activation of genes possibly through the activation of G 

protein linked phospholipase C (Pingret et al., 1998). Fluorescent Nod factors (Gadella Jr. et al., 

1997b) allow us to study the binding sites for these molecules on living root hairs. However, to 

obtain results at physiologically relevant concentrations of these factors, advanced 

microspectroscopic techniques are of vital importance, e.g. for discriminating root hair 

autofluorescence from Nod factor fluorescence. In this chapter we will discuss the Nod factor 



Advanced Fluorescence Microspectroscopic Methods 

studies only with respect to the microspectroscopic technology used for monitoring their in situ 

behavior on living root hairs. Although these studies have significant biological relevance in 

relation to the Rhizobium-legume interaction, these aspects are described elsewhere in this 

thesis. In this way we intend to stress the more general technological applicability of the 

microspectroscopic methodology for the study of root hairs. Of course, the microspectroscopic 

techniques have a wider applicability then the study of root hairs. So if appropriate, references 

will be made to studies of other (plant) systems. 

2 Fluorescence Ratio Imaging Microscopy (FRIM) 

2.1 Principle 

Fluorescence ratio imaging microscopy (FRIM) employs the property of fluorescent probes 

that change their absorbance or fluorescence spectral properties in the presence of ions (Bright 

et al., 1989), voltage changes (Bullen and Saggau, 1999; Gross and Loew, 1989) or upon 

complexation to other molecules. By far most popular is the application of ratio imaging to the 

measurement of intracellular ion concentrations. Ratio probes can be divided into two groups, 

the so-called excitation ratio dyes and the emission ratio dyes. An example of a calcium 

sensitive excitation ratio dye is fura-2 which has an absorption maximum at 362 nm in the 

absence of calcium, whereas the calcium bound state has an maximum at 335 nm (Bullen and 

Saggau, 1999; Gross and Loew, 1989). Both forms of the molecule emit at green wavelengths 

(around 510 nm). Consequently, the ratio of the intensity obtained with 335 nm excitation to the 

intensity obtained with 362 nm is directly related to the calcium concentration. 

An example of a calcium sensitive emission ratio dye is indo-1, which absorbs maximally 

around 340 nm. The fluorescence emission is maximal at 482 nm in the absence of calcium, 

whereas the emission maximum is at 398 nm for the calcium bound form (Bullen and Saggau, 

1999; Gross and Loew, 1989). The use of ratiometric dyes can easily be combined with imaging 

microscopy, allowing studies of single cells. There are also non-ratiometric fluorescent 

indicators of which only the magnitude of fluorescence (or quantum yield) can be influenced by 

external factors such as ions or hydrophobicity. These probes can be used for fluorescence 

lifetime imaging applications (see section 4). 

The great advantage of ratiometric over non-ratiometric dyes is that by the ratioing procedure 

(pixel-by-pixel division of the fluorescence intensities at the respective wavelengths), the local 

dye concentration, optical pathlength or spatial excitation light distribution divide out 

completely. In other words, the ratio-images only reflect the relative spectral state of the 

fluorophore and as a result can be directly related to the indicator function of the dye. 

By performing a calibration procedure, it is possible to quantitatively relate the experimental 

ratio values to an ion concentration (or other parameter). The ratio, R, is measured at different 

(known) ion-concentrations, yielding a sigmoid curve of ratio versus ion concentration. The 
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calibration curve shows the spectral response of the dye to the ion concentration, [ion], and can 

be described by: 

[ion] = K'-KR-RminyOW-R)] (1) 

or logarithmic: 

p[ion] = pK' - log [(R-Rmin)/(Rmax-R)] (2). 

The three parameters are the maximal ratio Rmax> the minimal ratio Rmjn and the K' (the ion 

concentration at which the ratio is exactly halfway Rmjn and Rmax)- This last value is usually 

close to the actual K of the indicator (being the ion concentration at which half of the indicator is 

free and the other half is ion-bound) but depends on instrumental factors. The sensitivity of the 

probe is highest around the (p)K'. 

450 470 490 510 530 550 

Wavelength [nm] 

570 590 

Figure 1: Excitation spectra of 0.1 uM of SNAFL-2 in 0.1 M phosphate buffer at different pH. The excitation 
spectra were acquired with a SPF 500 spectrofluorimeter (SLM Instruments, Urbana IL) by detecting 
fluorescence emission at 610 nm (slit 5 nm) and scanning the excitation from 450 to 590 nm (slit 1 nm). The 
inset shows the calibration curve obtained by calculating the ratios of the fluorescence intensities acquired upon 
excitation at 550 nm and 515 nm. The smooth curve represents the fit according to equation 2, yielding the 
parameters Rmax=2.29, Rmin=0.064, pK'= 7.97, with regression R=0.999 
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For illustrating the basic principles of ratio measurements and the calibration procedure, we 

show the in vitro spectral properties of the pH sensitive dye, SNAFL-2 (Haugland, 1996; 

Whitaker et al., 1991) in figure 1. As can be inferred from this figure, the excitation spectra 

depend on the pH: at low pH the probe is most effectively excited at 515 nm, whereas the 

excitation maximum is shifted to 550 nm at alkaline pH. A calibration curve is constructed by 

calculating the ratio (emission observed at 620 nm after excitation at 550 nm divided by the 

emission observed at 620 nm after excitation at 515 nm) for every pH value. After fitting the 

calibration curve (inset of figure 1) according to equation 2, a pK' value of 8.0 was obtained. If 

however the detection wavelength is changed from 620 to 600 or to 640 nm, apparent pKs of 

8.5 and 7.8 were obtained, respectively. On the one hand, this illustrates the dependence of the 

pK' on the instrumental settings, and the necessity to acquire new calibration curves when 

changing emission and excitation wavelengths (filters), or other optical components in the 

FRIM system (such as dichroic mirrors). On the other hand, it illustrates that by only changing 

some optical components in the (microscopy) system, the apparent pK can be adjusted to one's 

convenience. This can be very useful for optimizing the responsiveness of an indicator to a 

certain ion concentration. 

2.2 Implementation of FRIM onto a fluorescence microscope 
Excitation ratio-imaging can be easily implemented on wide-field fluorescence digital imaging 

microscopy (FDIM) systems by incorporating a filter wheel (with several different excitation 

bandpass filters) between the excitation source (Hg or Xe Arc lamps, or multiline laser) and the 

microscope. After implementation of an emission filter changer, emission ratio-imaging on an 

FDIM system can be done. However, this can be problematic due to registration aberrations 

(pixel shift) on the imaging detector (Bright, 1993). Emission ratio-imaging is more easily done 

with confocal laser scanning microscopy (CLSM), using dual channel detection of the 

fluorescence emission (Pawley, 1995). Alternatively, spectral imaging (discussed in section 3) 

can be used to monitor emission ratio dyes. The different implementation modes of FRIM and 

their (dis)advantages are reviewed by Bright (1993) and Fricker et al. (1999). 

We have implemented excitation-FRIM by the incorporation of a Lep filter wheel (Ludl 

electronic products, Miinchen, Germany with 6 different bandpass filters) between a Leica 

DMR epifluorescence microscope (Leitz, Wetzlar, Germany) and its 100 W Hg excitation 

source. For FRIM of SNAFL-2, we used an Omega 520DF40 and an Omega 577DF10 

bandpass filter (Omega, Brattleboro, VT, USA) in the filter wheel, and an Omega 595DRLP 

dichroic mirror with a longpass RG610 filter (Schott, Mainz, Germany) filter (both mounted 

into a filter cube of the microscope) for selecting the fluorescence emission. The images were 

captured using a Quantix CCD camera (Photometries, with an Kodak KAF1400 grade 1 CCD 

sensor, Tucson, AZ, USA) which was mounted on the phototube exit (f-mount) port of the 

microscope. The CCD and the Lep filter wheel were controlled simultaneously using the IPLab 
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spectrum software package (Signal Analytics, Vienna VA, USA) on a Macintosh PowerPC 

8500 (Apple computer Cupertino, CA, USA). 

A complete ratio image acquisition (including exposures at the two excitation wavelengths and 

changing the excitation filter position) on the instrument described above can be achieved within 

0.6 s, but usually takes about 2-3s depending on the integration/exposure time needed by the 

CCD to obtain satisfactory signal to noise values. The resulting two images, only differing in 

excitation wavelength, are used for the data processing/ratioing procedure. Data processing 

includes background subtraction (camera bias and background), calculation of the ratio image 

through pixel-by-pixel division of the fluorescence intensities of the two images, and the 

calculation of the in situ ion-concentration using equation 2. The procedures are implemented 

within the IPlab package using home-written macros, and within the SCILimage package (TPD, 

Delft, The Netherlands) on a Silicon Graphics Indy workstation (Silicon Graphics, Mountain 

View, CA, USA). 

2.3 Applications 

FRIM has found a wide application to measuring ion activities in single cells. The major 

application consists of measuring Ca2+ and pH (Gilroy, 1997; Read et al., 1992). Here we will 

focus on the measurement of pH in single living root hairs. Furthermore we will discuss a novel 

generation of indicators, which are based on fusion proteins containing the green fluorescent 

protein from Aequoria victoria. 

2.3.1 Imaging root hairpH with SNAFL-2 

In figure 2, we show the use of the ratiometric pH indicator SNAFL-2 for imaging the cytosolic 

pH in Vicia sativa (vetch) root hairs. The indicator (10 uM) is applied to the roots in an 

esterified, non-fluorescent form (SNAFL-2 diacetate from Molecular Probes, Eugene, OR, 

USA) for 30 min. Intracellular esterases cleave off the acetate groups and produce the 

fluorescent, negatively charged and membrane impermeable active form of the indicator. In this 

way, the indicator becomes highly concentrated in the root hair cytosol and the nucleus. Not all 

fluorescent indicators can be loaded as conveniently and efficiently as SNAFL-2. Some end up 

in the vacuole (e.g. BCECF (Brauer et al., 1995; Brauer et al., 1996)), while others are 

incompletely or not at all hydrolyzed (e.g. Calcium Green AM, Fluo-3 AM, J.Goedhart 

unpublished observations). Acid loading, microinjection or electroporation with or without dye-

coupling to dextrans can be used under these circumstances. For a recent review on fluorescent 

dye loading strategies and protocols for living plant cells, we refer to (Flicker et al., 1999). 

As shown in figure 2, the root hairs loaded with SNAFL-2 show an even distribution of the dye 

in the top left fluorescence image, which is acquired with an excitation bandpass filter of 

520DF40 nm (fig. 2a). More fluorescence is visible in the cytosol in the top right image which 

is excited with the 557DF10 nm bandpass filter (fig. 2b), which preferentially excites the 

deprotonated form of SNAFL-2. Therefore in this image the more alkaline compartments will 

10 
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show higher fluorescence intensities as compared to the other image. The excitation ratio at 

every pixel of the image is determined (fig. 2c), and can be converted into a pH image (fig. 2e) 

by using the parameters obtained from the calibration curve shown in figure 2d and equation 2. 

It is of note that in situ calibrations are generally more reliable than the in vitro calibration 

curves presented here (see Flicker et al. (1999) for extensive description of in situ calibration 

protocols). 

Figure 2: Root hair pH measurement by fluorescence ratio imaging microscopy (FRIM). The root system of 
Vicia sativa (vetch) grown in Fahreus slides (Heidstra et al., 1994) was incubated with plant growth medium 
(Goedhart et al., 1999) containing 10 uM SNAFL-2 diacetate (esterified SNAFL-2, Molecular Probes, Eugene, 
OR) for half an hour. The individual images taken at the two excitation wavelengths: X1=520DF40 nm (a) and 
>.2=577DF10 nm (b) are shown. After subtraction of background the ratio (c) was determined for every pixel by 
dividing the images (X2/M). To translate the ratio image into a pH image (e), a calibration was performed by 
ratio-imaging of microcuvettes containing 5 uM SNAFL-2 in 0.1 M phosphate buffer set at various pH values, 
with identical microscope settings. The calibration curve (d) shows the response of the dye to pH. The smooth 
curve represents the fit (R=0.9995) according to equation 2 with pK'=7.5, Rmax=2.6 and Rmjn=0.14. The pH in 
image (e) is represented by a grey-scale ranging from black (pH=6.0) to white (pH=8.0) as can also be inferred 
from the histogram (f) that is derived from the pH image 

The pH distribution in a root hair shows a cytosolic pH of around 7.3, and is comparable to 

values measured in root hairs by others with either pH sensitive microelectrodes (Felle et al., 

1996) or FRIM (Bibikova et al., 1998). The cytosolic pH value is close to the pK' of SNAFL-2 

with these settings, which is the preferable situation. The pH in the vacuole region was much 

lower (around 6.8). It is of note that this value represents a mixed measurement of fluorescence 

arising from the acidic vacuole with the more alkaline cytosol in which the SNAFL-2 is more 

concentrated. With BCECF, which specifically sequesters into the vacuole of maize root hairs, 

Brauer et al. (1995) found a vacuolar pH of 5.8. 

11 
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2.3.2 GFP-based ratio indicators 

Recently, a new type of ion-sensitive probes has been developed, based on green fluorescent 

proteins (GFP) (Tsien, 1998). A fluorescent calcium sensitive chimeric protein, cameleon, based 

on calmodulin and GFP has been constructed by Miyawaki et al. (Miyawaki et al., 1999; 

Miyawaki et al., 1997). Two mutants of GFP, a cyan (CFP) and yellow fluorescing mutant 

(YFP) are attached to either side of a calmodulin and a calmodulin binding protein. The binding 

of calcium changes the relative orientation of the two fluorescent proteins, thereby causing an 

increased degree of intramolecular fluorescence resonance energy transfer (FRET, see also 

4.3.3). Because of the increased FRET efficiency, the YFP/CFP fluorescence emission ratio is 

increased, allowing the use of the yellow cameleon as an emission ratio indicator (see also 

3.3.2). 

Additionally, pH-sensitive GFP mutants can provide an alternative way to measure pH. A pH-

sensitive mutant of GFP is available which has similar spectral properties and pK as BCECF 

(Miesenbock et al., 1998). Hence, this so-called pHluorin, can also be used for excitation ratio-

imaging of intracellular pH. 

An important advantage of the gene-encoded indicators is that no dye loading or microinjection 

is required as the cells use their own biosynthesis machinery to produce the indicator. 

Furthermore, they can be specifically expressed in the cytosol or targeted to a variety of 

subcellular organelles. We anticipate many future applications of such indicators potentially 

unraveling detailed ionic activities in all plant cell organelles. 

3 Fluorescence SPectral Imaging Microscopy (FSPIM) 

3.1 Principle 
Fluorescence spectral imaging microscopy (FSPIM) combines spatial resolution with spectral 

resolution. At every position across a line in a microscopic object a complete emission spectrum 

is obtained (Balaban et al., 1986). Consequently, this technique can be used to yield emission 

spectra of fluorescent molecules inside living cells (Martinez-Zaguilan et al., 1994). Hereby, the 

FSPIM measurement provides much more detail about the spectroscopic origin of the 

fluorescence than FRIM, which only employs two averaged regions of the spectra of 

fluorophores. 

3.2 Implementation of FSPIM onto a fluorescence microscope 

Spectral imaging (FSPIM) requires an imaging spectrograph mounted onto a fluorescence 

microscope. The basic elements of the spectrograph are an entrance slit and an astigmatic 

diffraction grating. The entrance slit, effectively reduces the spatial information of the 

microscopic object into one dimension (see figure 3). Imaging spectrographs are constructed in 

such way that the direction at which the photons are diffracted by the grating is perpendicular to 
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the orientation of the entrance slit. As a result, an image is produced at the exit port of the 

spectrograph with combined spatial and spectral resolution which is captured by a CCD camera. 

The photosensor of the camera is aligned to the spectrograph in such way that columns of 

pixels are parallel to the entrance slit and rows of pixels are parallel to the diffraction direction 

of the grating. Consequently, the image captured by the CCD camera contains spectral 

information in the horizontal direction and spatial information in the vertical direction. 

Specimen 
(2 objects in 
microscope) 

Grating 

Spatial 
information 
Qjm) 

Image spectrum 
(captured by CCD) 

400 500 600 

Spectral information 
(wavelength in nm) 

Figure 3: The principle of fluorescence spectral imaging microscopy (FSPIM). For explanation see section 
3.2. Note that both the position (vertical axis) and the emission maximum (horizontal axis) of the green (a) and 
a blue (b) fluorescing objects can be discerned from the image spectrum 

Our FSPIM instrument is built around a Leica DMR epifluorescence microscope and uses a 

laser (see section 4.2) or a 100 W Hg lamp/ filter wheel system (see section 2.2) as excitation 

source. The detector unit consists of i) a Chromex 250is (Chromex Inc., Albuquerque, NM, 

USA) f/4 image spectrograph mounted at the phototube exit (c-mount) of the microscope with 

ii) a slow scan series 200 (CH250) CCD camera (Photometries, Tucson, AZ, USA) mounted at 

the exit port using a home-built f-mount adapter. The spectrograph has a remote-controlled slit 

width (adjustable from 20-2000 urn), 3 user selectable gratings with 150, 300 or 600 

grooves/mm, all with a central wavelength of 500 nm. The spectrograph settings can be 

conveniently adjusted using the Chromex manual control unit. The CCD-camera is interfaced 

onto the Nubus slot of a Macintosh PowerPC 7100 computer and controlled using the IPlab 

Spectrum image processing software (Signal Analytics, Vienna VA, USA). Alternatively, the 

CCD camera and the spectrograph can be interfaced to a PC using an ISA slot and RS232 serial 

link, respectively. The CCD and spectrograph control are then integrated using the MAPS 2.0 
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software package (Photometries, Tucson, AZ, USA) running under Microsoft Windows 95. The 

spectral dimension is conveniently calibrated using monochromatic laser lines, or mercury arc 

lamp lines. 

The actual FSPIM measurement is not more complicated than any conventional fluorescence 

imaging measurement. Normal fluorescence filter cubes can be employed, however for the 

acquisition of full emission spectra, longpass emission filters should be used instead of 

bandpass filters. A typical experimental procedure includes i) setting the entrance slit and 

grating position to the required position, ii) aligning the cell of interest with the entrance slit of 

the spectrograph, iii) opening the excitation shutter (manually or TTL-controlled), iv) taking an 

exposure with the CCD (typically ls-lOs exposures), v) saving and processing of the acquired 

image spectrum. Usually only steps ii-v need to be performed if the instrument settings are 

identical for different microscopic objects. In a time-series an image stack can be acquired by 

repeating steps iii) and iv) several times with an optional user controlled delay between the 

exposures. This procedure provides spatial, temporal and spectral information in one data set. 

3.3 Applications 

3.3.1 Decomposing multicomponent fluorescence emission and autofluorescence 

subtraction 

Spectral imaging is especially useful when more than one type of fluorophore is present in the 

specimen, yielding multicomponent fluorescence emission spectra (Martinez-Zaguilan et al., 

1994). A component which is always present when studying living cells is autofluorescence. 

Especially at low fluorescent probe concentrations, where the probe fluorescence intensity 

approaches the autofluorescence levels, spectral imaging is a very useful tool to decompose the 

dual component spectra. 

Growing plant root hairs display relatively low levels of autofluorescence. However, when 

fluorophores are studied at nanomolar or even lower concentrations (e.g. Nod factors) the 

fluorescence intensity is close to the intensity of autofluorescence. A unique feature of root 

hairs is their elongated shape allowing optimal alignment of the total cell with the entrance slit of 

the imaging spectrograph. Therefore, root hairs are the most ideal cell type for spectrographic 

studies. Gadella et al. described the use of FSPIM to be able to detect BODIPY FL labeled 

fluorescent Nod factors on Vicia sativa roots (Gadella Jr. et al., 1997b). A procedure was 

developed to decompose the dual component spectra into autofluorescence and a BODIPY 

component spectrum. In this way, it was possible to locate the presence of Nod factor on Vicia 

sativa root hairs when applied at a concentration of 1 uM and using an excitation wavelength of 

475 nm. 

The autofluorescence of Vicia sativa root hairs is significantly lower if the excitation is shifted 

from blue (475 nm, necessary for excitation of BODIPY FL) to green or yellow (510-580 nm) 

which is optimal for exciting recently developed red-shifted fluorescent Nod factors (Goedhart 
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et al., 1999). Upon application of plant growth medium containing 1 nM of the red-shifted 

BODIPY 581/591 tagged fluorescent Nod factor to Vicia sativa plant roots grown in a Fahreus 

slide (Heidstra et al., 1994), the fluorescence signal of the probe is comparable to 

autofluorescence. 

600 640 680 
Wavelength [nm] 

720 

Figure 4: Spectral images (a) of a Vicia sativa root hair labeled with 1 nM NodRlv-IV (BODIPY 581/591-
C]6) (upper) and an unlabeled control (lower). A lOx PL fluotar NA 0.3 objective in combination with an 
Omega (Brattleboro, VT) 546DF10 nm bandpass excitation filter, an Omega 555DRLP dichroic mirror and a 
Schott (Mainz, Germany) OG570 longpass emission filter were used. The slit width of the imaging spectrograph 
was 200 nm and the central wavelength was 650 nm. The acquisition time was 10 s. Averaged fluorescence 
emission spectra of the tip region (indicated by the box) of labeled and unlabeled root hairs are shown (b). The 
difference spectrum representing net BODIPY 581/591 fluorescence is shown in the inset 

In figure 4a, an FSPIM analysis of both a labeled and unlabeled root hair is shown. Left, a 

fluorescence image and a phase contrast image of both hairs is shown, indicating the width of 

the entrance slit. Both images are captured using the spectrograph with the diffraction grating 

set at zero-order position. In this position, the grating functions as a mirror enabling 

conventional fluorescence imaging. The spectral images are shown on the right side of the phase 

contrast images. In the vertical (spatial) dimension of the spectral image of the labeled root hair, 

clearly the most intensely labeled region of the root hair can be identified. In the horizontal 

(spectral) direction of the image spectrum the maximal fluorescence intensity is observed 

between 546 and 650 nm. Also some excitation light is detected with the spectrograph as can be 

seen from the band with the width of the entrance slit centered around 546 nm (a Hg-line). The 

analysis of the unlabeled root hair shows a reduced fluorescence intensity, but also no clear 

maximum in the horizontal direction of the image spectrum can be identified. This "flatness" is 

typical for autofluorescence spectra. In figure 4b average emission spectra of the tips of both 

root hairs are shown. From the figure it can be inferred that the BODIPY- and autofluorescence 

contribute equally to the total fluorescence. The spectrum acquired from the unlabeled root hair 

15 



Chapter 1 

shows a broad spectrum without any sharp peaks. The bump around 670 nm was also observed 

by Gadella et al. as a large peak, and corresponds to porphyrin fluorescence emission, which is 

excited less effectively at the wavelength used here (546 nm). Contrarily, the emission spectrum 

of the labeled root hair does show a clear peak, but also the autofluorescence spectrum can be 

discerned. Indeed, the difference spectrum of the labeled and unlabeled root hair, shown as an 

inset of figure 4b, represents a typical BODIPY emission spectrum. The emission maximum of 

the probe observed on root hairs is around 605 nm instead of the true maximum at 591 nm. The 

shift of the maximum from 591 to 605 nm is mainly caused by the reduced transmission of the 

dichroic mirrors and emission filters of the blue edge of the spectrum and by the increased 

sensitivity of the CCD camera in the red to near-infrared part of the spectrum. All these 

parameters contribute to the so called spectral instrument response curve. This curve can be 

considered as a multiplication of the transmission spectra of the microscope optics (lens, 

dichroic mirror and emission filter) with that of the spectrograph and the spectral response curve 

of the CCD sensor. With standard spectra, the instrument response can be determined and the 

spectra can be corrected. Correction is not necessary if different measurements are performed 

with the same instrument settings and if only relative spectral changes are important. 

3.3.2 Usage of FSPIM for monitoring fluorescence emission ratio indicators 

As mentioned before, FSPIM can also provide an alternative to emission ratio-imaging, as 

changes in emission spectra are easily detected by FSPIM. This even allows the simultaneous 

determination of Ca2+ and pH in single cells (Martinez-Zaguilan et al., 1996; Martinez-Zaguilan 

et al., 1994). Here, we will explain the principle of determining pH by FSPIM using SNAFL-2. 

In figure 5, the pH dependent emission spectra of SNAFL-2 as measured by FSPIM are 

shown. The deprotonated state (fig. 5a) shows an emission maximum above 580 nm, whereas 

the emission maximum of the protonated dye (fig. 5b) is below 580 nm. When a spectral image 

at intermediate pH is acquired (fig. 5c), it can be inferred that this is a mixture of the spectrum at 

low pH representing the protonated probe with that at high pH representing the deprotonated 

probe spectrum. By fitting these intermediate spectra, using the spectra of the pure protonated 

and deprotonated probe, the contributions of both species can be determined very accurately. In 

this way, a calibration curve can be constructed which describes the contribution of the 

protonated and deprotonated state for different pH values. These calibration values can be used 

to exactly measure pH in living plant cells after the decomposition of the in situ spectra in the 

deprotonated and protonated component spectra. When a third fluorescent species (i.e. 

autofluorescence) also contributes to the total emission spectrum the fit procedure (Gadella Jr. 

et al., 1997b) should be extended to three or more components. Especially under those 

conditions, the FSPIM method is superior to FRIM which would produce aberrant ratios in the 

presence of a significant amount of autofluorescence. 
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580 

Figure 5: FSPIM of microcuvettes filled with 5 uM SNAFL-2 in an alkaline (pH=9.5) (a), acidic (pH=4.5) 
(b), or neutral (pH=7.0) (c) buffer. A 20x HC PL fluotar NA 0.5 objective in combination with an Omega 
500RDF25 nm bandpass excitation filter, an Omega 525DRLP dichroic mirror and a Schott GG530 longpass 
emission filter were used. The slit width of the spectrograph was 200 urn and the central wavelength was 580 
nm. Acquisition time was 10 seconds and 4x binning in the spatial direction was used on the CCD camera 

Recently we successfully applied the FSPIM method for monitoring Ca2+ in living Lotus root 

hairs that were stably transformed with the yellow-cameleon calcium indicator (Miyawaki et al., 

1999; Miyawaki et al., 1997), see also section 2.3.2. The CFP and YFP contributions from the 

yellow cameleon fluorescence emission spectrum could be fitted and indicated a clear positive 

cytosolic calcium gradient towards the root hair tip. In addition to the CFP and YFP 

components, it is essential to fit an autofluorescence component and a background fluorescence 

component in order to obtain reliable data. The results and the four-component fit procedure are 

described in detail elsewhere (Gadella Jr. et al. 1999; Gadella Jr., manuscript in preparation). 

A clear advantage of FSPIM over FRIM is that all spectral components are acquired in one 

measurement. FRIM usually employs two consecutive images acquired with different filter 

combinations. Consequently, the FRIM method is dependent on the stability of the excitation 

source, and in case of emission ratio imaging also registration errors can occur. FSPIM does 

not suffer from registration problems. However, the superior accuracy obtained by FSPIM is 

obtained at the sacrifice of one spatial dimension. Given their elongated shape, this may be 

tolerable for root hairs. In this respect, it should be noted that by scanning the microscope stage 

it is possible to obtain two-dimensional spatial information with FSPIM. 

4 Fluorescence Lifetime Imaging Microscopy (FLIM) 

4.1 Principle 
Fluorescence lifetime imaging microscopy (FLIM) is a technique for imaging excited state 

lifetimes of fluorophores by means of a fluorescence microscope. Lifetime images produced by 

these instruments are digital images in which each pixel value represents the fluorescence 

lifetime (x). As opposed to conventional steady-state fluorescence microscopy, FLIM reports on 
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a kinetic parameter (x) which, unlike fluorescence intensity, is independent of probe 

concentration, excitation light intensity, moderate levels of photobleaching, direct absorption (or 

filtering) of fluorescence or on the optical path length in the microscope. 

The fluorescence lifetime of a fluorophore is the average time that passes between absorption of 

an excitation photon by the fluorophore, and the release of the absorbed energy in the form of a 

red-shifted emission photon. Generally, excited state lifetimes are in the nanosecond (10~9 s) 

time range. The fluorescence lifetime is linearly proportional to the quantum yield Q of the 

fluorophore (the average number of photons produced by a fluorophore per absorbed photon, 

0<Q<1). The quantum yield of fluorophores is highly dependent on their direct chemical 

microenvironment. Parameters that change the fluorescence lifetime are local hydrophobicity, 

local pH, the availability of fluorescence quenchers, ions (e.g. Ca2+) or the proximity of energy 

transfer acceptors. With steady-state fluorescence microscopy, quantum yields cannot be 

studied independent from probe concentration, because the local fluorescence intensity is a 

product of local probe concentration and the local fluorescence quantum yield (and several other 

parameters such as excitation light intensity, absorption cross-section, detector efficiency, and 

optical path length (Jovin and Arndt-Jovin, 1989b; Jovin et al., 1990)). Consequently, with 

conventional steady-state fluorescence microscopy, one cannot distinguish between a high 

fluorophore concentration with a low quantum yield and a low fluorophore concentration with a 

high quantum yield. FLIM, however, enables to generate separate images of fluorescence 

intensity and fluorescence lifetimes and thereby provides the capability to image both the local 

fluorophore concentration and the local fluorophore microenvironment. 

Excitation 

Phase or time (ns) 

Figure 6: Principle of fluorescence lifetime determination with the frequency-domain approach. The excitation 
light is sinusoidally intensity-modulated. The resulting fluorescence emission is also sinusoidally intensity-
modulated but phase shifted (by A9 degrees, 0°<A(p<90°) and demodulated (by a factor M, 0<M<1) with respect 
to the excitation light 

Fluorescence lifetime imaging microscopes can be implemented in many different ways, for a 

recent review see (Gadella Jr., 1999). The two most widely used modes of implementation are 

the frequency domain (Gadella Jr. et al., 1993; Gadella Jr. et al., 1997a; Lakowicz and Berndt, 
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1991; So et al., 1994) and time domain approaches (Oida et al., 1993; Periasamy et al., 1996; 

Sytsma et al., 1998; Wang et al., 1992). In the time domain, a very short pulse (fs-ps time 

duration) of light excites the sample, and time-correlated detection of the fluorescence emission 

provides the lifetime information. In the frequency domain (used in our laboratory), the 

specimen is continuously excited with intensity-modulated light. The intensity-modulation 

occurs at a radio frequency (typically in the tens of MHz region) in a sinusoid or other shaped 

way. As a result, also the induced fluorescence emission of the microscopic object will be 

intensity-modulated. However, due to the time difference between excitation and emission (i.e. 

lifetime of the probe), the emitted light will be demodulated and phase shifted with respect to the 

excitation light. The frequency domain principle of fluorescence lifetime estimation is explained 

in figure 6. The two observables (phase shift Atp and demodulation M) can be related to the 

fluorescence lifetime via two straightforward equations (Gadella Jr. et al., 1994; Jameson et al., 

1984): 

r
9=^-7tan(A(p) (3) 

rM=^a/M2)-l (4) 
27tf 

where f is the frequency of modulation. When there is more than one way of radiative 

deactivation of one (or multiple) excited state(s), the fluorescence emission process can be 

described by more than one fluorescence lifetime and can be considered as multicomponent 

emission. The formulas relating the observables A(p and M to these different lifetimes are more 

complicated in this case (see also Gadella Jr. et al. (1994b) and Gadella Jr. (1999)), but a 

multicomponent emission can be easily identified by the fact that the lifetimes determined from 

the phase (X(p) and from the modulation (XM) are different (t<p < TM)-

4.2 Implementation of fluorescence lifetime imaging capabilities in a microscopy 
system 

The implementation of the frequency-domain method of fluorescence lifetime estimation in a 

microscope, requires the inclusion of specific components allowing fast modulation of the 

excitation light, an imaging detector capable of measuring fast changes in fluorescence 

intensities, and several electronics to control the modulation and phase settings. The set-up used 

in our laboratory has been described in detail by Gadella et al. (1997a), therefore only a basic 

description of the equipment will be given here, following the light path. The first component is 

a laser source (CW Ar/Kr laser) which puts out a single (user selectable) line which is passed 

through an acousto-optic modulator (AOM). The AOM modulates the laser light intensity up 

and down in MHz frequency range somewhere between 10-150 MHz. One of the diffraction 
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spots produced by the AOM is selected by a diaphragm, and after expanding the beam it is 

incorporated into a Leica DMR/BE epifluorescence microscope. A dichroic mirror reflects the 

excitation light onto the sample. The fluorescence emission is transmitted through the dichroic 

mirror and an emission filter. The filtered fluorescence emission is focused onto the 

photocathode of the rf-frequency gain-modulated image intensifier (Hamamatsu, model C5825). 

The light emitted from the phosphor screen of the image intensifier is focused onto the chip of a 

CCD camera (Photometries model Quantix with an Kodak KAF1400 grade 1 CCD sensor, 

Tucson, AZ, USA) by means of a relay lens system. Two computer-controlled frequency 

synthesizers (Programmed Test Sources model 310, Littleton, MA, USA) drive the modulation 

on AOM and the image intensifier gain respectively. Phase image acquisition by the CCD, 

excitation shutter control and phase settings on the frequency synthesizers are computer 

controlled and integrated within the IPLab spectrum image acquisition/processing software 

package (Signal Analytics, Vienna VA, USA). Image analysis for constructing lifetime images 

from the phase images is done on an Silicon Graphics Indy workstation using self-written 

software (Gadella Jr. et al., 1994). 

We use a homodyne detection scheme in which the fluorescence signal and the detector (image 

intensifier) gain-modulation occurs at exactly the same frequency. When the gain-modulation of 

the image intensifier happens to be exactly in phase with the fluorescence intensity-modulation, 

a maximal signal will be integrated on the CCD. If the phase difference is 180° (exactly out of 

phase), a minimum signal will be integrated on the CCD. In a typical experiment, the phase 

between the image intensifier gain-modulation and the excitation light-modulation is varied from 

0 to 360°, and at each phase difference an image is captured by the CCD. Typically, 4 to 10 of 

such phase images (0.1-2 s exposure time each) are acquired by the CCD camera. The spatially 

resolved lifetime information is extracted from the phase image stack by fitting a sinusoid for 

every single pixel and determining the phase shift A(p and demodulation M with an image 

analysis procedure (Gadella Jr. et al., 1994; Gadella Jr. et al., 1993). 

4.3 Applications 

The fluorescence lifetime is a fundamental spectroscopic parameter, like wavelength or intensity, 

and hence, lifetime-resolved images can be used for many applications, for a review see Gadella 

Jr. (1999). 

4.3.1 Imaging of ion and oxygen concentrations 

Several reports have appeared showing novel ways of detecting ion concentrations by 

employing non-ratiometric fluorescent indicators that change their lifetime rather than their 

fluorescence spectrum. For ratiometric determination of Ca2+ concentrations, using fura or indo 

(Haugland, 1996), UV excitation has to be employed. UV, however, is generally hazardous to 

living cells. UV excitation can be avoided by using non-ratiometric lifetime-based fluorescent 

Ca2+ indicators absorbing at longer wavelengths such as Ca-Green (blue excitation) (Lakowicz 
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et al., 1992; Sanders et al., 1994; So et al., 1995) or Ca-Crimson (orange excitation) (Periasamy 

etal., 1996). 

Also the pH sensitive dye SNAFL-2 shows a change in the fluorescence lifetime upon altering 

the pH. By using FLIM, we determined that the lifetime (X(p) of SNAFL-2 was 2.3 ns in alkaline 

solution (pH=9) and 4.0 ns in acidic solution (pH=5) upon excitation at 514 nm and detection 

with a 610DF20 nm emission bandpass filter. Similar experiments using 568 nm excitation, 

showed a relatively constant fluorescence lifetime around 1.0 ns both in alkaline and acidic 

solution, which is comparable to the value reported by others (Szmacinski and Lakowicz, 1993). 

Most likely, only the protonated probe is excited at 568 nm, which has a lifetime of 1.0 ns. 

Many other lifetime-based fluorescence indicators which can be ester-loaded into living cells are 

available, e.g. for detecting Mg2+ (Magnesium-Green), Na+ (Sodium-Green) CI" (N-

ethoxycarbonylmethyl-6-methoxyquinolinium bromide (MQAE) and heavy metals (bis-BTC), 

but still await application in lifetime resolved imaging (Haugland, 1996; Szmacinski et al., 1994). 

By employing the ability of oxygen to decrease fluorescence lifetimes by collisional quenching, 

FLIM has also been successfully applied in imaging oxygen concentrations in living cells 

(Gerritsen et al., 1997). 
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Figure 7: FLIM analysis of Vicia sativa root hairs labeled with a Nod factor containing a fatty acid tail with a 
BODIPY FL moiety, a: (steady-state) fluorescence intensity image, b: fluorescence lifetime image, c: pseudo 
three dimensional representation of the fluorescence lifetime image. The lifetime values are indicated in a grey-
scale ranging from black (1.5 ns) to white (3 ns) as indicated next to figure c. The white distance bar represents 
50 jim in the object plane. For labeling conditions and the Nod factor structure see ref. (Gadella Jr. et al., 
1997b). The specimen was excited at 488 nm modulated at 51.204 MHz; a 40x PL Fluotar oil immersion 
objective (NA 0.5-1.0, set at 1.0), an Omega 505DRLP dichroic mirror and an Omega 525DF20 nm bandpass 
emission filter were used. Other conditions are similar to those described in (Gadella Jr. et al., 1997a) 

4.3.2 Contrast enhancement 

In a situation where autofluorescence and probe fluorescence intensities and spectra are 

comparable, it is very difficult to distinguish between probe fluorescence and autofluorescence 

using steady-state FDIM. However, if the fluorescence lifetime of the probe is different from 

that of the autofluorescing environment, the lifetime image can specifically enhance the contrast 

for that specific probe. Such a situation occurs upon labeling Vicia sativa roots with fluorescent 

Nod factors containing a BODIPY FL moiety (Gadella Jr. et al., 1997b). Upon excitation with 
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the 488 nm laser line, the green fluorescence produced by the Nod factor is very comparable 

with the root autofluorescence both in color and in intensity. Because the fluorescence lifetime 

of the autofluorescence is only about 1 ns, and the fluorescence of the BODIPY FL is about 5.5 

ns, FLIM enables to study the localization of this Nod factor on living root hairs. In figure 7, the 

result of such an experiment is shown. The lifetime image shows that the fluorescence lifetimes 

vary between 1.5 and 3.0 ns, clearly representing a mixture of the two fluorescent components. 

Interestingly, the fluorescence lifetime increases when going towards the tips of the root hairs. 

This is due to the increased ratio of BODIPY FL fluorescence to autofluorescence. Hence this 

Nod factor has a preference to bind at the root hair tips. 

4.3.3 FRET and GFP: probing molecular proximity 

FLIM is also a very valuable tool for studying fluorescence resonance energy transfer (FRET). 

FRET is the process by which an excited donor fluorophore transmits its energy (radiationless) 

to a neighboring acceptor chromophore. FRET only occurs over a very short distance range: 

generally shorter than 8 nm. Hereby FRET provides an excellent way to monitor molecular 

interactions in complex environments (e.g. living cells) with a high spatial resolution. FRET is 

manifested by a decrease in donor fluorescence intensity and fluorescence lifetime and by an 

increased (sensitized) emission by the acceptor (if the acceptor is a fluorophore). For a detailed 

description of FRET, the reader is referred to (Clegg, 1995; Clegg, 1996; Forster, 1948; Stryer, 

1978; Tsien et al., 1993; Wu and Brand, 1994). 

Because quantitative measurements of fluorescence intensities are difficult in a steady-state 

fluorescence microscope, FRET measurements using FDIM are complex and sensitive to 

experimental errors (Gordon et al., 1998; Jovin and Arndt-Jovin, 1989a). FLIM, on the other 

hand, is a reliable and convenient method to quantify FRET in single living cells because it 

directly measures the decrease in donor-fluorescence lifetime upon the transfer of energy to a 

FRET acceptor. FRET-FLIM has been successfully applied to monitor proteolytic processing 

of protein kinase C (PKC) in intact cells (Bastiaens and Jovin, 1996), for monitoring membrane 

fusion in cells (Oida et al., 1993) and to monitor oligomerization of cell surface receptors 

(Gadella Jr. and Jovin, 1995). For each of these studies, alterations in the fluorescence lifetime 

reported on a change in proximity (on the nm distance scale) of two interacting molecules in 

single cells. 

The green fluorescent protein (GFP) from the jellyfish Aequoria victoria is a very good probe 

for FLIM. The enhanced version (EGFP, S65T) has a lifetime of 2.67 ns and can be imaged in 

single living plant cells with a very high accuracy (coefficient of variation < 3.5%) (Gadella Jr., 

1999). The availability of chromophore mutants of GFP with blue (BFP), cyan (CFP) and 

yellowish (YFP) colors enables to perform colocalization and FRET studies in single living cells 

(for reviews see (Ellenberg et al., 1999; Pollok and Heim, 1999; Tsien, 1998)). A review on 

GFP-based FRET applications in plant cells is published elsewhere (Gadella Jr. et al., 1999). 
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Recently, we could show that the GFP/FRET based calcium indicator yellow-cameleon2 

(Miyawaki et al., 1999; Miyawaki et al., 1997) can be expressed in the cytosol of root hairs of 

Lotus japonicus, using the RH2 root epidermis specific promoter (Gadella Jr. et al., 1999). We 

could detect an increased FRET efficiency in yellow-cameleon2 at the tips of growing root hairs 

which indicates a local positive calcium concentration gradient at the root hair tip (Gadella Jr. et 

al., 1999). Because of the relative ease of plant transformation, many GFP-based (FRET-) 

FLIM applications are possible for the near future. The plant root hair seems to be an almost 

ideal cell type for such studies. Hence, it is likely that there will be an important role for FLIM 

in the detection of molecular interactions in single living root hair cells using GFP fusion 

proteins, which undoubtedly will shed new light on subcellular signaling, trafficking and 

communication mechanisms. 

5 Fluorescence Correlation Microscopy (FCM) 

5.1 Principle 

Fluorescence correlation spectroscopy (FCS) is a fluorescence microscopic technique that gives 

information on diffusion and concentration of fluorescent molecules (Rigler, 1995; Schwille et 

al., 1997a). 

FCS is based on the confocal fluorescence microscopic technique, but unlike confocal laser 

scanning microscopy (Pawley, 1995), the position of the confocal excited volume is fixed 

throughout the measurement. FCS measures fluorescence intensity fluctuations due to 

movement of single fluorescent molecules in and out a small (1 fL) open confocal volume 

element (Maiti et al., 1997), schematically illustrated in figure 8a. When slowly diffusing 

molecules enter the confocal volume, the rise in fluorescence will be longer as compared to fast 

diffusing molecules (figure 8b). Therefore, the dynamics of the intensity fluctuations contain 

information on the diffusional speed of the molecules. The diffusion constant for translational 

movement can be determined from the autocorrelation function G(x), which relates the 

fluorescence intensity, I, at a time t to that x seconds later: 

</(Q-/(f + T)> <I>2 + <8l(t)Sl(t + T)> ... 
G(T) = < / > 2 = 71? (5)-

Here 81 denotes the fluctuation of the fluorescence intensity around the mean value <I>. In order 

to measure fluctuations in fluorescence intensity, it is essential that the number of fluorescent 

molecules inside the confocal volume element changes significantly over time. If there are more 

than 100 molecules on average in the volume element at any time, the change in fluorescence 

intensity due to the movement of a single molecule in or out of the detection volume will be very 

insignificant. Hence the number of molecules in the volume element must be low enough, 

determining the upper concentration limit at which FCS can be used (around 100 nM). The 
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lower concentration limit is confined by background or the time that can be spent in order to 

obtain enough intensity fluctuations and can be as low as 10"12 M (Rigler, 1995). Assuming a 

Gaussian shaped laser focus in three dimensions, the autocorrelation function can be written as: 

(l-F+F-elx) 

N. 

G(T) =1+ f L -v L -^ (6) 
u 4Z?M,-T 

< j 

where Dtran denotes the translational diffusion constant in m2^"1 and Nm indicates the average 

number of fluorescent particles in the detection volume. Figure 8c shows the shape of the 

autocorrelation function. Equation 6 also contains a term F, describing the fraction of molecules 

in the triplet state and the characteristic triplet decay rate X. The constants COxy and coz describe 

the dimensions of the volume element. These are defined as the distance from the center of the 

laser focus in the radial, a>xy, and axial direction, GOZ, where the fluorescence intensity has 

dropped to e-2 (=13.5%) of its peak value. The laser radii can be resolved by calibration using 

reference compounds with known diffusion constants. The autocorrelation function can easily 

be extended for multiple contributions (Brock et al., 1998). However, quantum yields of 

different species contributing to the autocorrelation should be taken into account (Meseth et al., 

1999). 

The volume, V, of the confocal element (m3) can be approached by a cylinder with radius coxy 

and height 2(0z in both directions from the center and hence equals: 

V=KCOI-2COZ (7). 

The hydrodynamic radius, r, of the fluorescent particles is related to the diffusion constant via 

the Stokes-Einstein equation (Edward, 1970): 

(8) 
6OT7A™ 

in which r| is the viscosity, T is the absolute temperature and k the Boltzmann constant. 
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Figure 8: Principle of fluorescence correlation spectroscopy (FCS). A fixed confocal volume is continuously 
illuminated by a focused laser beam (a). Fluorescent molecules entering the confocal volume will give rise to a 
burst of fluorescence emission (b), of which the duration is dependent on the time they spend in the confocal 
volume. This is illustrated by curve 1 and 2, representing intensity fluctuations caused by diffusion of small 
organic fluorophores (Rhodamine green in H2O) or large multilamellar vesicles labeled with fluorescent lipids, 
respectively. Autocorrelation of the intensity-fluctuations gives the autocorrelation curve (c) which can be 
analyzed to yield the average number of particles Nm in the confocal volume, and the diffusion constant Dtran 
(see equation 5) 
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5.2 Implementation of FCS 

FCS measurements were performed on a commercially available system: the Zeiss-Evotec 

ConfoCor (Carl-Zeiss, Jena, Germany and Evotec Biosystems, Hamburg, Germany). The 

system consists of a Zeiss Axiovert inverted microscope with standard confocal epi-

fluorescence microscope optics. An argon ion laser (488/514 nm) and a helium-neon laser (543 

nm) are used as excitation sources. Zeiss dichroic mirrors (we used the 560 nm dichroic), and 

Zeiss emission filters (we used the 565-610 nm bandpass filter) mounted in a Zeiss filter slider 

are employed to separate fluorescence from excitation light. The light is focused in the sample 

using a high grade Zeiss water immersion objective (40x, 1.2 NA) with a adjustable ring for 

matching slight differences in refractive index (e.g. caused by variation in coverglass thickness). 

Confocal detection is achieved by a motor-controlled pinhole (diameter usually 40 um). The 

detector behind the pinhole consists of an avalanche photodiode coupled to a fast digital 

correlator, which supplies a real-time display of the autocorrelation curve. The setup is described 

in detail elsewhere (Hink et al., 1999; Hink and Visser, 1998). 

Calibration, to obtain the dimensions of the confocal volume (C0xy and 0)z in equation 7), is done 

by acquiring autocorrelation curves of fluorophores with a known diffusion constant such as 

rhodamine 6G or tetramethylrhodamine in H2O (both have diffusion constants of 2.8-10"10 m2 

s-1) (Rigler et al., 1992). 

5.3 Applications 
FCS has been applied mainly to study molecular diffusion in solution. Applications of FCS 

include measuring diffusion constants (Magde et al., 1974), aggregation states (Berland et al., 

1995) hybridization of oligonucleotides (Kinjo and Rigler, 1995; Oehlenschlager et al., 1996) 

and receptor-ligand interactions (Rauer et al., 1996). So far the use of FCS in combination with 

digital microscopy (FCM) (Brock et al., 1998; Brock and Jovin, 1998) to study molecular 

diffusion and concentration in living cells has been limited. Still, FCM can be applied 

successfully to obtain quantitative information on concentration and diffusional behavior of 

fluorescent molecules in root hairs, as will be described below. 

5.3.1 Study of Nod factor diffusional behavior on living root hairs by FCM 

In figure 9, we show the results of an FCM analysis of a growing Vicia sativa root hair in the 

presence of 10 nM initially extracellularly applied fluorescent Nod factor. We used an orange 

fluorescing BODIPY 558/568 tagged Nod factor in combination with the 543 nm He/Ne laser 

line. If the 488 nm or 514 nm laser line were used for excitation, the autofluorescence of the 

root hairs was too high. However, at 543 nm excitation the autofluorescence, was low enough to 

allow FCM experiments with orange or red fluorescing dyes. By moving the microscopy stage, 

the FCM confocal volume element can be positioned anywhere in the slide. We positioned the 

confocal volume just before the tip of a growing root hair after which several autocorrelation 

curves (60 s each) were acquired sequentially. The first three correlation curves (see figure 9), 
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