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Rapid and Simple Method for Estimation of Sugar Esters 

Y. Lin and G. J. Wagner* 

Plant Physiology/Biochemistry/Molecular Biology Program, Department of Agronomy, 
University of Kentucky, Lexington, Kentucky 40546-0091 

A procedure is described for a simple and highly sensitive quantitative assay of various sucrose 
and glucose ester mixtures extracted from plant tissue surfaces and of certain synthetic sugar esters 
of commercial importance. The method involves staining sugar esters with Rhodamine B followed 
by spectrophotometric detection of the “complexed” stain. The only instrumentation required consists 
of a colorimeter, spectrophotometer, and microplate reader or, alternatively (for higher sensitivity), 
a spectrofluorometer. The minimum detectable level at is 10 pg, while that measuring 
fluorescence is 0.1 pg. The stain does not appear to differentiate among sugar ester types. 
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INTRODUCTION 

Sucrose and glucose ester mixtures are principal 
components of trichome exudates produced by certain 
Nicotiana, Lycopersicon, Solanum, and Datura species. 
Sucrose esters (SEI of Nicotiana are shown to be 
synthesized exclusively in trichome glands (Kandra and 
Wagner, 1988) from sucrose and activated acids derived 
from branched-chain amino acid metabolism (Wagner, 
1991). Numerous studies indicate that these com- 
pounds are involved in plant-pest interactions (Cutler 
et al., 1992; Goffreda et al., 1990; Severson et al., 1991). 
In addition, tobacco sucrose esters have important 
organoleptic properties (Severson et al., 1985). 

In Nicotiana, SE mixtures are well characterized and 
are grouped into over eight types of acetylated or 
nonacetylated 2,3,4-tri-0-acyl-a-~-glucopyranoside p-D- 
fructofuranosides, where acyl groups are c3-c8 straight 
or branched aliphatic acids (Cutler et al., 1992). While 
all known Nicotiana SE contain three acyl groups on 
the glucose moiety, the nature of groups occurring at 
specific positions (2,3, or 4) can vary, as can the nature 
of mixtures of acyl groups found in a SE type. Also, 
the number and position of acetyl groups occurring in 
SE containing them may vary. Thus, the number of 
distinct SE structures produced by members of the 
genus Nicotiana alone is tremendous. The biological 
significance of this species-specific diversity is not 
understood. Synthetic SE [i.e., sucrose diacetate hexa- 
isobutyrate (SAIB), sucrose ocataacetate, etc.1 have 
commercial applications in emulsifiers, adhesives, de- 
tergents, denaturants, etc. Their usefulness principally 
lies in their amphipathic nature and viscous properties. 

Quantitation of sugar ester mixtures is generally 
made using gas chromatography of their trimethylsilyl 
ethers or by HPLC. An advantage of the gas chroma- 
tography approach is that it can resolve SE types to 
some extent, as well as separate SE mixtures from leaf 
surface terpenes and hydrocarbons in a single analysis 
(Severson et al., 1985). Direct chemical ionization mass 
spectrometry has been reported to be a quantitative 
method for analysis of underivatized SE (Einolf and 
Chan, 1984). HPLC provides separation of terpenes and 
SE without the requirement for derivatization and- 
unlike gas chromatography-allows complete recovery. 
However, various SE types in mixtures are not well 
separated by this method using existing systems (Guo 
et al., 1994). All of the above methods require expensive 
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instrumentation having limited portability. TLC meth- 
ods can separate or partially separate terpenes and SE 
but are not quantitative. 

Histochemical methods for detecting organic constitu- 
ents in plant cells generally suffer from the fact that 
strong acids, organic solvents, heat, or clearing with 
chloral hydrate are often required to bring about stain- 
ing, increasing the potential for artifact. A water- 
soluble stain that would selectively or semiselectively 
and rapidly complex a compound of interest at room 
temperature would be ideal as a histochemical stain for 
use with living tissue. Rhodamine B is extensively used 
as a TLC-spray-detection reagent for lipids, generally 
as a solution in 95% EtOH. However, its relatively high 
solubility in HzO along with its high extinction and 
stability in solution makes it useful for staining lipo- 
philic and amphipathic molecules with high sensitivity 
in the absence of tissue-damaging conditions and re- 
agents. We have shown in qualitative experiments that 
this dye can be used to  localize SE on the plant leaf 
surface, apparently without altering the natural dispo- 
sition of exudate chemicals. We also find that Rho- 
damine B can be used to detect SE accumulated on 
insects which had walked on a stained leaf surface (Lin 
and Wagner, 1994). Thus, the stain can be used to 
monitor aspects of insect behavior and insect‘surface- 
chemical interactions. 

Here we describe a rapid, simple, and inexpensive 
method for quantitative estimation of SE after forma- 
tion of SE-Rhodamine B complexes. 

EXPERIMENTAL PROCEDURES 

Plant Materials and Assay Procedures. Nicotiana 
tabacum cv. T.I. 1068 plants were grown in pots in the 
greenhouse. Pieces of leaf lamina were cut from fully ex- 
panded leaves and dipped (20 s) in a vial containing 10 mL of 
100% acetonitrile to dissolve trichome exudate. For most 
species tested 2-10 cm2 of laminar tissue was sufficient for 
assay. After removal, the area of leaf pieces was determined. 

Acetonitrile washes were evaporated to  dryness in uacuo, 
and then 5 mL of 0.5% (w/v) Rhodamine B in HzO (large 
excess) was added and the sample held for 10 min. The dye 
solution was decanted, and the sample was rinsed five times 
(-5 s each, without agitation) with 10-mL aliquots of HzO t o  
remove unbound stain. The SE-Rhodamine B complex re- 
mains as a red-blue fildsyrup. To dissolve the complex, 2.0 
mL of 50% acetonitrile in HzO was added. The absorption 
(spectrophotometer) or fluorescence (fluorometer) of the solu- 
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Figure 1. Absorption spectrum of SE mixture-Rhodamine 
B complex. SE were obtained from N .  tubacum cv. T.I. 1068. 
Spectra represent dye retained by exudate and lack of reten- 
tion by equivalent amounts of duvatriene diols (DVT) and cis- 
abienol, the other major components of T.I. 1068 trichome 
exudate. 

tion was monitored at 550 nm or with excitation 550 nm/ 
emission 582 nm, respectively. All manipulations and solu- 
tions were at room temperature (-23 “C). To stain SE on 
tissue surfaces, tissue pieces were submerged in 0.2% Rho- 
damine B in HzO for 60 min and then washed by submersion 
in 4 separate volumes of HzO (5 s in each) to remove unbound 
stain. Rhodamine B was purchased from Sigma Chemical Co., 
St. Louis, MO. 

To establish the relationship between absorption at 550 nm 
and micrograms of SE, a sample was prepared from T.I. 1068 
by washing mature leaves with acetonitrile. The extract was 
filtered through Whatman No. 1 paper and concentrated in 
uacuo. Total SE were then purified by HPLC, collected, and 
evaporated to dryness. A weighed portion was used to prepare 
a dilution series containing 5-200 pg of SE. Aliquots of known 
concentration were placed as drops on microscope slides, and 
solvent was allowed to evaporate. Slides were stained and 
washed, and SE-Rhodamine B complex was recovered with 
50% acetonitrile in HzO and assayed as described above. 

To assay using microplates, extracts (250 pL) were placed 
into wells of standard polystyrene microplates (96 wells, Fisher 
Scientific Co.) and solvent was evaporated under the heat of 
an  incandescent lamp (-15 min). Alternatively, solvent may 
be evaporated overnight without heat. Staining and washing 
was as described above (scaled down), and color was read in 
with a microplate reader at A54snm. Alternatively, leaf disks 
(l-cm diameter) were placed into wells of a 24-well poly(viny1 
chloride) plate, and exudate was extracted with 2 mL of 
acetonitrile for 15 s. Leaf pieces were removed, and solvent 
was evaporated and stained as above. This method (all steps 
made directly in the microplates) may be applicable for assay 
of large numbers of samples collected in the field (for example, 
in a plant breeding study). Although polystyrene and poly- 
(vinyl chloride) are said to be unstable to acetonitrile, we 
observed minimal deterioration of plastics under the conditions 
described here. Deterioration increases as the volume of 
acetonitrile used is increased. 

HPLC analysis of free unstained SE mixtures employed a 
CIS column in reversed-phase mode and elution as described 
earlier (Guo et al., 1994). Briefly, SE in 100% CN were 
fractionated using an Econsphere CIS, 5-pm column (250 x 4.6 
mm, Alltech Associates Inc., Deerfield, IL). Elution at 1.2 mU 
min was with 70% CN in HzO, and detection was at  A21dnm. 

RESULTS AND DISCUSSION 

Figure 1 shows the absorption spectrum for a SE- 
Rhodamine B complex (80 pg of SE/mL) of T.I. 1068 SE. 
A single absorption peak at 549.6 nm with a shoulder 
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Figure 2. Effectiveness of sequential washing to remove 
unbound Rhodamine B from SE. Washes 1-8 were as de- 
scribed under Experimental Procedures (5 s each), while 
washes 9 and 10 were for 5 min each. Squares represent HPLC 
purified SE (100 pg) and circles total exudate (T.I. 1068), 100 
pg of each. Data represent Rhodamine B occurring in wash 
solutions. 

a t  513 nm was observed. The absorption spectrum of 
Rhodamine B alone in 50% acetonitrile was virtually 
identical to that of SE-Rhodamine B in the region of 
yA550nm (not shown). Absorption at “A550nm is at- 
tributed to the anhydride form of Rhodamine B (Figure 
1 insert). Similar quantities of T.I. 1068 exudate 
duvatriene diols (DVT) and the labdane cis-abienol (the 
other two major trichome exudate components of T.I. 
1068) had no absorption at 550 nm after staining 
(Figure 1). Similar results were obtained for the tobacco 
exudate labdanes sclareol, manool, and 2-hydroxyma- 
nool (not shown). Virtually no was obtained with 
leaves prewashed with 100% acetonitrile to remove 
exudate. The color of complexed SE-Rhodamine B in 
solution was stable at room temperature for at least 4 
days when stored in a closed vial. There was no 
significant difference in absorption when staining was 
for 5, 10, or 20 min (0.5% dye). Between 0.02 and 0.5% 
dye concentration, the intensity of staining 200 pg of 
T.I. 1068 SE increased in proportion to dye concentra- 
tion but was not increased thereafter (data not shown). 
An uncomplexed dye washout curve is shown in Figure 
2. 

Analysis of exudates from various tobaccos (about 100 
pg/mL) showed that the absorption maxima for SE- 
Rhodamine B complexes were similar and like that of 
Rhodamine B alone (Table 1). SE mixtures of the 
tobaccos analyzed are mixtures of compounds that vary 
in their acyl acid composition (Severson et al., 1985); 
therefore, extinction coefficients could not be deter- 
mined. Petunia SE-Rhodamine complexes also had an 
absorption maximum similar to that of tobaccos tested. 
Unlike tobacco, petunia SE contain substantial straight- 
chain c6-c8 acyl groups. The synthetic SE sucrose 
laurate also had a similar absorption maximum. Thus, 
the nature of acyl groups does not appear to influence 
greatly the qualitative aspects of SE-Rhodamine B 
complexes. It was not possible to apply the assay 
described to measure sucrose octaacetate because this 
compound is too water-soluble and was dissolved during 
washing (with H2O or EtOH) to remove excess dye. With 
the synthetic SE sucrose diacetate hexaisobutyrate, 
stain did not penetrate beyond the surface layer. A 
similar result was obtained using myristic acid, a major 
epidermal wax acid of tobacco epidermis. Glucose esters 
from tobacco had an absorption spectrum like that of 
SE. Rhodamine 6G (also used to stain lipids after TLC) 
also bound to SE and could be used in the assay. SE- 
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Table 1. Absorbance Maxima of Sugar Ester-Rhodamine B Complexes" 
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sample peak absorbance (nm) sample peak absorbance (nm) 
sucrose esters from N.  tabacum sucrose esters from N.  glutinosa 

cv. Kentucky black 549.4 cv. 24B 549.8 
cv. Kentucky 14 549.4 cv. 24A 550.0 
cv. Red Russia 549.4 sucrose esters from petunia, 549.6 
cv. T.I. 1068 549.6 cv. Falcon Red and White 
cv. KDH 960 549.6 sucrose monolaurate 550.2 
cv. Samsun 549.6 myristic acid 550.0 
cv. NC 2326 549.6 glucose estelb 549.0 
cv. NFT 549.8 
cv. TI. 1223 549.8 

Absorbance peaks of Rhodamine B in HzO and in 50% acetonitrile are 553.6 and 549.2 nm, respectively. Glucose esters purified 
from N.  tomentosiformis were a gift from R. Severson. 
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Figure 3. Comparison of the precision of Rhodamine B and 
HPLC methods for quantitation of SE from N.  tabacum cv. 
T.I. 1068: (A) determined using the Rhodamine B method, 
detection as A 5 5 h m ;  (B) determined using HPLC, detection as 
A214nm. 

Rhodamine 6G had an absorption maximum at  527.4 
nm. 

The relationship of absorption at 550 nm and sucrose 
ester content (T.I. 1068) was reproducible (correlation 
coefficient, 0.98) and linear between 0 and 200 pg/mL 
(Figure 3A). Using T.I. 1068 exudate, the mean of 12 
separate estimations was 14.6 f 1.6 pg/mL, a total 
procedural variability at a single concentration of about 
11%. The standard curve for SE of T.I. 1068 monitored 
at A214- using HPLC is shown in Figure 3B. With this 
method, a correlation coefficient of 0.99 was observed. 

Figure 4 compares SE mixture content of T.I. 1068 
extract on a leaf area basis using the Rhodamine B 
assay (part A) versus the HPLC method of quantitation 
(part B). In these experiments, aliquots of the same 
tissue washes were used for the HPLC and Rhodamine 
B assays. As shown, the HPLC assay indicated about 
a 50% higher SE/cm2 leaf area than did the Rhodamine 
B assay. This may, in part, be due to  detection of other 
A 2 1 4 ~ ~  absorbing substances in the region of SE eluting 
from HPLC. Alternatively, SE may be solubilized and 
lost during staining and washing steps required to 
remove noncomplexed stain. To determine the occur- 
rence and/or extent of loss, samples of standard T.I. 
1068 SE on glass slides were carried through the 

Leaf Area (cm ') 

Figure 4. Sucrose ester mixture quantity vs leaf area, N.  
tabucum cv. T.I. 1068: (A) Rhodamine B method ( 3 5 5 0 ~ ~ ) ;  (B) 
HPLC method ( A 2 1 d .  

procedure, but Rhodamine B was omitted. SE remain- 
ing on slides and that recovered from all solutions used 
were quantitated by HPLC. Loss from slides was found 
to be -10% and that recovered in stain-mimicing and 
-washing solutions was -10%. Therefore, only a portion 
of the difference between Rhodamine B and HPLC 
methods of quantitation (Figure 4, part A vs part B) can 
be attributed to  losses in the Rhodamine B procedure. 
We conclude that a portion of the A214- found in the 
region of SE elution from HPLC represents compounds 
other than SE and that the Rhodamine B method may 
be more representative of SE mixture quantity than the 
HPLC method used. For a given SE analysis task, the 
percent loss of SE in the Rhodamine B method may be 
established (as above) and factored into the quantita- 
tion. The relationship between the HPLC and Rho- 
damine B methods is compared in Figure 5. Regression 
analysis showed results obtained using the two methods 
were well correlated with regard to response versus 
concentration range. 

In an attempt to clarify the observed differences 
between HPLC and Rhodamine B derived results, 
samples were partitioned with CHCls-H20 (1:l) prior 
to analysis. This resulted in about 30% loss of amphi- 
pathic SE to the H2O phase. Higher HPLC versus 
Rhodamine B derived values were again obtained. The 
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mum of complexed and free dye. At pH 2.5 and 11.5, 
absorption maxima were 556.8 and 550.8 nm, respec- 
tively. The fluorescence of Rhodamine dyes was some- 
what enhanced at alkaline pH. Thus, association of dye 
with SE does not appear to alter spectroscopic properties 
of Rhodamine B. This result is consistent with the 
apparent lack of effect of varying SE type (acyl group 
composition) on SE -Rhodamine B absorption spectrum 
(Table 1). Further study is needed to establish the 
chemical and steric nature of the SE-Rhodamine B 
association. 

In summary, we describe a simple, sensitive, rapid, 
stable, and inexpensive method for monitoring sugar 
esters, one that is easily adapted to large numbers of 
samples. Sensitivity is further increased when the 
fluorescence of sugar ester-Rhodamine B complexes is 
measured. The method represents a histochemical 
technique as well as an analytical one. The assay may 
be easily taken to the field and is amenable to micro- 
plate technology. 
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Figure 5. Comparison of the Rhodamine B and HPLC 
methods for quantitation of SE mixtures. For the Rhodamine 
B assay, designated amounts of T.I. 1068 SE were stained, 
dissolved in 50% (v/v) acetonitrile, and monitored using a 1.5- 
mL glass cuvette. 
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Figure 6. Detection of Rhodamine B-SE mixture by fluo- 
rescence, concentration vs relative fluorescence. SE in 50% 
acetonitrile were monitored using a 1.5-mL glass cuvette. 

phenomenon was not unique to T.I. 1068 SE, as it was 
observed using extracts from five other tobacco types 
(data not shown). 

Literature values for SE content of mature, field- 
grown T.I. 1068 leaf determined using GLC (trimeth- 
ylsilyl derivatives) range from 19 to  35 pg/cm2 leaf 
(Severson et al., 1985). This range compares better to 
the mean value of 95 pg/cm2 obtained here using the 
Rhodamine B method than to the mean of 150 pg/cm2 
found with the HPLC method (the latter two from 
intermediate-age, greenhouse-grown plants). 

As shown in Figure 6, detection sensitivity when 
measuring SE -Rhodamine B fluorescence is about 100 
times greater than that using & O m  (Figure 3A). 
Minimal detectable SE using fluorescence is about 0.1 
pg (Figure 61, while that at is about 10 pg (Figure 
3A). The intensity of the fluorescence measurement is 
such that SE associated with a single aphid which had 
walked on a stained T.I. 1068 leaf surface for 15 min 
was easily quantitated (not shown). This result is not 
surprising given that the extremely high extinction of 
Rhodamine B makes this dye suitable as a deposition 
tracer in environmental studies (Sundaram, 1988). 

In an effort to examine the nature of the SE- 
Rhodamine B complex, we determined the effect of pH 
on A550nm. Samples of T.I. 1068 SE-Rhodamine B 
complex were suspended in 50% acetonitrile-HzO ti- 
trated to pH 2.5-11.5 with HC1 or NaOH. We observed 
the same pH-dependent difference in absorption maxi- 
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