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Spatially resolved NMR—especially volume-localized spectroscopy (VLS)—is useful in various fields
including clinical diagnosis, process monitoring, etc. VLS carries high significance because of its
ability to identify molecular species and hence track molecular events. This paper reports the
application of VLS at 200 MHz to study the postharvest ripening of sweet lime (Citrus limettioides) in
situ, including a comparative study of normal and acetylene-mediated ripening. Localization to a cubic
voxel of 64 uL was achieved with point-resolved spectroscopy (PRESS). Glucose, sucrose, fructose,
and citric acid are found to be among the main constituents in the fruit. In the natural process, the
sugar to acid ratio increases with ripening. Ethanol generation is seen to occur at a faster rate in
acetylene-mediated ripening. Whereas NMR imaging experiments including parametric imaging (e.g.,
T, or T, maps) may be employed for “macro” monitoring of processes such as these, this work
demonstrates that the molecular imprint of the process may be tracked noninvasively by VLS.
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INTRODUCTION

Citrus limettioides (sweet lime) is afruit that is widely used
in tropical America, Italy, and parts of India It is used for its
cooling effects in cases of jaundice or high fever, and its juice
is used as a sweet drink in summer. Taste development in
ripened fruits is due to various molecular changes occurring
during the ripening process. The ripening hormone ethylene
initiates the action of various endogenous hormones, resulting
in the breakdown of chlorophyll, hydrolysis of polysaccha-
rides to sugar, and decrease in acidity (1). It is reported from
high-resolution NMR studies in vitro on mango fruit extracts
that the sugar to acid ratio and the content of minor
components such as ethanol and a-alanine also increase as
the fruit ripens (2).

Fruits are classified as climacteric and nonclimacteric depend-
ing on their postharvest ripening behavior. Climacteric fruits
show an increase in respiration rate and a sudden increase in
ethylene biosynthesis at the onset of ripening. Such changes
are absent in nonclimacteric fruits, which are incapable of
postharvest ripening. However, some nonclimacteric fruits are
reported to show aresponse to ethylene if supplied artificialy.
Citrus fruits belong to this particular category (1, 3).

External application of ethylene is the standard method for
artificial ripening. Use of carbides is another commonly
practiced method, and here the acetylene generated from the
carbide is the actua stimulant for ripening. However, this
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method is reported to be harmful to the body (4, 5). Earlier
works on fruit ripening at the molecular level were done by the
extraction of the fruit juice or its constituents and subsequent
analysis by HPLC or spectroscopy (2, 6—11). These methods
are destructive in nature and open to questions of reliability
because of the possible chemical transformations and contami-
nation during extraction and analysis. Other nondestructive
studies have been reported, which concentrate mainly on the
textural modifications in the fruit due to ripening by NMR Ty,
T,, or diffusion mapping. It has generally been observed that
molecular events are not unequivocaly reflected in such
relaxometric and diffusometric studies (12—17).

We show here that spatially resolved NMR—especialy
volume-localized spectroscopy (VLS) (18—22)—is an efficient
nondestructive tool in the study of fruit ripening that tracks
molecular events. Because VLS is completely noninvasive, it
gives reliable results and helps us to track and understand the
ripening process at the molecular level. The present work is a
comparison of the effect of natural and artificia (acetylene
mediated) ripening on the molecular constituents of the har-
vested fruit of C. limettioides.

MATERIALS AND METHODS

Studies were carried out with the nonclimacteric fruit, C. limettioides
(sweet lime). Fresh, clean green-skinned fruits were procured from the
local market and used without further processing. For the comparative
study of natural and artificial ripening, sets of three fruits were selected
in each case. In the natural ripening case fruits were stored at room
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Figure 1. (A) Gradient echo images collected with a matrix size of 128 x 128: echo time, 6 ms; repetition time, 100 ms; slice thickness, 2 mm; FOV,
8 cm. (B) Spectrum obtained from a 4 mm voxel (marked with a square in the first image of (A)) of a sweet lime at the green-skinned stage.

temperature (ca. 23 °C). Artificia ripening was induced by acetylene
generated in situ from crude cacium carbide (5—10 g) inside a
desiccator containing the fruits.

Experiments were carried out on a Bruker BIOSPEC 200 MHz 47/
40 MRI system employing a 7.2 cm i.d. H resonator. Volume
localization was achieved by the double-spin—echo point-resolved
spectroscopy (PRESS) sequence. A set of gradient echo images were
taken along the three different orientations, axial, coronal, and sagittal,
and voxel selection was done with the help of multislice imaging along
these three directions. A total of 32—36 images were taken along each
of the three orientations, with a slice thickness and interslice distance
each of 2mm. A 4 x 4 x 4 mm? voxel was selected in a homogeneous
portion of the fruit. Magnetic field homogeneity was optimized over
the voxel by employing the Fastmap algorithm. Whenever possible,
the same voxel was used for measurements over the course of weeks.
Because the water proton concentration is of the order of 110 M, highly
efficient suppression of the water signa is essential to observe the
molecular constituents present in the fruit. This was achieved by
chemical shift selective saturation (CHESS). For the close-lying signals
of the anomeric protons of glucose and sucrose to be measured with a
degree of reliability, the CHESS suppression bandwidth was optimized
to 40 Hz. Whereas the variable pulse power and optimized relaxation
delay (VAPOR) water suppression technique is arguably more efficient,
atradeoff against selectivity seems to come into play; this suppression
scheme was therefore not our method of choice. All spectrawere taken
with 512 scans using a repetition time of 1550.83 ms and an echo time
of 20 ms. The total experiment time to collect the spectrum was 13
min and 20 s. All spectra were acquired with 2K complex data points
in PARAVISION (corresponding to TD = 4K in TOPSPIN), and the
spectral width was 10 ppm. The time domain data were zero filled to
8K points in TOPSPIN (corresponding to 4K complex points in
PARAVISION), and an LB of 0.5 was used for further processing prior

to Fourier transformation without any truncation artifacts. Measurements
were carried out at different time periods over a month to monitor the
changes in the molecular constituents of the fruit.

RESULTS AND DISCUSSION

The gradient echo images obtained from the fruit a ong three
perpendicular axes are shown in Figure 1A. These pilot images
help visualize the internal structure of the fruit. Fruits that had
any visible damage or air gaps in the flesh were discarded.

Figure 1B shows a representative spectrum obtained from
the sweet lime at the stage it was collected from the market.
Glucose, sucrose, and citric acid peaks are well resolved in the
spectrum. The chemical shift axis of the spectrum is calibrated
with respect to the suppressed water peak at 4.8 ppm. The main
sugar contribution is observed in the 3.0—4.3 ppm range. This
region contains peaks due to different sugars present in the fruit,
mainly sucrose, o-glucose, -glucose, and fructose. In addition
to this, some of the ethanol and a-alanine peaks occur in this
range. The anomeric proton of sucrose appears at 5.4 ppm,
whereas peaks at 5.25 and 4.62 ppm are due to the anomeric
protons of a-glucose and f-glucose, respectively. Citric acid
peaks appear at 2.85 ppm as a relatively broad multiplet. Two
minor peaks at 1.14 and 1.43 ppm, which are discernible at
later stages of ripening, are due respectively to methyl protons
of ethanol and o-alanine. The —CH, and —CH proton peaks
from these molecules—as well as other possible species—come
within the main sugar region and may only be distinguished by
suitable spectral editing for complete assignment. Instead, we
have adopted the simpler “mix and match” strategy of employing
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Figure 2. Spectra obtained from a representative sample in the natural
ripening case as a function of time.

amodel solution having a spectrum that isin close accord with
the fruit spectrum down to the 5 mM level (vide infra). It may
be noted that a selective suppression sequence such as CHESS
with a bandwidth of ca 40 Hz enables visualization of peaks
just 36 Hz away from the water signal. Even under this
condition, however, these peaks lying very close to water will
be affected by the suppression pulses, and the actual intensities
would be more than the observed intensity, especially in the
case of the anomeric doublet at 4.62 ppm.

From the literature it is clear that, as the fruit ripens, the sugar
to acid ratio and the ethanol and a-alanine contents, etc., increase
(2). Hence, these parameters give us a clear idea about the state
of ripening of the fruit as a function of time. In our studies
increase in the sugar to acid ratio is considered as the primary
evidence of ripening and is monitored quantitatively from the
peak areas corresponding to sugar and acid. The sugar to acid
ratio is calculated both from the mgjor sugar region (3—4.3 ppm)
and from the sucrose anomeric proton signa (5.4 ppm) and
o-glucose anomeric proton signal (5.25 ppm), relative to the
acid region (2.6—3 ppm). The -glucose anomeric peak is too
close to the water peak to permit accurate quantitation. The
peaks at 5.4 and 5.25 ppm are specific imprints of sucrose and
o-glucose anomeric protons, respectively, and hence the ano-
meric sugar to acid ratio gives molecule-specific information.
The 3—4.3 ppm region contains contributions from various
sugars and shows the change in total sugar concentration,
including the contribution of fructose.

Natural Ripening. Three different fruits (samples 1, 2, and
3) were used for these studies. Figure 2 shows a representative
set of spectra obtained as a function of time in the natural
ripening case. (The corresponding data for the acetylene-
mediated case are shown in Figure 3.) Thetriplet at 1.14 ppm,
assigned to the methyl protons of ethanol, shows an increasein
intensity as a function of time. This peak is amost unobservable
at the earlier stages of ripening, and its increase in intensity as
a function of time is a confirmation of the fact that ethanol
concentration increases as the fruit ripens. Figure 4 (NR1)
depicts the sugar (3—4.3 ppm region) to acid (2.6—3 ppm) ratio.
The sucrose anomeric proton to acid ratio and a-glucose
anomeric proton to acid ratio are both calculated and also shown
in Figure 4 (NR2 and NR3). The sugar to acid ratio shows a
clear, although not monotonic, increase as the fruit ripens, as
seen from the end pointsin the graphsin Figure 4 (NR1, NR2,
and NR3). The result is confirmed on three different fruits
(samples 1, 2, and 3).
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Figure 3. Spectra obtained from a representative sample in the acetylene-
mediated case as a function of time. The spectrum on the Oth day refers
to a measurement before the start of the acetylene treatment; subsequent
nth day spectra therefore refer to n days of acetylene treatment. (The
same “day numbering” convention has been adopted for Figure 2 as
well, but without implicating acetylene.)

Acetylene-M ediated Ripening. Three different fruits (samples
4, 5, and 6) were used for these studies. Figure 3 shows the
time course of spectra obtained from a representative sweet lime
sample in the case of acetylene-mediated ripening. The sugar
to acid ratio is calculated, as before, from the sucrose and
glucose anomeric regions as well as the major sugar range,
relative to the citric acid range. As ripening progresses, this
ratio isfound to increase after an initia dip, but eventually tends
to stay below the initial value. Thisis clear from the graphsin
Figure4 (AR1, AR2, and AR3). On the other hand, the increase
in ethanol is much more prominent in the acetylene-mediated
case than in the case of natural ripening, asis clear from Figure
5. The faster increase in ethanol may be attributed to a faster
ripening of the fruit. In addition to this, visual inspection shows
the skin of the fruit becomes yellow at a faster rate. These
observations are in good agreement with the literature report
that acetylene treatment causes quick ripening of the fruits by
initiation of enzymatic activity, which causes the breakdown
of sugars (23). During acetylene treatment it gets incorporated
into the fruit and is harmful to the human body (24). Indeed, in
some specimens treated with higher concentrations of carbide
the acetylene peak could be detected at 2.27 ppm in the volume-
localized spectra (not shown here).

Model Solution Study. The absolute concentrations of
various molecular constituents of the fruit were measured from
experiments on a phantom, containing a suitably constituted
model solution. A model solution containing sucrose, fructose
(110 mM each), glucose (65 mM), citric acid (55 mM),
o-alanine (10 mM), ethanol (25 mM), methanol (37 mM), and
choline hydroxide solution (20 mM) resulted in a spectrum that
closely resembled the fruit voxel spectrum (except for the
methanol and choline peaks, which were then scaled ap-
propriately). The volume-localized spectrum of the model
solution was acquired with the identical set of parameters that
were employed for the fruit experiments. The sugar peaks show
a one-to-one correspondence in the fruit and model solution
spectra as seen from Figure 6; their linewidths are also
comparable. However, the citric acid peaks in the fruit occur
as a broad multiplet, as against a highly resolved set of four
lines in the model solution. This may be due to the association
of citric acid with fruit tissues and/or complex formation with
the metd ions present in the fruit (10). The estimated concentra-
tion of various constituents present in the fruit, based on the
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Figure 4. Bar chart representation of relevant molecular concentration ratios. The sugar to acid ratio shows an increase with time—although not monotonic—in

the natural ripening (NR) study; in the acetylene-mediated (AR) ripening study,

this ratio first dips and then rises, but tends to end up lower than at the

start. (1) Ratio of the peak areas, 3.0—4.3 ppm to 2.6—3.0 ppm; (2) anomeric sucrose to acid ratio; (3) a-glucose to acid ratio.
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Figure 5. Spectra obtained from representative samples in the natural ripenin

g (A) and acetylene-mediated ripening (B) cases as a function of time.

Ethanol generation—and by implication the ripening process—occurs at a faster rate in the acetylene-mediated case.

comparison with the phantom studies, isgivenin Table 1. The
singlet observed at 3.08 ppm is expected to be from cho-
line (2, 10). However, the choline peak in the model solution
is dlightly shifted and merges with the high-field component of
the glucose triplet at 3.14 ppm.

The goodness of the fit of the model solution spectrum with
the fruit spectrum was directly estimated by calculating the
difference spectrum of the two and resulted in a good null,
except in the citric acid region; for the latter case, the integrals
were compared in the relevant region and found to match.
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Figure 6. Comparison of fruit spectrum with model solution spectrum:
(A) fruit spectrum at the initial stage (Oth day) of ripening in the acetylene-
mediated ripening study; (B) fruit spectrum at the final stage (34th day)
of ripening in the acetylene-mediated case; (C) model solution spectrum.

Table 1. Range of Concentrations of Various Molecules Present in the
Fruit

molecule concentration (mM)
sucrose 110-120
glucose 65-70
fructose 110
citric acid 55
o-alanine? 10
ethanol® 25-30
choline 20
methanol 5-10

@ At the completely ripened stage in the acetylene-mediated case.

Furthermore, it is gratifying to note that the predicted anomeric
(5.25 and 5.4 ppm) to total sugar region (3—4.3 ppm) intensity
ratio based on the model solution concentrations and glucose
mutarotation equilibrium constant matched the experimental
value on the fruit to considerably better than 1%.

The additional circumstance that the total sugar region (3—4.3
ppm) intensity predicted from the fruit spectrum anomeric region
(5.25 and 5.4 ppm) intensity (based on the count of observable
nonanomeric protons of sucrose and glucose, the glucose
mutarotation equilibrium constant, and the fructose estimate
from the model solution) deviated from the value observed in
the fruit by +4% lends strong support to the inference that other
possible constituents in the total sugar region, such as malic
acid and aspartic acid, are below the detection threshold of ca.
5 mM.

In summary, volume-localized NMR spectral measurements
clearly prove to be a potent technique in the in situ monitoring
of fruit ripening at the molecular level.
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