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Abstract
In vivo enzymatic reactions are normally detected by reacting
the enzyme with a substrate, eliciting a color reaction with the
resulting reaction products, and measuring absorbance or
another indicator. Conventional detection methods require a
primary reaction between the enzyme and substrate and a
secondary reaction to produce color, while in more recent
methods, these reactions are carried out on the tissue surface to
visualize enzyme activity localization. This article describes a
new enzyme histochemical method of detecting in vivo
enzymatic reactions. using the high spatial resolution mass
spectrometry imaging capabilities of the iMScope QT imaging
mass microscope1).

1. Introduction
Determining in vivo enzyme activity localization is important for
understanding physiological phenomena2). Enzyme distribution
is often studied using immunohistochemistry3) and in situ
hybridization4), though these techniques only visualize the
distribution of enzyme proteins or mRNA that code the amino
acid sequence of the enzyme proteins, and cannot be used to
visualize the distribution of actual enzyme activity. Enzyme
histochemical methods, by contrast, can be used to visualize the
distribution of enzyme activity on tissue sections2).

 1Department of Biotechnology, Graduate School of Engineering, Osaka University
 2Osaka University Shimadzu Omics Innovation Research Laboratory, Osaka University
 3Institute for Open and Transdisciplinary Research Initiatives, Osaka University

Enzyme histochemical methods have been used to visualize 
enzyme activity localization in plant samples since the 1960s5). 
In one recent example, de Ávila et al. used enzyme 
histochemistry to visualize peroxidase (POD, EC 1.11.1.7) 
localization in the rind of Vitis vinifera L6). Each enzyme is given 
an EC number, where EC is an abbreviation of Enzyme 
Commission and the örst digit of the EC number groups 
enzymes into seven classes based on the general type of 
reaction catalyzed by the enzyme. 

De Ávila et al. visualized POD by adding the substrate 3,3‘-
diaminobenzidine tetrahydrochloride (DAB) to POD in a tissue 
section and measuring the polymeric pigment generated from 
this substrate. Thus, conventional enzyme histochemistry can 
reveal the distribution of speciöc enzyme activities but requires 
a secondary reaction to produce color, which limits the enzymes 
that can be targeted by this technique.

We have established an approach that avoids color generation 
via secondary reactions by using mass spectrometry imaging 
(MS imaging) to detect and visualize the distribution of 
molecules produced in enzymatic reactions. Our research group 
has focused on small molecular weight metabolites and 
successfully used MS imaging to visualize cholinesterase (ChE)7) 
and choline acetyltransferase (ChAT)8) activity localization as 
well as dipeptidyl peptidase B activity localization in rice koji9).
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The enzyme targeted in this article, glutamate decarboxylase 
(GAD, EC 4.1.1.15), catalyzes the decarboxylation of L-glutamate 
to the amino acid γ-aminobutyric acid (GABA). Understanding 
the biosynthesis of GABA is important for the study of both food 
chemistry and plant physiology. In plants, GABA is involved in 
signal transduction, pH regulation, C/N ratio regulation, and 
responses to biotic and abiotic stress10). GABA is also reported to 
increase during germination in various plants such as 
soybean11), rice12), and barley13), and is thought to play an 
important role in this seed germination. Foods that contain high 
levels of GABA are also attracting interest, with germinated 
legume seeds such as soybeans being marketed as GABA-rich 
foods. Understanding the distribution of GABA-synthesizing 
GAD in seeds during germination could therefore help to 
determine the role of GAD in plant seed germination, and this 
knowledge may be used to develop foods that are high in 
GABA. Although studying GAD activity in plants is important for 
these reasons, no methods for investigating tissue-speciöc GAD 
activity localization in plant seeds have been reported in the 
literature.

Therefore, the objective of this study was to use enzyme 
histochemistry with MS imaging to develop a method of 
visualizing GAD activity localization in germinated plant seeds. 
The samples used in developing this method were soybean 
(Glycine max) seeds and alfalfa (Medicago sativa) seeds, both of 
the legume family and often used as model plants in the food 
sciences. First, enzyme reaction conditions were optimized on 
plant tissue and used to investigate tissue-speciöc GAD activity 
localization in detail with the iMScope QT.
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Fig. 1 The iMLayer™ Matrix Vapor Deposition System

Fig. 2 The iMScope™ QT Imaging Mass Microscope Fig. 3 IMAGEREVEAL™ MS Imaging Data Analysis Software

2. Experiments
Soybean seeds procured from the Greenöeld Project were 
placed on a bed of vermiculite, covered lightly with vermiculite, 
and incubated in the dark at 25 C for 5 days to germinate. 
Alfalfa seeds were placed in a petri dish for 24 hours to 
germinate. Upon collection, germinated seeds were stored 
frozen at -80 C.

Frozen sections were prepared by placing germinated soybean 
seeds and alfalfa seeds in a mold, embedding the seeds in 4% 
carboxymethyl cellulose solution (CMC solution), and freezing at 
-80 C. The prepared sections were handled using Cryoölm 
(SECTION-LAB) adhesive ölm. Cryoölm with adhered tissue 
sections was immobilized on indium tin oxide (ITO) coated glass 
slides (Matsunami) with conductive double-sided tape (3M).

The GAD substrate solution used with both soybean and alfalfa 
seeds was a 70 mM phosphate buffer mixture (adjusted to pH 
3.0, 5.8, and 8.0 to investigate optimal pH) with 2 mM EDTA and 
0.2 mM PLP, adjusted to a önal concentration of 50 mM Glu-d3. 
An airbrush (GSI Creos) was used to supply 50 µL of GAD 
substrate solution over the entire surface of each section. After 
supplying the substrate, tissue sections were reacted for 
between 0-30 minutes in a humidifying chamber heated at 
between 40, 50, and 60 C.

The iMLayer™ matrix vapor deposition system (Fig. 1) was then 
used to coat the tissue sections with α-cyano-4-
hydroxycinnamic acid (CHCA, Sigma-Aldrich) by vapor 
deposition using CHCA as the matrix.

MS imaging was performed using an MS imaging system 
consisting of an LCMS-9030 Q-TOF mass spectrometer 
connected to an iMScope QT atmospheric MALDI unit with 
built-in microscope (Fig. 2). Measurement conditions are shown 
in Table 1. All mass spectra were acquired in positive ion mode 
in the mass range m/z 95 to 155. Data were analyzed using 
IMAGEREVEAL™ MS imaging data analysis software (Fig. 3). 
Region of interest (ROI) analysis was performed on GAD activity 
images by using micrographs to identify speciöc areas and then 
creating ROIs of a speciöc size to encompass these areas. Bar 
graphs were prepared from mean intensity measurements in 
each ROI.

Signiöcant differences between groups of three or more mean 
values were investigated with an ANOVA test with the 
Bonferroni test used for correction.

Next, we investigated whether the method could also be
applied to germinated alfalfa seeds, the tissues of which are
difficult to separate due to their small size (around 3 mm).
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3. Results and Discussion
Confirming GABA is Synthesized by GAD

To confirm a GAD enzymatic reaction, we checked whether
reaction products were synthesized from the substrate supplied
to the soybean seed section. Glu-d3 substrate was supplied to
the seed section with an airbrush, the seed section was
incubated at 40 C for 15 minutes, CHCA was applied to the
seed section as a matrix coating, and MS imaging analysis was
used to confirm the presence of the substrate and GABA-d3
reaction product on the soybean seed section. The resulting
mean mass spectra detected Glu-d3 at m/z 151.08 and GABA-d3
at m/z 107.09 (Fig. 4).

To check whether the detected GABA was produced by soybean 
GAD in the tissue section, the same procedure was performed 
on sections deactivated in an autoclave. No GABA-d3 was 
detected in sections deactivated in an autoclave (data not 
shown). The above öndings conörmed the presence of a GAD 
enzymatic reaction producing GABA-d3 from Glu-d3 in the 
soybean seed sections.

Fig. 4 Mass Spectrum of a Germinated Soybean Seed Section

The peak for the GABA-d3 reaction product (m/z 107.09) is larger than the peak for the Glu-d3 substrate (m/z 151.08).

Peak resolution is very good due to iMScope QT being a Q-TOF mass spectrometer.

Table 1 iMScope QT Measurement Conditions

3

Measurement Mode: Positive

Pitch (spatial resolution): 25 μm

m/z Range: 95-155

Sample Voltage: 3.50 kV 

Detector Voltage: 2.50 kV 

Laser Irradiation Count: 100

Laser Repetition Frequency: 1000 Hz

Laser Irradiation Diameter Setting: 2

Laser Intensity 77.6
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Investigating GAD Reaction Conditions

The optimum substrate solution pH, enzyme reaction 
temperature, and enzyme reaction time conditions for 
visualization of GAD activity were investigated. GAD activity was 
signiöcantly greater at substrate solutions of pH 5.8 and 8.0 than 
under strongly acidic conditions at pH 3.0 (Fig. 5A). Activity was 
greatest at pH 5.8, which was therefore chosen as the optimum 
substrate solution pH. Comparing enzyme reaction 
temperatures of 40 C, 50 C, and 60 C showed that the higher 
the temperature, the greater the GAD activity, with a signiöcant 
difference between 40 C and 60 C (Fig. 5B). We therefore chose 
60 C as the optimum reaction temperature. Upon supplying 
substrate solution, GABA-d3 increased linearly with incubation 
time between 0 and 5 minutes and plateaued after 5 minutes 
(data not shown). Based on these results, a reaction time of 3 
minutes was chosen.

C
Cotyledon

Hypocotyl 

Fig. 5 Investigating Reaction Conditions and GAD Activity Distribution under Optimized Conditions on Soybean Seed Tissue Sections

(A) Effect of Substrate Solution pH on Activity, (B) Effect of Reaction Temperature on Activity, and (C) GABA-d3 Distribution at pH 5.8, 60 C, and after a Reaction Time of 3 Minutes

MS imaging performed under optimum reaction conditions revealed GABA-d3 accumulation in the hypocotyl part of the germinated soybean section.

Visualizing GAD Activity in Germinated Seeds

The distribution of GAD activity in germinated seeds was
visualized by performing GABA-d3 MS imaging analysis under
the optimized reaction conditions described above. The results
of this analysis are shown in Fig. 5C. The images in Fig. 5C show
very little GABA-d3 was detected in the cotyledon and large
amounts of GABA-d3 were detected in the hypocotyl. More
specifically, most GABA-d3 was distributed near the tip of the
hypocotyl away from the cotyledon. These findings suggest the
majority of GAD activity was present in the hypocotyl of the
germinated soybean seed and not in the cotyledon.

2 mm 2 mm
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A

B

Fig. 6 (A) High Resolution Imaging of a Soybean Seed Hypocotyl and (B) MS Imaging of an Alfalfa Seed

MS imaging shows a higher ion intensity at the root tip in soybean and alfalfa seeds. The images indicate that GAD activity is greater in regions with active cell division. 

GAD Activity in the Hypocotyl of a Germinated Seed Under GAD 

Enzyme Reaction Conditions

The GABA-d3 MS imaging results for a whole germinated seed 
presented in Fig. 5C show the GABA-d3 distribution is 
inøuenced by histological structure, with higher GABA-d3 levels 
in the hypocotyl part of the seed. A high-resolution spatial 
analysis of the hypocotyl was attempted based on this önding 
(spatial resolution: 15 µm). The MS imaging results of this 
analysis are shown in Fig. 6A and reveal high levels of GABA-d3 
distributed in the vascular system and root meristem of the 
hypocotyl, while the root parenchyma contains lower levels of 
GABA-d3 compared to the vascular system and root meristem. 

Visualizing GAD Activity in Alfalfa Seeds

Alfalfa seeds are smaller than soybean seeds, being just 1-2 mm 
in size as seeds and increasing to 2-3 mm after water absorption 
and germination. Since it is difficult to separate the cotyledon 
and hypocotyl of alfalfa seeds, the alfalfa seed presents a good 
opportunity to demonstrate the utility of MS imaging. MS 
imaging of GABA-d3 was performed on germinated alfalfa 
seeds as for soybean seeds. The results of this analysis are 
shown in Fig. 6B. The MS images of GABA-d3 show a similar 
distribution to soybean seeds, with more GABA-d3 distributed 
in the tip of the hypocotyl (root tip) compared to the cotyledon 
and root parenchyma.

1 mm 1 mm

200 mm 200 mm
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4. Discussion
This study compared GAD activity under different reaction 
conditions by varying the substrate solution pH, enzyme 
reaction temperature, and enzyme reaction time. Previous 
studies featuring other plant species such as cowpea14), 
potato15), and germinated rice16) have noted a pH of between 
5.8 and 6.0 as optimum for GAD activity. A pH of 5.8 was also 
used in a study that measured GAD activity in soybeans17), 
thereby supporting the substrate solution pH used to verify MS 
imaging in this study. The optimum temperature for GAD 
activity seems to differ depending on plant species, with 40 C 
reported as the optimum temperature in faba bean18) and 
potato15) and 60 C reported as the optimum temperature in 
germinated rice16) and squash19). This study detected the 
highest GAD activity in germinated soybean seeds at 60 C, 
suggesting that 60 C is the optimum temperature for GAD 
activity in soybean. Regarding enzyme reaction times, as long as 
a sufficient amount of substrate remains available to GAD, the 
enzyme reaction rate is constant and reaction products increase 
linearly with reaction time. This study uses a relative GAD 
activity distribution based on the GABA-d3 intensity detected at 
a reaction time of 3 minutes, which is within the window of 
constant enzyme reaction rate conditions.

A previous report noted 2.81 times the GAD activity in soybean 
seeds after 40 hours of germination compared to ungerminated 
seeds20), and GAD is known to become activated from an early 
point in soybean seed germination. The results of the present 
study are consistent with these past öndings. GAD gene 
expression in soybean seeds is also reported to increase for up 
to 5 days after germination21), and increased expression of the 
GAD gene may have caused an increase in enzyme activity in 
this study.

The GABA-d3 distribution detected in this study showed that 
increased GAD activity during germination is caused by 
increased GAD activity in the hypocotyl. In soybean seeds, the 
cotyledon is mainly responsible for storing and supplying 
nutrients and is not particularly active in terms of GABA 
biosynthesis during early germination. A previous study that 
separated the cotyledon and hypocotyl of soybean seeds17) also 
showed greater GAD activity in the hypocotyl than in the 
cotyledon, which is consistent with the results of this study. The 
above öndings indicate this study has successfully established a 
method of visualizing GAD activity localization in soybean seeds 
using MS imaging.

Furthermore, the greater GAD activity detected in the vascular 
system by high spatial resolution analysis is probably due to the 
vascular system being used to transport large molecular weight 
substances such as mRNA and proteins in addition to small 
molecules such as products of photosynthesis22), hence the 
vascular system containing a large amount of GAD protein. Also, 
a previous study23) that examined GAD activity, calcium (Ca) 
levels, and calmodulin (CaM) levels in a germinated soybean 
cotyledon and sections of root cut at 1 cm lengths reported 
increased GAD activity and Ca levels in the önal 1 cm tip of the 
germinated soybean root compared to the cotyledon and other 
mature tissue. The same study also detected greater amounts of 
CaM in the önal 1 cm root tip compared to other root pieces. 
Considering these öndings, the higher GAD activity detected in 
the root tip meristem in the present study may be due to 
soybean GAD being a calcium/calmodulin-dependent 
(Ca2+/CaM-dependent) enzyme24).

This study also represents the örst successful use of MS imaging 
to visualize GAD activity localization in germinated alfalfa seeds. 
As for soybean seeds, the higher GAD activity detected in the 
root tip of alfalfa seeds is probably due to the root tip being a 
region of active cell division.

5. Conclusion
This article describes the örst successful visualization of GAD 
activity localization in soybean seeds by enzyme histochemistry 
with MS imaging. This method also showed how GAD activity is 
distributed over different parts of the seed, information that 
could not be determined by previous methods. Separating the 
different tissues of alfalfa seeds is difficult, but this method was 
able to visualize localized differences in GAD activity in different 
parts of the alfalfa seed, demonstrating the versatility of this 
method. This method can also be used to investigate GAD 
activity localization in plant seeds other than legume seeds. 
Plant species other than soybeans, such as germinated brown 
rice and germinated barley, are also marketed as GABA-rich 
foods, and this research could lead to a better understanding of 
the role of GAD in the germination of these seeds. Ultimately, 
this method could help in developing foods with higher levels 
of GABA.

GAD that is actively involved in GABA biosynthesis is also 
thought to be involved in the salt stress response of plants. 
Various plant species are reported to increase GAD activity and 
GAD gene expression during germination in response to salt 
stress.

For example, increased GAD gene expression has been 
connected to salt stress in soybean seeds25), and the GABA 
metabolic pathway that includes GAD is thought to be involved 
in combined hypoxic and salt stress conditions in faba 
beans26,27). The method demonstrated here can show GAD 
activity localization in germinating seeds under salt stress, 
which could reveal the histological role of GAD in salt stress 
tolerance. Salt damage to crops due to excessive irrigation and 
other factors is a major global problem that affects seed 
germination28). Our method could also be of value to 
agricultural production, as understanding the role of GAD in salt 
stress tolerance during germination could lead to the creation 
of salt-tolerant plant varieties. Furthermore, because GABA 
biosynthesis is affected by regulation of GAD activity in 
response to stress during germination, this method could be 
applied in the öeld of food production to develop GABA-rich 
foods.

MS imaging is also a powerful tool for visualizing endogenous 
metabolites and exogenous compounds. MS imaging could be 
used to simultaneously visualize and compare the localization 
of endogenous metabolites, exogenous compounds, and 
enzyme activity. For example, bananas are reported to increase 
in GABA content during ripening after harvest29), and bananas 
are attracting interest as a GABA-rich food in addition to 
germinated soybean, germinated barley, and germinated 
brown rice. GAD gene expression is also reported to increase 
during this ripening process30). However, no studies have 
examined GAD activity localization and how GAD activity varies 
during the ripening process in fruit. MS imaging could be used 
to simultaneously visualize the distribution of endogenous 
GABA and GAD activity localization during the fruit ripening 
process, and by comparing these data reveal the causal 
relationships of GABA and GAD activity in fruit. Such öndings 
could contribute to the creation of GABA-rich fruit varieties.

Comparing the distribution of exogenous plant regulators and 
enzyme activity localization could indirectly reveal how plant 
regulators affect enzyme activity in plants. Such öndings could 
be used to understand the mechanisms of action of known 
plant regulators and be useful in developing novel regulators.

Although this study focused on the visualization of GAD 
enzyme activity, our research group has also shown this method 
to be effective for the visualization of ChE and ChAT activity, as 
mentioned above. While it is beyond the scope of this article to 
discuss plant enzymes more broadly, we believe this simple 
technique for mapping enzyme metabolites by supplying 
reaction substrates to tissue surfaces can be used to effectively 
visualize the activity of many different plant enzymes.
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