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Pulse crops, including beans, peas, chickpeas, and lentils, are vital sources of protein,

fiber, and essential nutrients worldwide. They serve not only as staple foods but also

as key components of sustainable agricultural practices, contributing to soil fertility

through nitrogen fixation and enhancing overall productivity. However, pulse crops

face numerous abiotic and biotic stresses mainly insect pest attack and pathogen

invasion, which pose significant threats to pulse crops, impacting both production

and food security. To overcome these challenges, plants have evolved diverse

defense mechanisms, including the emission of specific volatile organic

compounds (VOCs). These volatiles play crucial roles in plant communication,

protection, and real-time health status indication. Monitoring VOCs offers a

promising approach for early detection of pest infestations or pathogen infections,

enabling the grower to take early action and decide on the proper control measure

to minimize losses. The identification of plant-emitted VOCs requires robust and

sensitive analytical techniques such as gas chromatography andmass spectrometry,

which are themainly used techniques for in pulse crops studies. However, traditional

methods have limitations, prompting the need for advanced, portable, and real-time

detection alternatives, such as gas-sensing technologies. This paper provides a

comprehensive review of VOC measuring methods, including extraction,

separation, and analytical techniques, focusing on their application in pulse crops.

Recent advancements in gas-sensing technologies are also discussed, highlighting

their potential in enhancing crop protection and agricultural sustainability.
KEYWORDS

volatile organic compounds, pulses crops, VOC extraction, analytical techniques, GC-MS,
real-time detection, gas-sensing technologies, crop protection
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1 Introduction

Pulse crops including beans, peas, chickpeas, and lentils play a

crucial role in global agriculture and nutrition, serving as a vital

source of protein, fiber, and essential nutrients for millions

worldwide (Semba et al., 2021). Pulse crops hold significant

importance, not only as a staple food but also as a key

component of sustainable agricultural practices. These crops

contribute to soil fertility through nitrogen fixation, aiding in the

cultivation of other crops and enhancing overall agricultural

productivity (Yigezu et al., 2019). However, in many regions of

the world, pulse crops encounter a range of abiotic and biotic

stresses, posing substantial challenges to their productivity and

quality. In Morocco, pulse crops show high yield instability due

to several factors such as water scarcity, soil degradation and

particularly susceptibility to pathogen and insect pest attack,

which pose significant threats to production (Sabraoui et al.,

2019; Ait Taadaouit et al., 2021, Ait Taadaouit et al., 2022).

The most prominent diseases affecting pulse crops in Morocco

are Ascochyta blight, Fusarium wilt, and rust disease (Merkuz et al.,

2011; Hossain et al., 2013; Houasli et al., 2020). Additionally, a

variety of insect pests including leaf miners, pod borer, aphids, and

beetles pose serious threats by causing extensive damage to both

plants and stored grains, rendering them unsuitable for

consumption or sale (Kumar et al., 2019). The surveillance and

effective management of these biotic stresses, which detrimentally

impact crop production and ecosystems worldwide, are crucial for

enhancing crop yields and ensuring food security for the growing

global population. Specifically, early detection of insect or pathogen

presence before visible symptoms appear, is invaluable for

implementing appropriate management strategies to control their

spread and minimize losses (Das et al., 2008).

Plants deploy a broad range of defense mechanisms for

combatting pathogen invasions and attacks by herbivorous insects.

One such strategy involves the emission of specific volatile organic

compounds (VOCs) (Maffei et al., 2007; Dicke and Loreto, 2010;

Mutyambai et al., 2016; Castro et al., 2017), comprising various

chemical groups including monoterpenes, sesquiterpenes, alcohols,

aldehydes, aromatic compounds, esters, furans, hydrocarbons, and

ketones (Pichersky and Gershenzon, 2002; Kramer and Abraham,

2012; Schenkel et al., 2015; Delory et al., 2016; Kihika et al., 2017;

Kindlovits et al., 2018; Murungi et al., 2018; Xie et al., 2022).

The emission of VOCs in pulse crops occurs naturally within

leaves, flowers, seeds, and roots (Mumm and Hilker, 2006; Loreto

and Schnitzler, 2010; Fineschi and Loreto, 2012), but it intensified

under various stressors like high temperature (Centritto et al., 2011;

Fares et al., 2011), water scarcity (Holopainen and Gershenzon,

2010; Brilli et al., 2013) or attacks by herbivores or pathogens, which

serves as a defense mechanism for these plants (López et al., 2011).

VOCs of pulse crops are mainly produced from the oxidation of

unsaturated free fatty acids and the degradation of amino acids

during seed development, harvesting, and storage (Vincenti et al.,

2019). A diverse range of chemical classes, such as aromatic

hydrocarbons, aldehydes, alkanes, alkenes, alcohols, ketones,

acids, esters, pyrazines, terpenes, furans, and lactones, have been

identified in pulse crops (Roland et al., 2017).
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Among these, aldehydes are the predominant chemical class

found in pulse crops, except for certain crops like common beans

(black beans, pinto beans, and dark red kidney beans), which

exhibit a notable presence of styrene, an aromatic hydrocarbon.

Also, Ketones represent an intermediate class of volatile

compounds. Although aromatic hydrocarbons are generally

present in low proportions across all pulse crops except for

styrene. Similarly, esters are typically a minor component of pulse

volatiles, except in stored faba beans. Additionally, alcohols emerge

as the most abundant class, reflecting significant diversity. Terpenes

present in pulse crops are composed of monoterpenes (C10) and

sesquiterpenes (C15), with most originating from the degradation

of carotenoids. Currently, the degradation of free fatty acids is the

only identified source for furan synthesis, with no furans detected in

chickpeas (Oomah and Liang, 2007; Burdock, 2010; Azarnia et al.,

2011; Karolkowski et al., 2021).

These secondary metabolites typically possess small molecular

masses (on average below 300 Da), low boiling points, and high

vapor pressure (vaporizing at 0.01 kPa at a temperature of

approximately 20°C) (Morath et al., 2012) allowing them to

diffuse through the atmosphere, soils, and liquids, and acting over

short and long distances (Maffei et al., 2011; Effmert et al., 2012;

Schmidt et al., 2015; Tyc et al., 2017). These unique proprieties

enabled them to ensure interactions between the organism and its

environment, including plant–plant and plant–insect or pathogen

interactions (Ruther and Kleier, 2005; Schulz and Dickschat, 2007;

Choudhary et al., 2008; Das et al., 2012; Allmann et al., 2013; Junker

and Tholl, 2013; Piechulla et al., 2017). By emitting specific blends

of VOCs, plants can deter herbivores, attract beneficial organisms

for pest control (Kessler and Baldwin, 2001; Ichiki et al., 2008;

Dicke, 2009; Ode, 2013; Santos and Cabot, 2015; Singh et al., 2021),

inhibit pathogen growth, and communicate with neighboring plants

to collectively activate defense responses (Baldwin et al., 2002; Effah

et al., 2019; Cellini et al., 2021). The significance of VOCs in plant

communication underscores their potential for enhancing crop

protection. Moreover, VOCs emitted by plants serve as indicators

of their real-time physiological health status, providing bio-

information that could facilitate rapid non-invasive disease

diagnosis (Ficke et al., 2021). Furthermore, the composition of

VOCs varies according to the type of damage, such as pathogen

infection and herbivore feeding, with some VOCs existing as potent

aromatic gases, albeit most occurring at extremely low

concentrations (Cui et al., 2018).

Apart from their capacity to impact pathogen development,

insect pest feeding habits, and host selection (Webster et al., 2008;

Bruno et al., 2018), VOCs emitted by legume plants infected with

viruses can also manipulate the virus vectors’ behavior to enhance

their transmission and spread. But this contract could be managed

by exploiting the attractive compounds for insect trapping

(Reisenman et al., 2016; Wyatt, 2018).

Consequently, monitoring these VOCs could serve as an

effective indicator of insect pest infestations or pathogen

infections (Piesik et al., 2011). The detection and analysis of

VOCs have emerged as crucial components of modern

agricultural research and plant protection strategies. Today,

scientists have developed various analytical techniques for VOC
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analysis, usually relying on gas chromatography and soft chemical

ionization mass spectrometry. These technological advancements

address key challenges associated with accurately sampling VOCs,

overcoming the inherent reactivity of certain volatile compounds

that makes them difficult to detect directly, as well as coping with

their high sensitivity and low concentrations (Dudareva et al., 2006;

Qualley and Dudareva, 2009; Materic et al., 2015; Tholl et al., 2021).

While traditional methods of VOC detection offer various

advantages and a wide range of applications, they often come

with drawbacks such as high cost, bulky equipment, and the need

for specialized expertise and training. Therefore, inexpensive,

portable, and user-friendly alternatives are required. One such

approach involves the use of different gas-sensing technologies to

detect VOCs released by plants under stress (Tisch and Haick, 2010;

Liu et al., 2012; Fang and Ramasamy, 2015). Although these

methods often meet requirements, they also possess their own set

of advantages and disadvantages. Further research is necessary to

overcome these limitations, particularly concerning the dynamic

nature of VOCs, environmental factors, and to better understand

the feasibility of deploying these methods under field conditions

(Cui et al., 2018).

This paper provides a comprehensive review of the essential

steps involved in VOC profiling and quantification including

extraction, separation and analytical techniques. It provides a

description and comparison of the most prevalent techniques
Frontiers in Horticulture 03
currently employed for measuring volatiles emitted from plants

and microorganisms, with a specific focus on their application in

pulse crops. Furthermore, recent advancements in gas-sensing

technologies are discussed to highlight their relevance and

potential contributions to the field.
2 Methods of volatile organic
compound extraction

A fundamental and primary step in plant volatile analysis is the

headspace collection, which is a simple, non-invasive, transportable,

and inexpensive method. The term ‘headspace’ refers to the gaseous

phase surrounding the plant, within which VOCs are dispersed.

This sampling process is typical ly coupled with the

preconcentration of VOCs found in the air, often present at trace

levels, to meet the detection limits of commonly utilized analytical

instruments (Jansen et al., 2011).

Plant volatile sampling methods are classified into two main

categories: static headspace sampling and dynamic headspace

sampling (Table 1).

The choice of sampling method depends on factors such as the

research objectives, environmental conditions, available resources,

and desired level of temporal resolution in VOC data collection

(Stierlin, 2020; MacDougall et al., 2022).
TABLE 1 Summary of advantages and disadvantages of different sampling techniques and the type of pulse crops and adsorbent phases used in
different studies.

Extraction method Advantages Drawbacks Type of pulse crops

Static
sampling

SPME: Solid Phase Microextraction

(Created with BioRender.com, accessed on 20
February 2024)

- Simple
- Rapid
- Prevention of impurities

from a continuous
air stream

- Detection of low-
abundant VOCs

- No need for a
solvent to
concentrate
the molecules

- Quantification
- Fragility
- Fiber price
- Changes in
temperature and
humidity in the air
surrounding the plant

- Faba bean (Vicia faba L.): DVB/
CAR/PDMS Stable Flex SPME
fibre at 50°C for 1 h (Oomah
et al., 2014; Akkad et al., 2019,
Akkad et al., 2021)

- Chickpea (Cicer arietinum):
PDMS/DVB fibre at 60°C for
60 min (Zhaoet al., 2021)

- Pea (Pisum sativum L.): CAR/
PDMS SPME Fibre at 50°C for
30 min
(Azarnia et al., 2011)

- Black bean, Pinto bean, Dark red
kidney bean (Phaseolus vulgaris
L.): DVB/CAR/PDMS Stable Flex
SPME fibre at 50°C for 1 h
(Oomah and Liang, 2007)

Dynamic
sampling

DHS: Dynamic Headspace

(Created with BioRender.com, accessed on 20
February 2024)

- Sensitive
- Reusable
- Flexibility in

sample collection
- Control of

temperature and
humidity levels

- Use of a solvent
could cause the loss
of compounds
present in low levels
concentration at the
time of solvent
removal

- Continuous
air stream that
could obscure
the detection
of low-abundant VOCs

- Faba bean (Bruce et al., 2011;
Schwartzberg et al., 2011; El
Fakhouri et al., 2021)

- Beans (Ahuchaogu and
Ojiako, 2021) Cowpea
(Diabate et al., 2019)
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2.1 Static method

During passive sampling, VOCs emitted by the plant diffuse

freely from the sampled environment to a collection medium. These

molecules are captured on an adsorbent support positioned in close

proximity to the plant, with the trapping of VOCs mainly relying on

mass diffusion processes (Stierlin, 2020).

Passive or static sampling techniques involve the adsorption

and subsequent thermal desorption of compounds from an inert

fiber coated with various adsorbents of differing polarity and

thickness, tailored to the type and concentration of the targeted

compounds (Tholl et al., 2021).

These adsorbent phases are composed of diverse polymers like

polydimethylsiloxane (PDMS), polyacrylate (PA), or polyethylene

glycol (referred to as CW or carbowax), as well as porous polymers

such as divinylbenzene (DVB) or carboxen (CAR) (Jansen et al.,

2011). Among them polydimethylsiloxane (PDMS), divinylbenzene

(DVB) and carboxen (CAR) are more used for pulse crops’ volatile

extraction (Murat et al., 2012) (Table 1).

A significant advancement in static headspace sampling is the

development of solid phase microextraction (SPME), a technique

that enables rapid and straightforward collection of volatiles with

detection limits reaching the parts per billion by volume (ppbv)

range. SPME stands out for its mobility and the consolidation of

collection, concentration, and introduction of VOCs into a single

stage, which significantly reducing preparation time and

enhancing sensitivity compared to other extraction methods

(Vas and Vékey, 2004; Papet et al., 2010; Zhang and Li, 2010;

Vangoethem, 2017; Rering et al., 2020) (Figure 1).

Due to its advantages, this technique is utilized in numerous

research studies focusing on VOCs in pulse crops (Table 2).
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2.2 Dynamic method

During dynamic sampling, VOCs are entrained by an actively

pumped air stream, guiding the target compounds towards the trap

via a packed cartridge. It enables the capture of a greater quantity of

VOCs compared to static techniques (Stierlin, 2020).

In these methods, a continuous flow of a carrier gas is directed

through the headspace container, allowing control over temperature

and humidity levels (MacDougall et al., 2022).

Dynamic headspace sampling techniques are widely utilized in

the analysis of pulse crops volatile compounds due to their

efficiency and versatility. During this process, volatiles are trapped

by adsorption onto a polymer within closed chambers featuring

continuous air circulation. Then the trapped volatiles can be eluted

from the adsorbent matrix using solvents or thermal desorption

techniques for subsequent GC analysis (Tholl et al . ,

2006) (Figure 2).

This sampling method is commonly employed for extracting

VOCs from different pulse crops (Table 3).
3 Technique for VOC separation:
gas chromatography

The characterization and quantification of individual

substances within the VOC blend often necessitate separation

prior to analysis. Gas chromatography (GC) stands out as the

preferred method in most applications involves pulse crops

(Jansen et al., 2011).

It is a prevalent laboratory analytical technique that has an

excellent separation performance, and high sensitivity and

selectivity. GC proves to be a well-established method suitable for

both qualitative and quantitative analysis of plant foliar VOCs. In

this technique, a carrier gas, typically an inert gas like helium that

used in all pulse crop VOC analysis, serves as the mobile phase,

while a layer of a polymer on an inert solid support presents the

stationary phase, within a glass or metal column. The selection of

column properties is critical as they significantly influence the

separation of plant-emitted volatiles (Liu et al., 2012).

The central component of a gas chromatograph is its column,

situated in the oven of the instrument. Generally, there are two

types of columns: packed and capillary. Although packed columns

still find utility in certain applications, capillary columns are more

prevalent in plant VOC research. The crucial consideration in

column selection lies in its stationary phase. Nowadays, capillary

columns are coated with various stationary phases, ranging from

nonpolar to polar, depending on the functionality of the target

compounds. Typically, polar columns are requisite for effective

separation of polar VOCs, while nonpolar columns are suited for

nonpolar VOCs. As a general rule for analyzing complex mixtures

of foliar VOCs, initiating with a 5% phenyl-substituted (polar)

column is recommended.

The standard length of a column employed in plant foliar VOC

research ranges from 15 to 60 meters, depending on the compounds

of interest. The gas chromatograph instrument consists of
FIGURE 1

Setup of solid phase microextraction (SPME) device used for volatile
compound extraction (Created with BioRender.com, accessed on
20 February 2024).
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temperature-controlled oven, capable of rapid and reproducible

temperature ramping from ambient to over 300°C. Additionally, the

instrument houses a series of pressure control systems and

facilitates the introduction of samples and interface with

analytical detectors. Inside the oven is an open tubular column

(30–60 m) containing a stationary-phase film that separates

compounds based on their physicochemical properties. One end

of the gas chromatograph column is connected to the inlet (usually

an injector), and the other end (outlet) is linked to the detector.

Samples are introduced either through a heated injector or by direct

desorption from the adsorbent, and then transported by the flow of

carrier gas, usually helium, through the column. Each VOC interacts

differently with the stationary phase of the column, resulting in

differentially partitioned between the stationary phase and the mobile

phase (helium) (Figure 3) (Tholl et al., 2006).

An increase in temperature affects the partition coefficient,

eventually causing the compound to fully transition into the

mobile phase and be carried into the detector via a heated

transfer line. Consequently, different VOCs elute from the

column at different times (retention time). After exiting the

column, VOCs can be identified and quantified using a mass

spectrometer or another detector (Materic et al., 2015).

GC stands out as the primary method employed for analyzing

VOCs in various pulse crops. For example, volatiles emitted by

broad bean, V. faba were analyzed quantitatively using a Hewlett-

Packard 6890 GC equipped with a flame ionization detector (FID).

The GC utilized an HP-1 bonded phase capillary column (30 m ×
Frontiers in Horticulture 05
0.25 mm × 0.25 mm, J&W Scientific, Folsom, CA, USA), with

Helium employed as the carrier gas at a linear flow rate of 36.3 cm/

sec (Schwartzberg et al., 2011).

Additionally, according to Mhlanga et al. (2021), VOC

emissions in two bean (Phaseolus vulgaris L.) cultivars were

separated on a capillary GC column (ZB-5MSi, Thermo Scientific,

United Kingdom). The injection volume (splitless) was 1 µl, with

the injector temperature set at 200°C. Helium served as the carrier

gas at a constant flow rate of 2.6 ml min−1 in an oven maintained at

30°C for 5 min and then programmed to increase at a rate of 15°C

per minute until reaching 230°C.

Furthermore, Ajayi et al. (2015) employed gas chromatography

(GC) to analyze volatile compounds produced by seeds of three

legume cultivars: Ife-brown and black-eyed cowpeas (Vigna

unguiculata L.) and soybean (Glycine max L.).

A quantity of 1 µL of each headspace volatile extract was injected

into a Shimadzu GC17A equipped with a flame ionization detector

(FID), and a capillary column HP-5MS5MS (0.25 mm i.d., 0.25 µm

film thickness, Agilent Technologies Inc., Santa Clara, CA, USA).

Helium served as the carrier gas at a flow rate of 1 mL/min. The GC

oven was programmed as follows: an initial injection at 40°C held for

2 minutes, followed by an increase at a rate of 5°C/min until reaching

200°C. Both the injector and detector temperatures were set at 200°C.

Moreover, Bruce et al. (2011) conducted an analysis of VOCs

emitted by V. faba cv. ‘Sutton dwarf’ flowers using a HP 6890 GC

(Agilent, UK). The instrumentation included a cold on-column

injector, an FID, and two types of capillary columns: a non-polar

HP-1 bonded-phase fused-silica column (50 m × 0.32 mm i.d., film

thickness 0.52 µm) and a polar DB-WAX column (30 m × 0.32 mm

i.d., film thickness 0.82 µm). A 2 µL aliquot of the headspace sample

was injected onto the capillary GC column. The oven temperature

was initially held at 30°C for 1 minute, then programmed to

increase at a rate of 5°C/min to 150°C, where it was maintained

for 0.1 minutes, followed by a further increase at a rate of 10°C/min

to 230°C. Hydrogen was used as the carrier gas.
4 Analytical techniques for volatile
organic compounds

Gas chromatography (GC) , when coupled with a

detector, becomes indispensable for analyzing biological VOCs
TABLE 2 SPME method used for VOC extraction in pulse crops.

Pulse
crop

Fiber used Sampling
duration

Number of VOCs identified References

Chickpea Polydimethylsiloxane-divinylbenzene
fibers (PDMS/DVB)

60 minutes 35 to 43 volatile compounds in 6 chickpeas, which belong to various
chemical families including acids, alcohols, aldehydes, esters, hydrocarbons,
ketones, and miscellaneous

Zhao
et al. (2021)

Faba
beans

Divinylbenzene/carboxen/
polydimethylsiloxane (DVB/CAR/
PDMS) Stable Flex fiber

60 minutes 60 compounds classified into nine groups: aromatic hydrocarbons,
aldehydes, alkanes, alkenes, alcohols, ketones, organic acids, esters,
and others

Akkad
et al. (2019)

Yellow
and
gray peas

Divinylbenzene/carboxen/
polydimethylsiloxane (DVB/CAR/
PDMS) SPME fiber

30 minutes 43 volatiles were extracted, consisting mostly of aldehydes, followed by
alkanes, alcohols, ketones, alkenes, furans, terpenes, aromatics, and sulfur-
containing compounds

Ferawati
et al. (2020)
FIGURE 2

Dynamic headspace sampling process as described by El Fakhouri
et al. (2021).
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(Zhang and Li, 2010). Various types of detectors are utilized for

identifying and/or quantifying individual VOCs within the sample.

The mass spectrometer (MS) is the most employed detector for the

identification of plant VOCs. More recently, electronic noses (E-

noses) have emerged as promising tools for detecting plant-emitted

VOCs in the air (Zhang and Li, 2010; Jansen et al., 2011; Materic

et al., 2015). A crucial specification of any detector is its limit of

detection (LOD), defined as the lowest quantity of a substance

distinguishable from its absence within a stated confidence limit.

The limit of quantification (LOQ) should also be considered when

both detection and quantification of concentration are required.

LODs and LOQs may be expressed in either absolute amounts

(nanograms or picograms) or in relation to concentrations in

the air.

The choice of the appropriate analytical technique in plant

VOC research depends mainly on three factors: the research

question, instrument availability, and budget (Materic et al.,

2015). Additionally, other parameters are essential to consider

such as accuracy, precision, limit of detection (LOD), selectivity,
Frontiers in Horticulture 06
robustness, cost, and response or analysis time (MacDougall

et al., 2022).

These considerations ensure the selection of the most

suitable analytical approach for the research objectives and

constraints (Table 4).
4.1 Offline techniques

Currently, gas chromatography-mass spectrometry (GC-MS) is

one of the most widely employed techniques for VOC detection due

to its powerful separation abilities and robust identification

capabilities of MS. The highly sensitive detection of GC-MS

makes it a valuable tool for both qualitative and quantitative

analysis of VOCs emitted by plants and microorganisms under

different ecological and biological conditions (Jansen et al., 2011).

VOC identification is facilitated by using mass spectra

libraries such as Wiley and NIST MS databases, or by

comparing retention times and spectra with those of known

standards (Morath et al., 2012; Vangoethem, 2017). However,

Gas Chromatography columns exhibit selectivity towards different

chemical groups of VOCs and are unable to identify novel

compounds, thus limiting their capability for total VOC

estimation (Morath et al., 2012). Additionally, this technique

can be very time-consuming and requires the use of heavy,

bulky laboratory equipment, rendering it not suitable for field

applications (Figure 4) (Tholl et al., 2006). Despite these

limitations, the GC-MS technique has been widely employed in

various research studies to analyze the VOC profiles of different

pulse crops (Table 5).

In addition to conventional MS detectors, new MS

technologies have been developed for analyzing biological

VOCs, such as proton-transfer reaction MS (PTR-MS). These

innovations play a crucial role in identifying unknown VOCs,

contributing to a deeper understanding of biological processes

(Zhang and Li, 2010).
TABLE 3 Dynamic headspace method for VOC extraction in pulse crops.

Pulse
crop

Growth
stage
of plant

Objective of the study Adsorbent trap Sampling
duration

Number of
identified
VOCs

References

Beans seeds Explore the variation in VOC emissions among
different bean cultivars (Borno-brown beans, pinto
beans, and adzuki bean)

Porapak Q absorbent 24 hours 18
volatile
compounds

Ahuchaogu and
Ojiako (2021)

Cowpea 6- to 8-week-
old plants

Study the behavioral response of alate Aphis craccivora
Koch (Homoptera: Aphididae) to volatiles from
different cowpea cultivars

Super Q adsorbent 24 hours 23
volatile
compounds

Diabate
et al. (2019)

Beans Flowering
stage

Extraction of VOCs emitted by V. faba cv. ‘Sutton
dwarf’ flowers

Porapak Q (50 mg, 60/
80 mesh; Supelco,
Bellefonte, USA)

24 hours 9
volatile
compounds

Bruce
et al. (2011)

Broad
Beans

2-week-old Investigate the feeding effect of pea aphids
Acyrthosiphon Pisum on the volatile emissions of
V. faba

Adsorbent trap
containing 30 mg of
Super Q

24 hours 8
major
compounds

Schwartzberg
et al. (2011)

Faba
bean

different
development
stages

Study the VOC emission in response to various levels
of faba bean stem borer (Lixus algirus L.) infestation

Propak-Q tube 7 hours 66
volatile
compounds

El Fakhouri
et al. (2021)
FIGURE 3

Gas chromatography (GC) technique overview (Created with
BioRender.com, accessed on 03 June 2024).
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4.2 Online techniques

Proton-transfer reaction mass spectrometry (PTR-MS) emerges as

a non-invasive and highly sensitive method enabling the online

detection of plant VOCs in real-time with high throughput (Blake

et al., 2009). This powerful technique offers many advantages, including

reduced sample preparation, very low detection limits, high selectivity

and sensitivity, real-time VOC monitoring, and the ability to detect

VOCs at low concentrations (parts per trillion volume – pptv) in air

and gas samples (Tholl et al., 2006).

By integrating a compact high-resolution time-of-flight detector

with the ion source, PTR-TOF-MS enables rapid and complete

detection of VOCs with a time resolution of less than one second.

This technology (PTR-TOF-MS) has proven successful in

characterizing the VOC profiles of various biological entities,
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including plants, soils, bacteria, and fungi such as Fusarium spp.,

Muscodor albus, Tuber magnatum, and various Mortierella species.

Despite its strengths, PTR-Qi-TOF-MS has some limitations,

notably in the identification of fragments from other molecules or

compounds associated with parent molecules. Additionally, it lacks the

capability to provide isomer-specific information in VOCs, such as the

structural identity of isomers (Figure 5) (Gualtieri et al., 2022).

Moreover, PTR-MS technique is the inability to differentiate

molecules with the same molecular weight, as compounds are

identified based on their molecular masses. Furthermore, without

enhancement or gas chromatography (GC) separation, PTR-MS

may not achieve the same sensitivity as offline GC methods.

Consequently, GC techniques remain the preferred choice for

speciated analysis (Niederbacher et al., 2015).

The PTR-MS technique was utilized to determine VOCs emitted

from poplars, apple, tomato and truffles (Eller et al., 2012; Farneti

et al., 2012, 2014; Splivallo et al., 2012), however, there are no data

available about its use in pulse crops.
5 Emerging VOC sensing methods

The electronic nose (E-nose), also known as artificial olfaction

devices, is a novel analytical approach for investigating biological

VOCs. It presents a simple and adaptable tool for the non-

destructive, rapid monitoring and detection of various gas

samples (Cellini et al., 2017).

An E-nose consists of an array of different gas-sensitive

chemical sensors that interact with VOCs and generate electronic

signals proportional to the concentration and type of VOCs

detected. These signals are then processed using pattern

recognition algorithms to identify and quantify the specific VOCs

present (Cui et al., 2018). Measurement of sensor array response

provides individual responses per sensor, each possessing distinct

features (MacDougall et al., 2022).

However, E-noses exhibit several limitations, including low

detection sensitivity, limited chemical specificity, and signal drifts
FIGURE 4

Gas chromatography coupled to mass spectrometry (GC-MS)
instrumentation in laboratory setting.
TABLE 4 Summary of advantages and disadvantages of analytical
techniques used for VOCs.

Technique Advantages Disadvantages Type of
pulse crops

GC-MS

- High
sensitivity
- High
selectivity
- Wide
application
range
- Quantitative
analysis
- Sample may
be stored in
tubes and
analyzed later

- Time-consuming
- Expensive
- Requires trained
personnel
- Not suitable for
use in the field

- Bean cultivars
(Borno-brown
beans, pinto
beans and adzuki
beans)
(Ahuchaogu and
Ojiako, 2021)
- Faba bean,
Vicia faba (var.
Sutton dwarf)
(Webster et al.,
2008)
- Pea plants
(Pisum sativum
L.) (Ceballos
et al., 2015)
- Grass peas
(Lathyrus sativus
L.) (Mitra et al.,
2020)
- Cowpea
(Vigna
unguiculata)
(Zhou
et al., 2015)

PTR-MS

- Real-time
analysis
- High
sensitivity
- Wide
application
range
- Rapid

- Limited
compound
identification
- Expensive
instrumentation
- Complexity of
interpretation
- Requires
calibration

- No
data available

E-nose

- Rapid
screening
- Non-
destructive
- Versatility
- Portability
- Real-
time monitoring

- Limited
compound
specificity
- Low detection
sensitivity
- Calibration
requirements
- Interference from
environmental
factors

- Soybean
(Glycine max L.)
(Cai et al., 2021)
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resulting from environmental factors such as humidity and

temperature fluctuations. Moreover, E-noses are capable of

capturing the overall profile of biological VOCs, but they are

unable to detect individual VOC components due to constraints

inherent in membrane materials, manufacturing techniques, and

data processing methods (Tholl et al., 2021).

Several commercial gas sensors are available for E-nose systems.

These sensors can be categorized based on their operational
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principles into three distinct groups: conductivity sensors,

gravimetric sensors, and optical sensors (Table 6).
5.1 Conductivity sensors

These sensors utilize conducting polymer (CP) and/or metal

oxide semiconductor (MOS) as their sensing materials, both of
FIGURE 5

Proton-transfer reaction time-of-flight mass spectrometry (PTR-TOF-MS) (Created with BioRender.com, accessed on 03 June 2024) (Majchrzak
et al., 2019).
TABLE 5 Volatile organic compounds detected through GC-MS analysis in various research investigations of pulse crops.

Pulse
crop

Research objective VOCs identified Functions of VOCs References

Beans Exploring the response of
mated female Callosobruchus
maculatus (Coleoptera:
Chrysomelidae) to odour cues
from different bean cultivars
(Borno-brown beans, pinto
beans and adzuki beans)

18 compounds, including Limonene, Benzyl Alcohol, Nonanal
Benzaldehyde, 3-Carene, Propanoic acid, 2-Methyl-3-hydroxyl-2,2,4-
trimethylpenthyl ester, 1-Hexanol, 2-Ethyl Pentanedoic acid,
Dimethyl ethane, 1-Nonanol 2,2,4-Trimethyl-1,3-pentanediol
diisobutyrate, O-Xylene, Napthalene, P-Cymene, Benzene, 1,2,3,4-
Tetramethyl, Hexanal, P-Xylene, Naphthalene, 1,5-Dimethyl, and
2,4-Dimethyl-1-heptane

The host location and
selection behaviors of
female C. maculatus are
influenced by the types
and concentrations of
volatile compounds
present in beans plants.

Ahuchaogu and
Ojiako (2021)

Beans Identification of volatile
compounds emitted from faba
bean plants, V. faba (var.
Sutton dwarf)

15 compounds were identified as (Z)-3-hexen-1-ol, 1-hexanol, (E)-2-
hexenal, benzaldehyde, 6-methyl-5-hepten-2-one, octanal, (Z)-3-
hexen-1-yl acetate, (R)-linalool, methyl salicylate, decanal,
undecanal, (E)-caryophyllene, (E)-b-farnesene, (S)-(−)-germacrene
D, and (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene (TMTT).

Faba bean VOCs are
utilized in host location by
the black bean aphid,
Aphis fabae
(Homoptera: Aphididae).

Webster
et al. (2008)

Pea (Pisum
sativum L.)

Identification and semi-
quantification of emitted
volatiles from pea plants across
various phenological stages

Hexanal, (Z)-2-hexen-1-ol, 2,4-hexadienal, a-pinene, camphene, b-
pinene, myrcene, 3-carene (1, 2, 3), limonene, terpinene, terpinolene,
1-methylbutyl-benzene, 1-(S)-verbenone, n-dodecane.

VOC emission from pea
plants varies among
different producer organs
(flowers, leaves, pods).

Ceballos
et al. (2015)

Grass peas
(Lathyrus
sativus L.)

Characterize the profile of
volatile organic compounds
(VOCs) in two grass pea
genotypes, in response to
infestation by the viviparous
aphid A. craccivora Koch
(Homoptera: Aphididae).

- NIR cultivar: four compounds (benzyl alcohol, 1,3-
diethylbenzene, thymol, and 1-hexadecene)
- BIO grass pea cultivar: 11 compounds (diacetone alcohol, benzyl
alcohol, p-cymene, 1,3-diethylbenzene, acetophenone, linalool oxide,
1-nonanol, ethylacetophenone, p-cymen-7-ol, thymol, and
1-hexadecene)

VOC profile differs
between grass
pea cultivars

Mitra
et al. (2020)

Cowpea
(Vigna
unguiculata)

17 major volatile compounds included butanoic acid, butyl ester,
limonene, 4-ethylpropiophenone, 1H-indol-4-ol, butanoic acid octyl
ester, and 2-methyl-3-phenylpropan

VOC profile differs among
cowpea cultivars

Zhou
et al. (2015)

Cowpea
(Vigna
unguiculata)

Study the behavioral response
of alate Aphis craccivora to
volatiles from different
cowpea cultivars

23 volatile compounds belonging to various chemical classes
including alcohols, aldehydes, alkanes, benzenoids, esters, ketones,
monoter‐ penoids and sesquiterpenoids

Cowpea VOCs can affect
the Aphis
craccivora behavior

Diabate
et al. (2019)
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which operate on the principle of variations in conductivity or

resistance upon exposure to particular gases.
5.2 Gravimetric sensors

E-nose systems use two types of gravimetric sensors: surface

acoustic wave (SAW) sensors and quartz crystal microbalance

(QCM) sensors. SAW sensors generate a surface wave that

propagates along the sensor’s surface, whereas QCM sensors

produce a wave that travels through the sensor’s bulk. Both

sensors operate on the principle of mass change in the

piezoelectric sensor coating caused by gas absorption, leading to

alterations in the resonant frequency when exposed to VOCs.
5.3 Optical sensors

The principal of optical sensors is based on changes in chemical

properties, including the reactivity, redox potential, and acid-base

interactions. These sensors incorporate a wavelength-selectable light

source, a light detector, and sensor materials that interact with gases.

Colorimetry and fluorometry represent the common techniques

utilized to analyze the signal obtained from optical sensors.

To evaluate the performance of gas sensing methods or sensors,

several key indicators should be considered such as sensitivity (the

minimum concentration of target gases required for detection),
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selectivity (the ability of sensors to distinguish a specific gas from a

mixture), response time (the duration between gas concentration

reaching a threshold and the sensor generating a signal), energy

consumption, reversibility (whether sensing materials can revert to

their original state after detection), adsorptive capacity (which also

influences sensitivity and selectivity), and fabrication cost

(Liu et al., 2012).

Cai et al. (2021) examined the impact of roasting levels on the

physicochemical, sensory, and volatile profiles of soybeans utilizing

E-nose and HS-SPME-GC‐MS techniques.

They employed a commercial PEN3 E-nose equipped with 10

semiconductor metal oxide chemical sensing elements, each designed

to detect specific volatile substances, to analyze the headspace gas of

roasted and unroasted soybean flours. The analysis identified 41

volatile compounds, with 2,5-dimethylpyrazine being the

most prevalent.

Additionally, HS-SPME-GC‐MSwas utilized to determine volatile

compounds emitted from soybean flours, using a DVB/CAR/PDMS

fiber needle for VOC extraction followed by GC-MS analysis. This

traditional analysis method provides high sensitivity and excellent

selectivity, enabling the identification and quantification of individual

VOCs in complex mixtures with high precision. However, it requires

longer analysis times due to sample preparation, separation, and data

processing steps. In contrast, E-nose analysis is generally rapid,

allowing for high throughput screening of samples within a short

period. Besides, it can detect complex mixtures of VOCs. However,

they may lack selectivity, as individual sensors respond to multiple

compounds, and identification is based on pattern recognition.

Moreover E-nose devices are less expensive and simpler to operate

compared to traditional GC-MS systems (Cai et al., 2021).
6 Conclusion and future perspectives

In conclusion, efficient monitoring of VOCs enables early

detection of pest infestations or pathogen infections, facilitating

timely intervention and proper control measures to minimize losses

in pulse crops. Conventional methods of sampling, separation and

analysis such as HS-GC-MS present a powerful tool for both

qualitative and quantitative analysis of VOCs emitted by pulse crops

plants such as beans, chickpeas, and peas. Despite their effectiveness,

traditional methods have limitations, underscoring the need for more

advanced, portable, and real-time detection alternatives.

Extensive research has shown promising results for using

electronic noses (e-noses) as non-destructive tools for rapid and

early detection of plant pest/pathogen damage, particularly in

laboratory environments. Its usage in pulse crops is currently

limited, and there are still a number of challenges that need to be

improved for field applications. The dynamic nature of VOCs

presents a challenge, as emissions vary based on factors such as

tissue type, location, and physiological stage, as well as seasonal

variations and environmental factors like temperature and

humidity. This complexity impact sensor performance and

increases the difficulty of characterizing VOC biomarkers for pest

or pathogen detection, driving the need for further research

and development.
TABLE 6 Summary of advantages and disadvantages of gas sensors
applied on E-noses.

Gas
sensor type

Advantages Disadvantages

Conducting
polymer (CP)

- Wide range of available
conducting polymers
- Fast response
- Sensitive to
polar compounds

- High sensitivity to
humidity and temperature
- Sensor response drift
with time
- Short life time

Metal oxide
semiconductor
(MOS)

- Low cost
- High sensitivity
- Fair selectivity
- Excellent response time
- Good stability

- High power
consumption
- Blind with sulfur gas
- Limited coating
materials,
- Sensitive to humidity

Surface acoustic
wave (SAW)

- Broad applications
- High sensitivity
- Fast response
- Diverse sensing
materials
- Small size

- Relatively poor signal
to noise performance
- Complex circuitry
- Unsatisfactory
reproducibility

Quartz crystal
microbalance
(QCM)

- Fast response time
- easier fabrication
compared to SAW
- High sensitivity
- Diverse
sensing materials

- Unsatisfactory
reproducibility
- Complex circuitry

Colorimetric (CM)

- High sensitivity
- Fast response
- Robustness in
hazardous environment

- Sensitive to humidity
- Complex supporting
software and instrument
- Short life time
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Field conditions further complicate detection efforts due to

uncontrollable environmental parameters and low concentrations

of VOCs released by plants. Combining E-nose systems with other

advanced technologies such as mass spectrometry or gas

chromatography could address these challenges and extend their

application range. The development of micro-level E-noses offers

promise for portable and cost-effective detection solutions,

potentially integrated with smartphones for user-friendly

applications. Despite these advancements, challenges remain in

sensor selectivity, atmospheric interference, and field detection

feasibility, necessitating continued research and improvement.
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