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Gas chromatography coupled to mass spectrometry (GC-MS) has been widely used, and along with other methodologies such as
derivatization, is a powerful tool to analyze phytocompounds, including cuticular wax components. The loss of structural information

upon fragmentation of waxes makes it difficult to interpret and identify the GC-MS mass spectra of these compounds with the

traditional methods, as digital libraries. Therefore, as a new complementary alternative to traditional methods of identifying aliphatic

acyclic lipids based on mass spectra, we present the new software WaxAlly in this technical note. WaxAlly is a new software created

based on simple algorithms, enabling the rapid recognition by the user of eight aliphatic acyclic lipid classes, including alkanes,
alkenes, aldehydes, ketones, esters, and TMS derivatives of free fatty acids, primary and secondary alcohols, and their homologues

with carbon chains varying between 10 and 100 carbons. Additionally, the WaxAlly software provides a section for data organization,

internet comparison to NIST and PubChem databases, and academic information about mass fragmentation of acyclic lipids. The

software has proven to be a very useful complementary technique in identifying plant wax lipid homologues, and new fragmentation

patterns of lipid classes can be added in the future to improve the program.
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INTRODUCTION

Lipids are organic compounds characterized by their hydrophobic
nature, often soluble in non-polar organic solvents. Examples of lipids
are fatty acids, steroids, and waxes. These compounds play crucial
rules in maintaining life. For instance, they serve as elementary
constituents of lipoprotein membranes,' source of energy,” chemical
signalers via peroxidation,® and are a crucial part of hydrophobic
coatings on plant surfaces.* Moreover, the understanding of lipids
holds great importance for the fields of archeology® and health.®

The lipid coatings that cover plant surfaces, known as cuticular
waxes, stand out primarily for their role as a barrier, limiting water
loss in aerial tissues with no secondary thickening, such as flowers,
leaves, stems, and fruits.” Waxes exhibit a diverse array of lipid
classes, predominantly alkanes, primary and secondary alcohols,
aldehydes, ketones, and esters. These compounds are mainly acyclic
and aliphatic, often unbranched, and long-chained, typically ranging
in size from 16 to 36 carbons, with esters reaching up to 60 carbons,
arranged in homologous series.?

‘Waxes, along with other lipids, are traditionally analyzed through
gas chromatography coupled to mass spectrometry (GC-MS).*!
The electron impact ionization (EII) technique at 70 eV is widely
employed alongside GC-MS, facilitating the separation of complex
mixtures and providing a robust method for compound identification.!!
The efficacy of MS is enhanced when combined with additional
methodologies, such as derivatization, which modifies the analyte
properties to increase molecular thermal and catalytic stability, as
well as reduce volatilization point.'

Although mass spectrometry (MS) has significantly advanced
lipid research,'® interpreting mass spectra and identifying compounds
remains a challenge hindering lipid study. Among the best-known
ways to identify surface lipids using GC-MS are: (i) comparing mass
spectra and retention times of the sample with those obtained by
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standards injected in the same methodology; (i) applying theoretical
knowledge of specific fragmentation patterns for each lipid class; and
(7ii) utilizing virtual libraries (i.e., NIST). Even though identification
via standards comparison is robust, obtaining a diverse range of
standards can be challenging and quite expensive. Interpreting
fragmentation patterns based on theoretical knowledge enables
the identification of different compounds but requires expertise in
mass spectrometry, potentially consuming time for inexperienced
researchers or studies with numerous samples. Conversely, virtual
libraries like NIST can swiftly and reliably identify many plant
compounds based on spectra.'* However, for compounds whose
diagnostic fragments are not significant or multiple and constant
within a class, homologue identification may be compromised, as
is often observed in lipids."> Hence, combining these strategies is
essential to enhance the efficacy of lipid mass spectra identification.

Considering saturated acyclic lipids, characteristic of waxes,
two sets of MS fragments are essential for their identification. One
set is responsible for recognizing the lipid class (such as alkanes,
ketones, and others), while the other set is necessary for homologue
identification. The fragments related to organic function (called
diagnostic class ions or fragments, DCF) are repetitive and identical
for most the homologous series, thus enabling the recognition of the
compound class. On the other hand, fragments related to the original
molecule mass (for instance molecular ion (M*) and [M - 15]*),
which depend on the total number of carbons in the molecule, enable
the homologue identification (called diagnostic homologue ions or
fragments, DHF).!¢

Although commercial digital libraries are accurate and
extensively used in identifying plant compounds, they can lead to
incorrect identifications as false positives for these acyclic lipids.'
The identification process of these type of compounds faces two
problems. The first one occurs when the DCF are much more
abundant than the DHF (Figure 1a), as observed for alkanes, alkenes
and aldehydes. For these compounds, during the automatic search
using commercial digital libraries, the DHF are underestimated,
resulting in the correct identification of the class but not the correct
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homologue. The second problem arises with compounds that contain
two or more DHF for correct homologue identification, sometimes
with short M* or [M — 15]* ions (i.e., ketones, esters and secondary
alcohols) (Figure 1b). The multiple potential combinations between
the DHF and lower abundances of M* or [M — 15]* hinder digital
identification, leading to incorrect identification.

In this context, the software WaxAlly, registered at INPI
(Instituto Nacional da Propriedade Industrial) under process
number BR512022002375-0, was developed. to complement
traditional methods for identifying common acyclic lipids found in
cuticular waxes using mass spectrum observation and interacting
with the software. Thus, the program aids in identifying acyclic
homologues of alkanes, alkenes, aldehydes, ketones, esters, and
trimethylsilyl (TMS)-derivatized free fatty acids, primary and
secondary alcohols, with chains lengths ranging from 10 and
100 carbons. This is achieved through algorithms utilizing mass
spectra DHF values obtained comparing the GC-MS mass spectra
values with the software. The main goal of the software is to assist
both new and experienced users in identifying a broad range of acyclic
aliphatic lipids using mass spectra.

EXPERIMENTAL

The software was developed using the IDE (Integrated
Development Environment) Qt Creator v.7.0.0 in C++ programming
language,"” designed for use in Windows and is entirely in English.
The Qt Creator is a simple and robust IDE for creating software,
providing features that help users develop both the code and visual
elements.

The WaxAlly comprises four main windows: (I) Home -
containing basic information and main tutorials; (II) Calculator
- allowing users to enter the DHF values into specific boxes
within a sketch of a mass spectrum of a typical lipid class by the
comparison between the mass spectrum of the sample and the sketch;
(IIT) Prediction - allowing users enter a value to determine the
carbon chain length of a lipid class to generate a mass spectrum
sketch with the main DHF mass values; and (IV) Report - where
all the identifications can be organized in a text file. The software
interface was designed to be simple and accessible for both new and
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experienced users for lipid identification using mass spectrometry.

The Home window displays the main information of the program,
along with basic tutorials featuring step-by-step instructions on
software operation, the appropriate method for inserting data, and
how to utilize the software tools.

In the Calculator window, users can access each tab of lipid
classes, visually compare the mass spectrum of their sample with
the sketch of the program, and then identify which class the mass
spectrum of the sample corresponds to. After the user chooses the
correct Calculator tab, the next step is entering the specific DHF
mass value into the corresponding box. If the mass values entered
by the user in the boxes are correct, the software will identify the
homologue and provide important information, such as the name,
molecular mass, molecular formula, and the mass of some important
DHEF for the identification of the chosen class. Currently, this window
is divided into seven main compound class tabs, including one called
Fast. Each of the main tabs may contain sub-tabs. For example, the
alcohol class tab (Alcohols) is subdivided into derivatized primary
alcohols (Primary TMS), derivatized secondary alcohols (long-chain
secondary TMS), derivatized isomeric secondary alcohols (isomeric
secondary TMS) and secondary alcohols with derivatized methyl
and ethyl ends (methylic secondary TMS and ethylic secondary
TMS respectively; Figure 2). Each class tab or sub-tab contains a
sketch of a mass spectrum corresponding to that class, with grey
bars corresponding to the main DCF that characterize the mass
spectrum of the selected class and black bars, with empty boxes on
top, corresponding to the DHF needed to identify the homologue.
These empty boxes should be filled in with proper mass values
obtained observing and comparing the sample mass spectrum with
the sketch. On the left side and above the mass spectrum sketch, there
are seven auxiliary buttons to assist the user with complementary
information for the correct identification of the analyzed sample
mass spectrum (Table 1).

The Report window, designed to save the identified compound
class and name, is structured into three sections (Figure 3). The
first section (Report Assistant, Figure 3, green area) allows the
construction of a basic report including identified compounds,
chemical class, and sample name. The second section, called Report
Text, consists of a text editing area where the previous report can
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Figure 1. Examples of different types of mass spectra found in aliphatic acyclic lipids of waxes. The mass spectra of heptadecane (alkane) (a) and nonadecan-10-

-one (ketone) (b) exhibit less abundant or multiple DHF (diagnostic homologue ions or fragments) of the homologue (red bars) when compared to the DCF

(diagnostic class ions or fragments) (blue bars)
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Figure 2. Calculator window exemplified by the Alcohols tab with Primary alcohols TMS sub-tab selected to illustrate the identification (a) and the fragmentation
pattern of the selected compound class (b) using as example the homologue 1-octadecanol TMS derivative. In (a), the Class tabs and Fast tab are highlighted
in green, and the specific sub-tabs of each class are in blue. The designated DHF mass value input box is highlighted in orange, with the value of m/z = 327,
and the auxiliary buttons, described in Table 1, are highlighted in red

Table 1. Auxiliary buttons of the Calculator function. Position numbers correspond to Figure 3a

Position Name Function

Basic information about the fragmentation of the selected class and some tips on how the

Icon
| . 1 How to use

Fragmentation example

E 1T Open WaxAlly Report
€8 v Molecule structure
. VI Web Search

» i Clear

# VI DHEF tips

selected calculator works

An example of the fragmentation pattern of the selected calculator

Open the Report Asssitant window

A representation of the identified molecule

Open Internet Search window

Clear identification results

Show some tips to fill in the DHF inputs

DHF: diagnostic homolog ions or fragments.

be saved or loaded as a text document (.txt; Figure 3, blue area).
The last section, the Internet Search window, enables the user to
carry out an online search using compound names or molecular
formula using two databases, NIST Webbook (https://webbook.nist.
gov/) and PubChem (https://pubchem.ncbi.nlm.nih.gov/; Figure 3,
yellow area).

The design of the Prediction window (Figure 4) resembles that
of its Calculator counterpart and includes nearly all the elements and
tools found in the latter. This window allows the user, after selecting
a class, to enter the carbon number of the DHF in order to obtain
information about the homologue, including the mass of important
fragments and the molecular formula.
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Figure 3. Report window screenshot. Outlined in green is the region of the window where recently identified compounds can be added to the current report.
In blue is the area where the text can be edited and the reports saved or loaded in .txt format. In orange is the section where searches can be conducted on the
NIST and PubChem sites using both the compound name and the molecular formula
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Figure 4. Prediction window exemplifying the prediction function by generating a sketch of a mass spectrum of an ester. In this example, the mass spectrum
of hexadecyl hexadecanoate, an ester containing 16 carbons in its acid and alcohol parts, is displayed. Information of diagnostic ion masses, as well as the

molecular formula and molecular weight of the compound, is shown
RESULTS AND DISCUSSION
Software workflow

The software provides users with several information to assist the
identification process of acyclic lipids through the observation of the
sample mass spectra and the interaction with the program. To start a
simple analysis, the users can follow these basic steps:

(1) Choose a mass spectrum from a homologue to identify

(Figure 5a);

(2) If the user has already identified the class by the DCFs, choose
the corresponding Calculator tab (Figure 5b). If not, the user can

explore some support tools available on each Calculator tab (L,

=% and TF; Table 1) to help recognize the lipid class based on
DCEF and then choose the correct tab (Figure 5c¢);

(3) Fill the input boxes above the DHF with the corresponding mass
value obtained from the sample (Figure 5d) and run the calcula-
tor. With the correct DHF value, the software will identify the
homologue, and important information will be displayed below
the mass spectrum sketch (Figure 5Se).

(4) After the homologue identification, the user can begin creating
a basic report by clicking on B (Open WaxAlly Report tab;
Figure 5f).

(5) Inthe Report Assistant section of the Report window (Figure 5f),
press ® 10 add the identified compound to the text area.

(6) The user can proceed steps 1-5 for all desired homologues.



Vol. XY, No. 00

(7) After the identification of all sample compounds, the results can
be transferred to the Report Text section by pressing “Transfer
Report Assistant Inputs” and saved in a .txt file (Figure 5g). More
information about the identified compounds can be accessed on the
NIST and PubChem websites, which are quickly accessible through
the Internet Search section of the Report window (Figure 5h).

Calculator and prediction algorithms

Identifying each homologue involves transforming DHF into
mathematical equations, which are based on isolating their CH, units
removing the mass values that do not repeat along the chain of each
fragment (for example, the CH; units of the molecular poles or carbons
linked to organic functions). Subsequently, the mass corresponding
to this set of CH, units is calculated, the number of carbon atoms
in the fragment is determined and, consequently, the corresponding
homologue is identified.

A simple example is the calculation used to identify primary
alcohols TMS-derivatized (Figure 6). The main DCFs of this class are
m/z="73,75,89,103, 111, and 129, which appear in mass spectra of
all homologues of saturated primary alcohols TMS derivatives. For
this class, the main DHF corresponds to [M — 15]*, which is abundant
and easily distinguishable.'® This fragment consists of a CH, terminal
with a mass of 15u, CH, units with a mass of 14u which repeat n times,
and an end OSi(CH,), with total mass of 74u, corresponding to the
organic function with the silyl derivative group less one methyl. After
adding the DHF mass value, the software calculates the number of
CH, repetitive units of the molecule subtracting the mass of the two
poles (CH; = 15u and OSi(CH,), = 74u) from the [M — 15]* and
dividing the remaining mass by 14, which corresponds to the CH,
repetitive units of the molecule. To obtain the total carbon number
of the corresponding primary alcohol, the next step is to add the
carbon from the CH; pole that was subtracted before. In other words,
one carbon should be added to the number of CH, repetitive units.
Considering the 1-octadecanol TMS, the DHF is [M — 15]* = 327.

75 327
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Subtracting the mass values corresponding to the two poles leaves
238, which corresponds to 17 CH, units. Adding the pole carbon,
the primary alcohol chain contains 18 carbons, corresponding to
1-octadecanol TMS.

The algorithms created for all classes of acyclic lipids were
constructed based on two premises: (i) establishing an interval of
mass values that the user can input into the DHF boxes, controlling
the maximum and minimum size of each homologue to guarantee
a reliable result; (ii) ensuring that the mass value of the total CH,
repetitive units is multiple of 14, allowing a trustworthy chain
length. It is important to note that the identifications produced by the
program should, whenever possible, receive a second confirmation
by obtaining the compound mass spectrum from an article or site, as
well as compare retention time with internal standards.

The algorithms for the Prediction function are diametrically
opposite to those used for the calculators. Here, the number of
carbons that determine chain size is used to generate all the mass
values of the DHF.

CONCLUSIONS

The necessity of analyzing lipids extends to many different study
areas, ranging from cellular membranes to archeology, including the
examination of cuticular waxes, a group of compounds extremely
important to plant survival in the terrestrial environment. In this
technical note, we present the software we created and emphasize its
proven effectiveness in identifying the components of plant cuticular
waxes, whose classes typically consist of compounds following
a homologous series, as well as other types of samples rich in
unbranched acyclic long-chain lipids. This effectiveness primarily
stems from the directly interaction of the user with the software to
identify the compounds, differing from other traditional methods,
for instance the digital libraries. Additionally, the didactic nature of
the software in the mass spectrometry of different lipid classes make
it a promising tool for both new and experienced researchers, even
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Figure 5. Diagram of a suggested workflow to carry out the identification and organization of long-chain acyclic lipids using WaxAlly software. The red squares

in (c) indicate the buttons to open the auxiliary windows of each calculator; in (f), the buttons to open the Report Window (I) and save the compound identifi-

cation temporarily in the Report Assistant section (II); and in (g), the button to transfer the temporary identifications of Report Assistant section to the Report

Text section (I1I) and the button to save the report to a .txt file (IV)
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Figure 6. Flowchart of each calculation steps involved in Calculator function exemplified by I-octadecanol TMS. The Prediction function works by reversing

these algorithms to construct the fragments

those whose basic training does not include mass spectrometry. In
the future, due to the mathematical premise of how the software was
constructed, several new calculators (identification and prediction)
can be added as needed. This is because any class of compounds
with a fragmentation pattern in MS can be reduced and transformed
into a mathematical algorithm, enabling its inclusion in the software.

The acquisition of the software can be made through direct contact
with the authors (waxallysoftware @ gmail.com) or with Agéncia USP
de Inovagao (AUSPIN; transtec @usp.br), which holds the software
registration rights.
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