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Abstract
The past decades have marked the rise of metabolomics and lipidomics as the -omics sciences which reflect the most 
phenotypes in living systems. Mass spectrometry–based approaches are acknowledged for both quantification and iden-
tification of molecular signatures, the latter relying primarily on fragmentation spectra interpretation. However, the high 
structural diversity of biological small molecules poses a considerable challenge in compound annotation. Feature-based 
molecular networking (FBMN) combined with database searches currently sets the gold standard for annotation of large 
datasets. Nevertheless, FBMN is usually based on collision-induced dissociation (CID) data, which may lead to unsatisfying 
information. The use of alternative fragmentation methods, such as electron-activated dissociation (EAD), is undergoing a 
re-evaluation for the annotation of small molecules, as it gives access to additional fragmentation routes. In this study, we 
apply the performances of data-dependent acquisition mass spectrometry (DDA-MS) under CID and EAD fragmentation 
along with FBMN construction, to perform extensive compound annotation in the crude extracts of the freshwater sentinel 
organism Gammarus fossarum. We discuss the analytical aspects of the use of the two fragmentation modes, perform a 
general comparison of the information delivered, and compare the CID and EAD fragmentation pathways for specific classes 
of compounds, including previously unstudied species. In addition, we discuss the potential use of FBMN constructed with 
EAD fragmentation spectra to improve lipid annotation, compared to the classic CID-based networks. Our approach has 
enabled higher confidence annotations and finer structure characterization of 823 features, including both metabolites and 
lipids detected in G. fossarum extracts.
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Introduction

The advent of -omics sciences has represented a real revo-
lution in many fields of biological research [1]. Among 
these, lipidomics and metabolomics investigate lipids and 
metabolites, respectively, defined as biological compounds 
with a molecular weight lower than 1500 Da found in cells, 
biological fluids, or tissues [2, 3]. Although these two fields 
have lagged behind other -omics approaches for a long 
time, the past decades have marked their expansion due 
to their close connection with the organism’s phenotype 
[4]. As the main analytical goal is to identify and/or quan-
tify as many compounds as possible within an investigated 
system, powerful analytical techniques and interpretation 
tools are required. The use of a single analytical platform 
fails in exhaustive detection, identification, and quantifi-
cation of compounds in a given sample, simultaneously. 
Mass spectrometry (MS) provides an efficient and sensi-
tive platform for the analysis of biological matrices, even 
for reduced volumes of samples [5, 6]. MS-based targeted 
approaches focus on analyzing one or a few compounds 
within a complex matrix, offering higher sensitivity and 
specificity for quantification but at the expense of reduced 
metabolite coverage [7]. On the other hand, non-targeted 
approaches aim to measure all compounds present in a 
sample, providing only semi-quantitative analysis [8]. Non-
targeted approaches performed on high-resolution instru-
ments (FWMH 20.000–50.000) based on time-of-flight 
(TOF) analyzers and ultra-high resolution instruments 
based on Orbitrap and Fourier transform ion cyclotron 
resonance (FTICR) analyzers (with FWMH ranging from 
50.000 up to 1∙106 depending on the operational mode, 
as hyphenation with chromatography or direct injection 
analysis) enable exact mass measurements with an accu-
racy ranging from 5 to 0.1 ppm, representing nowadays, 
the gold standard for compound discovery and identifica-
tion [9]. In particular, metabolite and lipid annotation can 
be reached through the acquisition of tandem MS (MS/
MS or  MS2) spectra in which selected precursor ions are 
broken into fragments which nature depends on the analyte 
chemical structure [10]. As in metabolomics and lipidom-
ics biological samples contain hundreds to thousands of 
compounds of different natures and structures, different MS 
analytical strategies have been developed to reduce sample 
complexity and acquire a large amount of MS/MS spectra 
at once. Among these, data-dependent acquisition (DDA-
MS) and data-independent acquisition (DIA-MS) are the 
most known [11–13]. While DIA-MS has been developed 
principally for proteome studies, its application in lipidom-
ics and metabolomics remains to be optimized, and robust 
and universal deconvolution algorithms for fragmentation 
spectra reconstruction are still required [14–17].

Nowadays, compound annotation is preferentially based 
on the use of DDA-MS and on database search or manual 
attribution of the fragmentation spectra [18]. However, one 
of the major bottlenecks is represented by the extensive 
number of unknown compounds that have not yet been dis-
covered (the unknown-unknown) and, from another point of 
view, by incomplete or missing reference spectra for com-
parison (the known-unknown) [19–21].

Molecular networking (MN) has emerged as an efficient 
tandem data organization approach which allows finding 
mass spectra similarities (fragments and neutral losses) 
among all the fragmentation spectra and gathering in one 
same molecular family, compounds which present structural 
similarities, as they belong, for example, to a same molecu-
lar class [22–25]. In the presence of matched compounds, 
annotation of ions in the same family can be easily performed 
according to the molecular formula, exact mass difference 
from the matched compounds, similarity score (expressed as 
a cosine), and comparison of their fragmentation pathways. 
More recently, the t-distributed Stochastic Neighbor Embed-
ding (t-SNE), an unsupervised non-linear dimensionality 
reduction technique, has been integrated into the annotation 
workflow as a complement to MN visualization [26, 27]. This 
alternative data analysis method accounts for MN mis-linked 
compounds which eventually possess structure similarities 
but different fragmentation pathways, by approaching them 
to the related family. MN construction which is strongly 
supported by GNPS and the MetGem platforms has notori-
ously been applied in the field of natural substance and drug 
discovery [25] and more recently to highlight specialized 
pathways and obtain atlases of involved molecules in bio-
logical and clinical research [28, 29]. Despite the use of MN 
becoming a routine practice, it is worth noting that annota-
tion performances based on the obtained molecular families 
depend strictly on the amount of information contained in 
the fragmentation spectra. It means that, in the case of intact 
precursors or in the presence of a low number of fragments, 
the construction of MN may suffer from poor specificity or 
not lead to appropriate structure assignments.

Since the rise of soft ionization techniques, biomolecule 
structural analysis has been preferentially performed under 
collision-induced dissociation (CID). In CID, kinetically 
excited ions collide with a neutral gas and gradually acquire 
sufficient internal energy to cause fragmentation [30]. The 
process is controlled by a thermodynamic factor with ener-
gies classically in the range of 1–100 eV [31]. Although the 
databases are being enriched with new reference spectra, 
this abundance can hardly satisfy an exhaustive annotation 
of compounds, given the great structural diversity of existing 
metabolites and lipids.

To achieve more effective annotation of compounds, 
alternative strategies have been tested during the years, such 
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as the use of additional intrinsic descriptors like collision 
cross-sectional area (CCS) [32, 33], chemical derivatiza-
tion prior to fragmentation [34], ionization in form of Li, 
Cu, Co, Ag (and so on), adducts [35–37], or alternative dis-
sociation methods as photon or electron-activated dissocia-
tion [38]. Moreover, it is worth mentioning that compound 
annotation, especially in the presence of complex mixtures 
containing many isobars and isomers (as for complex lipids 
samples), might strongly be improved by hyphenation with 
peculiar chromatography techniques. In addition to the clas-
sic reversed phase (RP) and hydrophilic interaction (HILIC) 
LC, which both are nowadays used for metabolite and lipid 
separation [39, 40], additional techniques such as supercriti-
cal fluid chromatography (SFC) have shown particular inter-
est in coupling with MS analysis [41, 42].

In 1979, the pioneering work of Cody and Freiser [43, 
44] has led to the advent of a new fragmentation mode for 
small singly charged organics, firstly implemented in FTICR 
instruments and referred to in the literature as electron 
impact excitation of ions from organics (EIEIO), electron-
induced dissociation (EID), or electron-activated dissocia-
tion (EAD). For further discussion, we will employ the term 
EAD. In EAD, the dissociation of singly charged ions is 
triggered by the impact with free electrons at kinetic energy 
in the range of ~ 10–20 eV. In this case, dissociation can be 
induced either by relaxation from the electronic excited state 
to a high vibrational state, as in CID; or by homolytic cleav-
age caused by the formation of an exited radical state [45]. 
EAD has proven to be complementary to CID in compound 
annotation for small molecules to happen, up to reach near-
complete structural characterization for peculiar lipid classes 
such as phosphatidylcholines (PC) [46], sphingomyelins 
(SM) [47], triacylglycerols (TG) [48], and eicosanoids [49]. 
In fact, EAD allows elucidation of the lipid’s head group 
identity, chain length, and localization of double bonds and 
provides discrimination of trans/cis stereoisomers [50]. EAD 
fragmentation showed high potential for structural elucida-
tion producing a general increase of produced fragments, 
especially for sodium and potassium adducts [51–53]. How-
ever, most of these studies have been performed on pure 
standards and hand-on utilization of EAD on crude extracts 
by LC–MS has been deployed mostly for quantitative scopes 
or for annotation of glucuronide and sulfate derivates of the 
studied standards. To the best of our knowledge, there are no 
studies on the use of EAD fragmentation to perform com-
prehensive compound annotation on crude complex samples 
containing thousands of undisclosed molecules.

In this work, we apply and compare two non-targeted mass 
spectrometry approaches based on DDA-MS under CID and 
EAD fragmentation (called herein respectively as DDA-CID-
MS and DDA-EAD-MS), followed by molecular networking 
construction to perform extensive compound annotation and 
wide characterization on a sentinel organism commonly used 

in ecotoxicology studies and environmental monitoring: the 
freshwater crustacean amphipod Gammarus fossarum [54].

G. fossarum organisms represent an important amount of 
the biomass in European lotic freshwater environments provid-
ing prey for secondary consumers (e.g., fish) and intervening 
in the food web of river ecosystems. Their use as bioindicator 
species of water quality has been justified because of their high 
sensitivity to diverse micropollutants as pharmaceuticals, met-
als, and pesticides and of their high rate of bioaccumulation 
of toxic compounds [55]. In the last 20 years, research on G. 
fossarum has been pushed to study the biological perturba-
tions caused by environmental contaminants. Mass spectrom-
etry–based proteomics and proteogenomics have contributed 
to fostering the knowledge of the molecular physiology of 
reproduction in G. fossarum and to investigating the mecha-
nisms of action of some contaminants, such as pesticides or 
metal ions [56–64]. More recently, shotgun lipidomics or mass 
spectrometry imaging have been integrated to gain extensive 
knowledge on G. fossarum lipid composition and on their 
spatial distribution in different organ sections [65, 66]. These 
studies have led to the discovery of an unexpected class of 
sulfur-containing lipids and highlighted the presence of differ-
ent isobaric and isomeric lipids with peculiar tissue distribu-
tion. However, except for sporadic cases [67], information on 
fine lipid structures and on the nature of most metabolites in 
G. fossarum is still missing. For this and as in the first step, 
a classical approach based on DDA-CID-MS spectra collec-
tion performed on methanol/water extracts obtained from two 
reproductive stages (C1 and D1) of female specimens has been 
performed. This approach enabled us to compile a list contain-
ing 823 features, which were annotated through MN, t-SNE 
construction, database search, and manual interpretation. 
The same samples, when analyzed by DDA-EAD-MS, then 
allowed us to evaluate the performance of an alternative frag-
mentation technique for compound annotation in a complex 
sample containing both metabolites and lipids. Specifically, we 
conducted a critical evaluation of the use of EAD fragmenta-
tion for compound annotation by comparing the number of 
fragments formed in the two fragmentation modes, the frag-
mentation mechanisms for case compounds belonging to each 
molecular family, and the information provided by construct-
ing molecular networking in the two fragmentation modes.

Material and methods

Gammarid collection and maintenance

Gammarus fossarum organisms were collected in a water-
cress site near the Pollon River (45° 57′ 25.8″ N 5° 15′ 
43.6″ E) in France from a source population routinely 
used in the laboratory of INRAE. Organisms were col-
lected by kick sampling using a net and selected in the 
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field according to their size by using a series of sieves 
(± 1 cm in length). Organisms were quickly transported 
to the laboratory and kept in 30 L tanks supplied with 
continuous drilled groundwater under constant aeration. 
A 16/8 h light/dark photoperiod was maintained. The 
temperature was kept at 16 ± 1 °C. Organisms were fed 
ad libitum with alder leaves (Alnus glutinosa). Freeze-
dried worms (Tubifex tubifex) were provided as a dietary 
supplement twice a week. For this study, female gam-
marids were selected to perform further investigation.
[60]. Females at the C1 and D1 molting stages were sam-
pled according to specific phenotypic criteria [63]. These 
two stages represent two contrasted conditions of females 
regarding their reproductive cycle due to the synchroni-
zation of ovary development and molting dynamics in 
amphipods. During the inter-molting stage C1, females 
are in a previtellogenic status regarding the gonadic 
development, while they are in a vitellogenic status dur-
ing the pre-molting stage D1. All gammarids were washed 
with deionized water, weighted, and individually flash-
frozen in liquid nitrogen until further analysis.

Chemical and sample preparation

Metabolite extraction was performed according to a slightly 
modified multi-omics sample extraction for G. fossarum 
by Faugere et al. [68]. Entire frozen female gammarids 
(n = 6 for the C1 stage and n = 6 for the D1 stage) were 
individually homogenized in 2 mL tubes prefilled with 
beads (Precellys® CK28 Lysing Kit, Bertin) using 300 µL 
of a methanol/water mixture (80/20 v/v) on a homogenizer 
(Precellys® Evolution Touch, Bertin) at 5500 rpm during 
two cycles of 25 s each spaced by a 10 s interval. Sam-
ples were then centrifugated at 10.000 rpm for 15 min in 
order to separate the metabolite fraction from the insoluble 
residues and 250 µL of the supernatant was collected and 
treated with 200 µL of cold methanol in order to inactivate 
residual enzymes, vortexed and mixed during 20 min at 
4 °C (Eppendorf ThermoMixer® C). Samples were cen-
trifugated for 10 min and 400 µL of the obtained super-
natant were evaporated to dryness under nitrogen. Each 
residue was resolubilized by adding 15 µL water/methanol 
(90:10, v/v). The six fractions per stage were then vor-
texed and pooled to obtain a unique technical replicate for 
the C1 and a unique technical replicate for the D1 stage 
(90 µL each, concentration factor ∼17.0). Reagent blanks 
were prepared accordingly and in the absence of gammarid 
organisms. Samples were subjected to mass spectrometry 
analysis immediately after preparation, in order to limit 
compound degradation. Water, acetonitrile, methanol, and 
formic acid used for ultra-high performance liquid chro-
matography and for the preparation of the samples were 
LC–MS grade (99% purity).

Data‑dependent acquisition under collision‑induced 
dissociation and electron‑activated dissociation

For high-throughput metabolite annotation and structural 
characterization, G. fossarum samples (C1 and D1) were 
submitted to data-dependent acquisition (DDA-MS) in both 
positive and negative ionization mode, either under CID or 
EAD on a high-resolution ZenoTOF 7600 mass spectrometer 
(Sciex) [69] equipped with a ExionLC™ (Sciex) UHPLC 
system. CID and EAD conditions were kept separate and 
applied to various several sample injections. While it was 
technically feasible to perform both fragmentation modes 
for a single sample in a single injection, doing so would have 
necessitated a reduction in MS/MS event accumulation time 
to maintain an acceptable scan time.

For instance, when working with Top10 DDA-MS, 
employing an accumulation time of 0.1 s for a full scan 
(MS1) event and 0.1 s for the MS/MS events resulted in 
a total scan time of 1.238 s. This allowed us to acquire a 
minimum of 13–15 data points for each chromatographic 
peak. Integrating EAD fragmentation events within the same 
injection would have required (1) decreasing accumulation 
times for both MS1 and MS/MS events in CID and EAD 
to maintain the total scan time, risking compromised chro-
matographic definition and MS/MS data quality, particu-
larly in EAD fragmentation mode; (2) reducing the number 
of selected and fragmented TopX precursor ions, limiting 
the interpretable MS/MS data. For this study, we opted to 
maintain a Top10 analysis and conducted CID and EAD 
fragmentation in separate injections. Top10 DDA-MS was 
performed without utilizing an inclusion list to carry out 
analyses in a single batch, ensuring sample integrity and 
maintaining consistent chromatographic conditions. Further-
more, an unbiased MS/MS spectra collection in both CID 
and EAD conditions was chosen over the use of an inclusion 
list, aligning with the exploratory nature of this study. It is 
noteworthy that DDA-MS operated under a “dynamic back-
ground subtraction” on the Sciex platform, ensuring minimal 
fragmentation of background signals.

Finally, it is essential to mention that while a CE spread 
was employed for DDA-CID-MS (where multiple spectra 
are acquired at stepped CE values across an energy range, 
and a final mean MS/MS spectrum is obtained), a fixed 
value of KE was used for DDA-EAD-MS. Except for the 
electron transmission coefficient (ETC) parameter, which 
allows varying the number of irradiating electrons according 
to the analyte charge state [45], it is currently not possible 
to set dynamic KE or a KE spread in a single run. The deci-
sion to maintain a CE spread for DDA-CID-MS was driven 
by the diverse nature of compounds present in G. fossarum 
samples, aiming for high-quality and informative CID MS/
MS spectra. Each sample and the blank were analyzed in 
triplicates for each analytical mode. The chromatographic 
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separation was carried out on a Kinetex® 2.6 µm F5 100 Å 
column (150 × 2.1 µm) from Phenomenex. This column, 
which is constituted by pentafluorophenyl propyl (PFP) 
core–shell phase, was chosen to retain compounds at a wide 
range of polarity and efficiently resolve isomeric species, 
and therefore as a compromise for the analysis of both small 
metabolites and lipids with mid-polar nature. The decision 
to utilize a single column for analyzing a fraction contain-
ing both metabolites and polar lipids was made with the 
intention of enhancing molecular networking construction 
and minimizing potential redundancy that could arise from 
analyzing separate fractions under different conditions.

The used liquid chromatography and mass spectrometry 
experimental parameters are resumed in Table S1.

Data processing

Raw.wiff files were converted to the mzXML centroided for-
mat using the peak peaking (Vendor algorithm) in MSCon-
vert (version 3.0.23024-30a908d). Data were then trans-
ferred to MzMine2 [70–72] (version 2.53), which results in 
being very stable among the various versions of MzMine2. 
For the positive ion mode, processing was performed by 
splitting the DDA-MS analysis into two chromatographic 
periods in order to optimize the processing parameters 
for metabolites and lipids, which presented a remarkable 
difference in peak intensity. Parameters used for data pre-
treatment are gathered in Table S2. After all modules were 
compiled and alignment, features present in blanks and in 
less than two analytical replicates for each reproductive stage 
were removed. Data processing was performed separately 
for the DDA-CID-MS and DDA-EAD-MS and the obtained 
feature lists were compared in order to keep features which 
matched both exact mass and tR in the analysis under the two 
fragmentation modes.

Metabolite annotation and parameters 
for molecular networking construction

Obtained feature lists were exported and then uploaded 
on MetGem (version 1.3.6) for molecular networking and 
t-SNE construction. For DDA-CID-MS, MN was obtained 
using 4 matched peaks within a m/z tolerance of 0.02 Da and 
minimal cosine value of 0.72; the maximum neighbor num-
ber (topK) was set to 10 and the maximum number of con-
nected component size at 1000. Filtering was operated for 
peaks outside the ± 17 Th window and by keeping each peak 
in the top 6 in the ± 50 Th window. For t-SNE construction, 
at least 1 cosine scores above 0.75 were searched by operat-
ing 1000 iterations with perplexity 6, learning rate 200, and 
early exaggeration 12. The Barnes-hut approximation with 
an angle of 0.5 was used. Parameters for MN construction 
were chosen by preliminary testing of different combinations 

(not shown). The best ones for our study resulted from a 
compromise for the best clusterization of both compounds 
which fragmented extensively and modestly. Molecular net-
working was also performed on the GNPS website in order 
to confirm results (not shown), while public access to the 
GNPS projects can be found at: https:// gnps. ucsd. edu/ Prote 
oSAFe/ status. jsp? task= 9ec81 0a23c d043c 38069 87b2c 52478 
9c for positive mode and at: https:// gnps. ucsd. edu/ Prote 
oSAFe/ status. jsp? task= 33963 79174 ab4cf ba323 fdfa3 24b6e 
18 for negative mode.

The mzXML centroided files were uploaded on the Sirius 
platform (version 5.8.3) [73] for molecular formula assign-
ment, which was chosen as the most probable calculated 
according to the combination of both the Molecular Formula 
Identification tool and the Fingerprint prediction and Struc-
ture database search CSI:FingerID tools [74, 75]. For the 
first, the Q-TOF instrument was chosen, using a mass accu-
racy of 5 ppm and atom constraints 0 < H < ∞, 0 < C < ∞, 
0 < N < ∞, 0 < O < ∞, 0 < P < 2, 0 < S < 2. Filtering was used 
for the MS1 isotope pattern and the MS/MS scorer. Ten can-
didates for ions were stored, with a minimum of 1 candidate 
for ion. Possible ionizations were [M +  H]+, [M +  Na]+, and 
[M +  K]+. For CSI:FingerID, fallback adducts used for fin-
gerprint prediction were [M +  H]+, [M +  Na]+, [M +  K]+, 
[M +  NH4]+, and [M-H2O +  H]+. All proposed databases 
were used for structure database search.

Compound annotation was performed on classic CID 
fragmentation spectra based on database search on MetGem 
and GNPS by searching 3 fragments and setting a m/z toler-
ance of 0.02 Da with a minimal cosine score of 0.65 and m/z 
parent filter tolerance at 17Th. Analogs were searched in a 
maximum span of 100 Da difference from precursor ions. 
Compounds which were not successfully annotated through 
databases were further investigated and annotated through 
a study of the obtained molecular families, the t-SNE and 
manual annotation on the fragmentation spectra and on the 
information obtained on the Sirius platform. Regarding MN 
constructed for phosphatidylcholines using DDA-EAD-MS 
spectra, parameters for MN construction remained unvaried.

Results and discussion

Gammarus fossarum metabolome exploration 
by classic DDA‑CID‑MS fragmentation and molecular 
networking

G. fossarum extracts (C1 and D1 reproductive stages) were 
analyzed through DDA-CID-MS in both positive and nega-
tive ionization mode. Representative base peak intensity 
(BPI) and total ion current intensity (TIC) chromatograms 
obtained from these analyses are shown in Figures S1 and 
S2. An observation of these BPIs points out on a higher 

https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=9ec810a23cd043c3806987b2c524789c
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=9ec810a23cd043c3806987b2c524789c
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=9ec810a23cd043c3806987b2c524789c
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=3396379174ab4cfba323fdfa324b6e18
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=3396379174ab4cfba323fdfa324b6e18
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=3396379174ab4cfba323fdfa324b6e18
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number of metabolites readily detected in positive ion mode 
with respect to the negative one and also, on a relatively 
higher intensity of non-polar compounds with respect to 
the more polar ones. Data analysis restituted 823 features 
(defined as detected ions associated to an experimental 
m/z and tR values) in positive ion mode and 98 in nega-
tive ion mode, present in at least two analytical replicates 
for each reproductive stage (details on data handling and 
processing are given in the material and method section). 
The final feature lists were then submitted to molecular net-
working construction on MetGem (version 1.3.6). The MN 
obtained in negative ion mode (Figure S3) resulted limited 
and compound annotation mainly confirmed results obtained 

in positive ion mode. For this reason, the next discussion 
will be focused on the positive ionization mode. Figure 1 
shows the MN obtained in positive ion mode with some 
representative compounds annotated within the obtained 
molecular families. MNs allowed together with molecu-
lar formula attribution and database search, to obtain the 
annotation of 55% of the total features at level 2, 19% at 
level 3, and 26% at level 4 for the positive ion mode [76]. 
On note, while in-source fragments were discarded for MN 
construction, adducts were kept improving the annotation of 
certain molecular classes, such as the TGs (detected solely 
as ammonia adducts). The 823 features corresponded to a 
total of 742 unique compounds. The complete list of features 

Fig. 1  Full molecular networking obtained in positive ionization 
mode for G. fossarum extracts analyzed through DDA-CID-MS con-
ditions with representative examples of annotated metabolites for 

each molecular family. Node color represents the semi-quantitative 
analysis performed by comparing the relative intensity of each feature 
in the C1 (light blue) and D1 (red) reproductive stages
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detected in the G. fossarum extracts together with their anno-
tation, relative intensity, and annotation confidence level can 
be accessed as supplementary file (Feature_list_Gfossarum). 
Several molecular families at a high number of connected 
nodes corresponded to lipids. Among those, the most rep-
resented lipids were monoglycerides (MGs), phosphatidyl-
cholines (PCs), phosphatidylethanolamines (PEs), plasmalo-
gens (PC-Os and PE-Os), phosphatidylinositols (PI), and 
carnitines (CARs). Other annotated lipids were fatty acids 
(FAs), diacylglycerols (DGs), triacylglycerols (TGs), phos-
phatidylserines (PSs), lysophosphatidylcholines (LPCs), 
and lysophosphatidylethanolamines (LPEs). PEs and PSs 
gathered in the same molecular family corresponded to pro-
tonated forms of lipids having the same side chains. In fact, 
the neutral loss of the phosphoethanolamine (141.06 Da) and 
the phosphoserine (185.07 Da) polar heads, respectively for 
PEs and PSs, led to fragmentation spectra which presented 
mainly the same fragments.

In addition, three molecular families gathered features 
which matched with taurolipids, i.e., peculiar lipid classes 
characterized by a sulfur atom in the form of a sulfone 
functional group. In particular, the first family (e in Fig. 1) 
was constituted of N-acyl taurines (TAUs), bioactive lipids 
which have been found to contribute to glucose homeostasis 
and lipid metabolism and their existence has already been 
proved in different marine invertebrates and crustaceans [77, 
78]. Similarly, molecular family l gathered molecules that 
resulted to be analogs of taurolithocholic acids, particular 
classes of bile acids in humans. The third molecular fam-
ily of taurolipids (o in Fig. 1) was constituted of only two 
nodes and was represented by two features at m/z 590.4806 
 [C33H67NO5S +  H]+ and m/z 620.4909  [C34H69NO6S +  H]+. 
These lipids have been already encountered in the hepato-
pancreas and the caeca of G. fossarum females in a pre-
vious study, but their fragmentation spectra had restituted 
an unclear annotation [65]. Fragmentation mass spectra 
obtained in positive ion mode showed characteristic neu-
tral losses of the acyl chain and of the TAU chain and also 
a fragment at m/z 124.00 attributed to  [C2H5NO3S +  H]+. 
Their experimental fragmentation spectra agreed with refer-
ence data for sulfonolipids, a unique class of sphingolipids 
featuring a sulfonate group and containing an N-acyl taurine 
as a side chain.

Despite a high percentage of the detected compounds in 
the analyzed extracts corresponding to lipids, G. fossarum 
extracts showed many primary and secondary metabolites. 
In this case, the principal molecular family included differ-
ent compounds involved in the energy and/or nucleic acid 
metabolism, as nucleosides and nucleotides; or di- and oli-
gopeptides containing arginine. In general, other metabolite 
families contained simple amino acids, as glutamic acid, 
tyrosine, phenylalanine, or sugars, glucose, maltotriose, and 
lactotriose.

Other remarkable metabolites were found as smaller 
families or as single nodes. Among those, feature 126 (in 
table Feature_list_Gfossarum) at m/z 292.0554 was attrib-
uted to Se-methyl selenoneine and feature 14 to a poten-
tially new Se-methyl selenoneine analog still not present 
in current literature and likely containing an amide func-
tional group. For these compounds, structure assignment 
was performed according to a comparison of experimen-
tal and predicted isotopic pattern distribution, molecular 
formula assignment, and manual fragmentation spectrum 
rationalization (Figure S4). Compounds containing sele-
nium have shown high interest in ecotoxicology because 
of their supposed fundamental role in heavy metal and 
free radical scavenging [79, 80]. Other metabolites with 
presumed protective function were found in G. fossarum 
extracts as for example compound 44 at m/z 347.1449 and 
molecular formula  [C14H22N2O8 +  H]+ which matched to 
Porphyra-334 (IUPAC name 2-[[3-(carboxymethylimino)-
5-hydroxy-5-(hydroxymethyl)-2-methoxycyclohexen-1-yl]
amino]-3-hydroxybutanoic acid), an ultraviolet filter pro-
duced by cyanobacteria and which has been found in some 
crustaceans [81].

DDA-CID-MS conditions applied on G. fossarum 
extracts enabled a first annotation thanks to database 
match or to manual fragmentation spectrum inspection 
for most of the detected features. In the attempt to find 
a possible structure attribution to additional compounds 
which remained unknown, the t-SNE algorithm on Met-
Gem was used to find a link among groups of families with 
structural similarities. Figure S5 shows the relationships 
found between the classic MN and the obtained t-SNE in 
positive ionization mode. This last showed three zones of 
interest which regrouped molecular families not connected 
in the classic MN and which had not been yet annotated. 
In particular, the TAUs molecular family associated to 
compounds which likely contained one or two additional 
oxygen atoms according to molecular formula assignment. 
Those related compounds were tentatively annotated as 
compounds in which the polar taurine head was subjected 
to acetylation and di-acetylation or to oxidized species. 
Confirmation of the proposed TAU analogs should be 
obtained through additional experiments, including com-
pound isolation and fine structure characterization. The 
green and orange zones on the t-SNE regrouped PCs and 
LPS, respectively as  H+ and  Na+ adducts, and included 
some molecular families at a low number of nodes which 
were not linked together by the classic MN.

Figure 1 proves the presence of certain molecular families 
which nodes have a predominant red color, which would 
indicate a relatively higher intensity of the feature at the 
D1 stages. Among these, the TAUs, the taurolitocholic acid 
analogs, and in less extent compounds involved in energy 
metabolism seem to be specifically expressed at this stage, 
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implying a particular role in molting and/or female gonadic 
development.

On another hand, this study led to the discovery of 
compounds which are probably introduced in G. fossarum 
metabolism thanks to its diet and the interaction between 
diet and the symbiont microbiome of these organisms [82]. 
For example, sulfonolipids have been proven to be of bacte-
rial origin [83] and have been recently discovered in mice 
and to be associated to high-fat diets [84] and to trigger 
multicellular development in living relatives to animals [85]. 
Protective metabolites such as Porphyra-334 or carotenoids 
such as astaxanthin and its analogs are normally produced 
by plants and may be introduced in G. fossarum diet by algae 
ingestion. In addition, a high number of metabolites and 
lipids containing sulfur has been found, supporting their 
involvement in many essential biological roles in amphipods 
and, on the other hand, their responsibility in the flavor of 
many aquatic organisms [86, 87].

General comparison of the CID and EAD 
fragmentation spectra for the annotated 
metabolites in G. fossarum female extracts

EAD fragmentation pathways have been thoroughly stud-
ied for specific classes of lipids such as PC, DG, and TG 
and for specific classes of metabolites, such as nucleo-
sides, pharmaceuticals, or agrochemicals [45–48, 50–53]. 
Nevertheless, many other classes of compounds have been 
omitted from a detailed explanation of their behavior dur-
ing fragmentations under EAD conditions. In general, no 
universal rules have been extrapolated for EAD fragmen-
tation which could explain the fragmentation pathway of 
compounds of different natures. As described in the previ-
ous paragraph, G. fossarum extracts analyzed in this study 
presented many different classes of lipids and metabolites 
with various structures, which are well suited to perform 
a systematic comparison of the two fragmentation modes 
and the information delivered for compound annotation. 
In EAD, ion activation through the impact with multiple 
electrons in the collision cell results in a higher scan time 
required for the acquisition of a single spectrum with respect 
to a CID fragmentation event. In this study, DDA on TOP10 
peaks was kept in the two fragmentation modes by adapting 
the EAD reaction time at 30 ms. These parameters assured 
similar total scan times for DDA-CID-MS and DDA-EAD-
MS conditions, resulting respectively in 1.238 s and 1.255 s, 
which led to a total of 1350 and 1150 fragmentation events 
respectively obtained as a mean value on three chromato-
graphic runs of 34 min for one case sample. As claimed 
before, a final list of 823 unique features which fragmenta-
tions had been acquired in both conditions (CID and EAD) 
was obtained and used for classic analysis (see paragraph 
3.1) and for further EAD studies. Once annotation based 

on classic methods was performed, a first general compari-
son between CID and EAD fragmentations was performed 
according to a simple rule: following the number of fragment 
ions formed under the two conditions for each compound. 
While this could appear as a rough parameter, the number 
of formed fragments of a compound eventually influences 
the quality of the annotation and the possibility of assign-
ing substructures or discriminating structural isomers. It is 
worth saying that before counting the number of formed 
fragments, to discriminate relevant fragment peaks from 
noise and obtain a robust comparison among CID and EAD 
fragmentations, the level of noise was first studied. In the 
absence of a preliminary differential mobility spectrometry 
(DMS) ion separation, noise in CID fragmentation spectra 
obtained through a Q-TOF depends mostly on the relatively 
large isolation window of the selecting quadrupole (in this 
study unitary mass, i.e., ± 0.35 Da), which can produce low-
intensity satellite peaks around the selected precursor mass 
which undergo fragmentation at the same time, especially 
in the case of complex samples presenting co-eluting iso-
bars [48]. Moreover, the intensity of fragments related to 
satellite peaks could be increased because of the Zeno Trap 
pulsing signal enhancement. Regarding EAD fragmentation, 
in addition to the aforementioned reasons, additional noise 
may arise from the residual gas molecules which are ionized 
by the electrons [47]. In order to reduce background peaks, 
the noise level was first checked manually using a set of 20 
fragmentation spectra having base peak intensity (BPI) in 
the range of 1·102 to 1.6·106 counts, and then, background 
intensity collected setting the minimal intensity at a value 
accounting for confident fragment peak assignment. In our 
study, the noise level in fragmentation spectra resulted in 
a comparison between CID and EAD, probably thanks to 
the noise background reduction step performed before the 
acquisition of the DDA-EAD-MS injections. Importantly, 
the noise level in the two fragmentation modes resulted simi-
larly influenced by the overall base peak intensity, which 
depended primarily on the number of isolated ions and from 
the amount of fragmented precursor ions. Collected values 
highlighted a linear correlation between noise and MS/MS 
BPI values on a logarithmic scale (Figure S6) which was 
hence used to set a minimal intensity threshold for fragment 
peak picking in the MS/MS spectra for comparison in CID 
and EAD conditions. This assured also that small differ-
ences in the BPI of the fragmentation spectra for the same 
compound under CID and EAD would not lead to wrong 
comparisons of the formed fragments.

A selection of 331 out of the 823 total features was cho-
sen for comparison. This list included compounds at a high 
annotation confidence level (level 2 or level 3 supported by 
confident fragmentation spectra interpretation). For each com-
pound, the number of fragments formed in CID and EAD con-
ditions was then obtained according to the threshold relative to 
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the fragmentation spectra BPI. Figure 2a shows the mirrored 
number of fragments formed in CID and EAD conditions for 
the 331 compounds disposed of according to a growing m/z 
order, while the difference between the two values is shown in 
Fig. 2b. Despite the noise subtraction, a relatively high number 
of fragments (on average 50–100) were obtained for the entire 
set of studied compounds, in both CID and EAD conditions. 
Nevertheless, it must be considered that the count of peaks 
included, together with high-intensity fragments, additional 
fragments not generally present in literature conditions, which 
intensity has been increased by the activation of the ZenoTrap 
pulsing. Considering that the comparison was performed for 
the same compound in different conditions, the peak redun-
dancy should not influence the overall conclusions.

Figure 2b shows that except in sporadic cases, the number 
of fragments obtained in EAD becomes consistently higher 
than that in CID conditions only at higher m/z ratios (from 
m/z 500 to 1200). Moreover, most of the compounds at high 
m/z corresponded to lipids, for which fragmentation through 
EAD at 10 eV has already proven to be extensive. Nonethe-
less, other compounds at high m/z for example oligopeptides 
and polysaccharides produced a higher number of fragments 
in EAD with respect to the applied CID conditions. Contra-
rily, only 36% of the selected features at lower m/z (up to 

500) presented additional fragmentation in EAD mode, as 
residual CID fragments stood out in those spectra.

One reason could be that the larger the ion size, the greater 
the available ion surface for colliding with electrons during 
EAD. A more compelling explanation relies on the mecha-
nisms of the two dissociations. In CID, commonly character-
ized as a thermal dissociation process, an initial activation 
step converts the translational energy of the accelerated ion 
into internal energy. This internal energy is then randomly 
distributed among all the vibrational modes of the ion, lead-
ing to bond cleavage, as per the quasi-equilibrium theory 
(QET) [88]. Given that the number of vibrational modes 
increases with molecular mass, maintaining the same colli-
sion energy can result in decreased ion yields, as some bonds 
may not acquire sufficient energy for cleavage [30]. In con-
trast, EAD involves a distinct activation process mediated by 
high-energy electrons. These electrons cause the excitation 
of the electronic states of the molecular ion, resulting in a 
different amount of acquired internal energy [44].

It can be speculated that the electronic excitation 
induced by EAD was effective in causing bond cleavage 
for most compounds at higher m/z compared to the increase 
in internal energy caused by the applied CID conditions in 
this study.

Fig. 2  Comparison of the formed fragments for the features of this 
study relative respectively to a the number of fragments formed for 
each compound (on a selection of 331 out of the final 823, formed 
in EAD (magenta) and CID (black) conditions); b their formal sub-

traction; c the number of fragments formed for the 823 compounds of 
this study obtained in EAD (magenta) and CID (black) conditions in 
m/z windows of 10 Da; and d the mean intensity of these fragments
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In a second step, all fragment ions formed for all the 832 
compounds were gathered without assignment to the related 
precursor ion and ordered according to their growing m/z 
value. The number of produced fragments in windows of 
10 m/z along the full acquisition range (50–1200 Da) and 
their intensity was then studied for the two fragmentation 
modes. Figure 2c shows that CID fragmentation led, for 
the compounds of this study, to a higher number of frag-
ments at low m/z value (up to m/z 200–250), while EAD 
produced, in absolute, fragments which well distributed in 
all the m/z range, highlighting the possibility to obtain addi-
tional peaks accounting for fine substructure assignment. 
As the ZenoTrap pulsing was used for both fragmentation 
modes, this difference should be attributed to the specific 
mechanisms of CID and EAD fragmentations for the type 
of compounds analyzed in our samples. Despite a gener-
ally higher number of fragments formed in DDA-EAD-MS 
mode, the mean intensity resulted much lower in the case 
of EAD (Fig. 2d), with most of the peaks falling near the 
limit of the background noise and reducing the overall con-
fidence for peak interpretation and structure annotation. On 
note, fragmentation spectra quality could be improved by 
increasing the reaction time or the accumulation time, at 
the expense of the number of acquired fragmentation events.

In conclusion, it is noteworthy that some of the fragments 
counted in the EAD spectra might originate from CID-type 
fragmentations due to the minimal collision energy (CE) 
set in the collision cell (10 eV). The differentiation between 
common and additional fragments was not considered in 
the construction of the previous graphs. This consideration 
would have demanded a meticulous examination and com-
parison of the CID and EAD spectra for each investigated 
compound. Therefore, the subsequent paragraph is dedicated 
to a more in-depth discussion of the additional fragments 
formed under EAD conditions for representative compounds 
from the principal molecular classes.

CID and EAD fragmentation pathways 
for the principal classes of compounds annotated 
in G. fossarum female extracts

To obtain more detailed information, EAD fragmentations 
were studied for single compounds in an attempt to confirm 
or improve the annotations performed through CID spectra. 
The most intense ion for the main molecular classes obtained 
in the MN was selected as case examples to discuss the frag-
mentation mechanisms.

G. fossarum extracts showed a high richness of PCs, with 
67 nodes constituting the obtained molecular family. Among 
these, the most intense ion at m/z 760.5826 corresponding to 
 [C42H82NO8P +  H]+ fragmented under CID by producing the 
two fragments at very low intensity at m/z 522.3539 and at 
m/z 496.3398, which corresponded to a PC 18:1_16:0. The 

EAD spectrum for this compound (Figure S7-a) presented 
the fragment ions at m/z 224.1056 and m/z 226.0838 which 
allowed excluding the presence of a sphingomyelin and the 
fragments at m/z 479.31 and 505.3295 which confirmed fatty 
acid positions and additional side chain radical fragmenta-
tions which enabled locating the double bond at the n-9 posi-
tion. Similarly, the EAD fragmentation spectra of selected 
PEs (PE 18:1_20:5 at m/z 764.5247), LPCs (LPC 18:1 at m/z 
522.3549), and LPEs (LPE 18:1 at m/z 480.3080) confirmed 
and improved structure assignment, highlighting the pres-
ence of n-6, n-8, and n-4-based lipids and enabling double 
bond position assignment even in the case of polyunsatu-
rated side chains, as shown in Figure S7-b, S7-c, and S7-d. 
For LPEs, fatty acid radical cleavages seemed to take place 
preferentially after the loss of a water molecule (fragment 
ion at m/z 462.2969 in Figure S7-b), as no fragments could 
be associated to a direct fragmentation of the protonated 
precursor ions. In general, for all the compounds belonging 
to these molecular classes, the EAD fragmentation spectra 
could easily be used to retrieve double bond position on the 
fatty acid chains, when BPI intensity resulted higher than 
5·103. Regarding double bond stereochemistry, attributions 
could not be confidently performed, even if peak intensity 
variation for radical and hydrogen losses concomitant to 
double bonds suggested a prevalence of cis configurations. 
The comparison with references is advised to obtain a more 
accurate insight into double bond configuration. For FAs, 
MGs, DGs, and TGs, EAD spectra presented intense frag-
ment peaks in common with the CID spectra (Figure S8) and 
additional radical cleavages of the acid fatty chains. These 
last enabled, in the case of the studied MG, to speculate on 
the presence of branched side chains and locate them. Even 
if the most intense DG and TG were selected, information 
on double bond localization or conformation could not be 
accessed because of the poor spectra quality and the pres-
ence of coeluted species.

For CARs, the compound at m/z 398.3265 correspond-
ing to  [C23H43NO4 +  H]+ was the O-acylcarnitine 16:1. 
The EAD fragmentation spectra showed in Fig. 3a showed 
a principal fragment arising from the loss of a radical acyl 
group from the protonated precursor ion. All the other 
additional fragments were likely formed from the concom-
itant radical cation at m/z 397.3186 and a [M −  H]+ ion at 
m/z 396.3105, present in the MS/MS spectrum together 
with the precursor ion. Moreover, additional fragments 
seemed to be generated by the formation of oligomers 
produced by the reaction among the formed radicals dur-
ing reaction time. As an example, the fragment ion at m/z 
338.9666 may be obtained as the combination of the acyl 
radical (44.99 Da) and other radical species formed during 
the EAD fragmentation. The EAD fragmentation spec-
trum did not show any pattern associable to successive 
cleavages of the side chain induced by radical losses and 
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therefore it was not possible to obtain additional informa-
tion on double bond localization or conformation. In the 
case of TAUs, the CID and EAD fragmentation spectra for 
the feature at m/z 390.2670 corresponding to the molecular 
formula  [C20H39NO4S +  H]+ were selected for discussion. 
The annotation on CID spectra was based on the presence 
of the diagnostic peak at m/z 126.0219  [C2H7NO3S +  H]+ 
corresponding to the protonated taurine head group and, 

in addition, on the release of the protonated alkyl chain 
with successive neutral loss of water. The corresponding 
EAD fragmentation was characterized by fragments cor-
responding to the cleavage of the sulfonic head group with 
the release of  OH▪ or  HSO3▪. More importantly, two addi-
tional fragments at m/z 182.0482 and m/z 167.0247, which 
were not present in the CID spectra, likely corresponded 
to the cleavage of the alkyl chain in the proximity of the 

Fig. 3  Mirrored EAD (magenta) and CID (black) fragmentation spec-
tra for the most intense a CAR, b TAU, c SL, and d carotenoid (asta-
xanthine) detected in G. fossarum extracts. For each compound, a 
proposition of structure performed on both CID and EAD spectra and 

fragment rationalization has been added. Panel a shows a zoom on 
concomitant peaks (m/z 397.3172 and m/z 396.3084) formed together 
with the precursor ion at m/z 398.3261. Spectra have been zoomed to 
reach equal intensity for both CID and EAD conditions
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double bond. Therefore, while the CID fragmentation 
allowed annotation as TAU 18:1, EAD spectra enabled 
a tentative localization of the unsaturation, as shown in 
Fig. 3b.

For SL, the ion at m/z 620.4909 corresponding to 
 [C34H69NO6S +  H]+ fragmented in CID conditions by 
forming the fragment at m/z 124.006 (taurine head group) 
and fragments corresponding to the releases of an acyl-sul-
fone (m/z 286.2741) and of an acyl-amide (m/z 352.2516), 
followed by water loss. Those main fragmentations were 
present also in the EAD spectrum, together with some 
additional fragments arising from the loss of the radical 
sulfone (m/z 539.5236), from the radical sulfone plus a 
radical hydroxy group (m/z 520.5032) and from this last 
species of a radical unsaturated alkyl chain (possible struc-
ture shown in Fig. 3c). The selected SL was tentatively 
annotated as sulfobacin A, which according to literature 
data contains two branched fatty acids. Fragment peaks 
observed in both CID and EAD spectra did not provide 
any information in this regard, preventing confirmation 
of the performed annotation. The proposed annotation for 
features 695 (Feature_list_Gfossarum) at m/z 597.3912 
and molecular formula  [C40H52O4 +  H]+ was astaxanthin. 
A confidence level 3 annotation was obtained for this com-
pound based on manual CID and EAD fragmentation mass 
spectra investigation. In fact, Fig. 3 shows that additional 
fragments in EAD were likely formed by radical cleavage 
of the unsaturated linear chain, strengthening the annota-
tion performed on the classic CID method. Nonetheless, 
many other EAD fragments could not be rationalized 
according to the mere structure of astaxanthin, leading 
to the possible presence of a different structural isomer.

Most of the metabolites formed EAD fragments which 
resulted in specular radical species of the CID ones, as 
shown in Figure S9 for porphyra-334, Se-methyl seleno-
neine, and riboflavin. Additional EAD fragments, when 
present, could be used to confirm CID-based annotations 
and obtain an insight into the peculiar functional group 
connection for metabolites. For example, the loss of a radi-
cal methyl group from the Se-methyl selenoneine parent 
ion, which was obtained exclusively in EAD conditions, 
helped confirm its bond with selenium (Figure S9-b). Nev-
ertheless, in some cases, EAD additional peaks could not 
be easily attributed on the basis of simple radical bond 
cleavages of the protonated precursor ion, as shown in Fig-
ure S9-c. The formation of these fragments was observed 
for metabolites containing carbonyl, carboxyl, or sulfonyl 
functional groups and it could be due to the combination 
of radical oxygen species released from the protonated pre-
cursor ion with other ionic/radical species, during reaction 
time or during their path within the instrument.

Importantly, EAD fragmentation for both metabolites and 
lipids was performed using a fixed kinetic energy of 10 eV, 

as the DDA-MS mode in EAD conditions does not allow at 
present to dynamically adapt the applied energy during the 
acquisition. Higher values of kinetic energy will be inves-
tigated in the future to obtain more informative compound 
fragmentation spectra. In the optic of a global compound 
annotation based on DDA-MS (EAD), we attempted to con-
firm and improve the CID annotations by comparing them 
with the EAD experimental spectra for each compound. 
EAD fragmentation spectra generally led to more confident 
structure annotations, in particular for lipids and in the case 
of metabolites for which a hypothesis of structure had been 
obtained through preliminary CID, while the full annotation 
of unknown species based on EAD remained very complex.

Towards the use of molecular networking 
based on DDA‑EAD‑MS conditions for the faster 
annotation of lipid species

Considering that lipid species fragment under EAD condi-
tions by delivering more informative spectra, we attempted 
the construction of molecular networking based on DDA-
EAD-MS analysis. A comparison of the molecular family 
obtained in CID and EAD conditions for the PCs detected 
in G. fossarum samples was performed. Text files contain-
ing fragmentation peaks and relative intensity were manually 
created by putting particular attention to the correspondence 
of m/z of the precursor ions, retention time, and assigned 
feature number for each feature, in the two conditions. The 
two molecular networking were then constructed by using 
the same parameters and compared as shown in Fig. 4. In 
order to highlight correlations or differences, annotation was 
performed manually according to their experimental CID and 
EAD spectra, and the corresponding features highlighted in 
different colors, by following the different positions in a 
particular zone of the EAD molecular networking. A visual 
inspection of Fig. 4 highlights that compounds are differently 
connected among them in the CID and the EAD-obtained 
molecular networking. In fact, in CID conditions, the only 
fragment present in all the fragmentation spectra of PCs was 
the ion at m/z 184.07, and node connections in CID MN were 
therefore created according to the intensity variation of this 
fragment. On the other hand, taking that the EAD fragmen-
tation spectra present additional fragments arising from the 
fatty acid cleavages, the corresponding MN resulted in more 
precise node connections to be used for PC description. In 
particular, while the two additional fragments at m/z 224.104 
and m/z 226.084 formed in EAD conditions and discriminant 
for PCs resulted not discriminant because they were present 
in all fragmentation spectra, PC clustering in EAD conditions 
seemed to be principally influenced by fragments formed by 
cleavage of the glycerol portion. Hence, PCs with C18:1 fatty 
acids clustered more tightly (pink nodes in Fig. 4) thanks to 
the presence of diagnostic fragments at m/z 465.322 and m/z 
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505.306. Manual assignment for each PC highlighted that 
PCs in the pink zone also presented a majority of double 
bonds in positions n-3 and n-9. However, it is not possible 
to determine if the prevalence of n-3 and n-9 bonds in the 
pink zone arose from the natural distribution of lipids in G. 
fossarum samples or because of the presence of common 
characteristic fragments and neutral losses.

For example, let’s compare two compounds grouped 
within the pink zone (m/z 760.584 annotated as PC 
18:1_16:0 (n-9), 0.6 ppm, and m/z 746.5692 annotated as PC 
18:1_15:0 (n-9), 1.6 ppm). In the event of a radical fragmen-
tation adjacent to an n-9 double bond on PC 18:1_16:0, a 
relatively intense fragment at m/z 661.4677  (C35H68NO8P•+) 
is expected, possibly due to electron stabilization through 
conjugation. Conversely, a similar fragmentation event on 
PC 18:1_15:0 results in a relatively intense fragment at m/z 
647.4521  (C34H66NO8P•+). In both cases, a common feature 
is the radical loss of 99.117 Da  (C7H15•).

Additionally, some fragments arising from cleavages in 
the side chains of the two PCs at different points can share 
the same m/z values, even though they may not necessar-
ily correspond to identical species (see Figure S10). These 
fragments can contribute to an increase in the final cosine 
score for a feature pair. The presence of PCs with different 
compositions in a particular zone may thus be explained 
by the existence of shared m/z values, even if they do not 
precisely reflect structural similarities.

Similar results were obtained for the yellow zone and 
the green zone in the EAD molecular networking, gather-
ing respectively PCs showing fragments thanks to the pres-
ence of diagnostic fragment at m/z 525.322, which led to 
the presence of C20 fatty acids with five unsaturation and a 
majority of double bond in position n-3, n-6, n-9, n-12 and 
n-15 and PCs with a predominance of C22 fatty acids and six 
unsaturations with a preferential double bond localization 
in positions n-3, n-6, n-9, n-12, n-15, and n-17 (fragment 
at m/z 551.337). Those results agree with previous shotgun 
lipidomics studies performed on G. fossarum organisms 
[65]. In any case, it was not possible to extrapolate, as an 
absolute, fragments that are in common among all PCs for 
a zone, and EAD clustering seemed to be a result of a com-
plex balance among common m/z values and neutral losses. 
However, manual annotation of nodes in the three zones 
of the EAD molecular family showed that somehow EAD 
MN succeeded in reaching a deeper level of clustering com-
pared to CID MN. Additional studies are highly needed for 
a better comprehension of clustering under EAD conditions. 
Moreover, the EAD molecular networking showed novel sin-
gle nodes, i.e., compounds which were disconnected from 
the rest of the molecular family. This disconnection with 
respect to the CID molecular family could be explained by 
the very low intensity of fragments indicative of double 
bond localization. It is worth noting that increasing spectra 
quality, for example, by increasing the reaction time or the 

Fig. 4  Molecular networking obtained for the molecular family of 
PCs found in G. fossarum samples in a CID and b EAD conditions. 
Compounds corresponding to a particular zone in the two representa-
tions have been evidenced with different colors. Each node shows the 

measured mass and the attribution performed manually on the basis 
of the a CID or b EAD spectra. Semi-quantitative analysis between 
C1 and D1 features as well as node size has been neglected
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accumulation time, should lead to improved connection on 
EAD-constructed MN.

Many attempts performed on the comparison of MNs in 
EAD and CID conditions for molecular families contain-
ing smaller molecules as metabolites or constructed for the 
full set of 823 selected features have led to inconclusive 
results. Nevertheless, MN constructed based on EAD frag-
mentation spectra showed to be a very promising tool for 
the aided annotation of lipids with respect to the classic MN 
constructed under CID conditions, even if some efforts need 
to be put into manual spectra assignment.

Conclusion

In the present study, we provided a comprehensive character-
ization of metabolites and lipids detected in entire organisms 
of G. fossarum females at two reproductive stages by using 
DDA-CID-MS and DDA-EAD-MS fragmentation condi-
tions. We started from a classic approach which enabled us 
to compile a list of 823 annotated features through molecular 
networking and t-SNE construction, database search, and 
manual interpretation based on CID spectra. G. fossarum 
analyzed extracts were confirmed to be very rich in lipids, 
containing many of the widespread classes such as PCs, PEs, 
CARs, and DGs, to name a few. These results agreed with 
previous studies carried out on G. fossarum lipidomics anal-
ysis [65, 89]. In addition, less expected lipids containing sul-
fur as TAUs, SL (sulfonolipids), and taurolithocholic acids 
were annotated, and two potential new classes of oxidated 
TAUs discovered. Many primary and exogenous metabolites 
were also detected in G. fossarum samples, for example, 
nucleosides, nucleotides, sugars, amino acids, proteins, chi-
tin residues, and molecules which probably have defensive 
effects as heavy metal chelators, UV filters, and scavenging 
activity. In future studies, extraction of G. fossarum whole 
organisms will be carried out using alternative solvents in 
order to possibly broaden the range of detected and studied 
compounds up to more complex structures.

In order to give more confidence to the annotations 
performed in the case of a non-model organism for which 
metabolites and lipids are still not fully elucidated, we con-
ducted a critical evaluation of the use of DDA-EAD-MS 
condition, as an alternative fragmentation mode. As a first 
example in the literature on the use of DDA-EAD-MS for 
comprehensive compound annotation, we first performed a 
critical study of the two acquisition modes by comparing 
the noise variation in function of the fragmentation spectra 
BPI in the two dissociation modes, the number of fragments 
generated in CID and EAD for each compound, and their 
variation in terms of number and intensity over the acquired 
m/z range. Moreover, we performed a specific comparison 
and rationalization of the CID and EAD fragmentation 

pathways for case compounds belonging to the principal 
molecular classes detected in G. fossarum extracts. EAD 
resulted in a general increase of the formed fragments at 
increasing precursor ion size and in the formation of a higher 
number of fragments well distributed over the full m/z range 
with respect to CID, which however led to fragments at an 
overall higher intensity. Deep investigation of the CID and 
EAD spectra confirmed EAD a better choice for the anno-
tation of “classic” lipids as PCs and PEs, as it gave access 
to quasi-complete structural characterization up to double 
bond position information. For most of the other investigated 
species, EAD spectra enabled us to confirm the annotations 
performed on the basis of CID and speculate on additional 
structural features, such as the presence of branched chains. 
On note, EAD failed to be more informative than CID for 
some species as carnitines or particular metabolites, and 
additional EAD fragments could not always be assigned 
to real radical cleavages but to the combination of multi-
ple radical species within the instrument. Finally, we built 
molecular networking for the phosphatidylcholines detected 
in the study using EAD fragmentation spectra and performed 
a comparison highlighting complex connections between 
nodes for phospholipids since more fragments are produced 
in positive ion mode under EAD. On the other hand, the 
attempts to compare MNs under CID and EAD, whether 
focused on molecular families with smaller metabolites or 
encompassing the entire set of 823 selected features, have 
yielded inconclusive results.

On another side, this study may suffer from some limita-
tions, for example, the impossibility of performing DDA-
EAD-MS using dynamic KE or KE spread for optimized 
compound fragmentation which introduced a bias for com-
parison with DDA-CID-MS performed with CE spread con-
ditions. Moreover, despite our efforts, the negative ionization 
mode could not be exploited, because of the unsatisfactory 
number of detected features in G. fossarum samples. The 
next investigations performed in our group will be dedicated 
to the exploration of this aspect, which is very poorly dis-
cussed in the published literature.

In conclusion, DDA-EAD-MS has been revealed as a 
powerful complementary tool to classic DDA-CID-MS to 
gain high-throughput information on features in complex 
biological samples. Importantly, the bottleneck of the use of 
EAD still lays on a one-to-one manual spectra interpretation, 
together with the lack of reference data in the public data-
bases and of complete studies delivering EAD fragmenta-
tion rules. We think that, in the future, further efforts should 
be made towards shared EAD fragmentation libraries and 
rules and towards the optimization of programs and tools for 
improved EAD-based compound annotation.
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