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Abstract

Species identification is pivotal in biodiversity assessments and proteomic finger-
printing by MALDI-TOF mass spectrometry has already been shown to reliably iden-
tify calanoid copepods to species level. However, MALDI-TOF data may contain more
information beyond mere species identification. In this study, we investigated dif-
ferent ontogenetic stages (copepodids C1-Cé females) of three co-occurring Calanus
species from the Arctic Fram Strait, which cannot be identified to species level based
on morphological characters alone. Differentiation of the three species based on mass
spectrometry data was without any error. In addition, a clear stage-specific signal was
detected in all species, supported by clustering approaches as well as machine learn-
ing using Random Forest. More complex mass spectra in later ontogenetic stages as
well as relative intensities of certain mass peaks were found as the main drivers of
stage distinction in these species. Through a dilution series, we were able to show that
this did not result from the higher amount of biomass that was used in tissue process-
ing of the larger stages. Finally, the data were tested in a simulation for applicationin a
real biodiversity assessment by using Random Forest for stage classification of speci-
mens absent from the training data. This resulted in a successful stage-identification
rate of almost 90%, making proteomic fingerprinting a promising tool to investigate
polewards shifts of Atlantic Calanus species and, in general, to assess stage compo-
sitions in biodiversity assessments of Calanoida, which can be notoriously difficult

using conventional identification methods.

KEYWORDS
Atlantification, Calanus, Fram strait, MALDI-TOF, ontogenetic stage, proteomic fingerprinting

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Molecular Ecology Resources published by John Wiley & Sons Ltd.

382 wileyonlinelibrary.com/journal/men

Mol Ecol Resour. 2023;23:382-395.


www.wileyonlinelibrary.com/journal/men
mailto:﻿
https://orcid.org/0000-0002-1187-346X
https://orcid.org/0000-0002-9517-3515
https://orcid.org/0000-0001-8002-0746
https://orcid.org/0000-0002-2658-445X
https://orcid.org/0000-0003-3273-7907
https://orcid.org/0000-0002-0891-1154
https://orcid.org/0000-0002-0941-8257
http://creativecommons.org/licenses/by/4.0/
mailto:sven.rossel@senckenberg.de
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1755-0998.13714&domain=pdf&date_stamp=2022-09-29

ROSSEL ET AL.

1 | INTRODUCTION

Species identification is crucial for biodiversity assessments.
Traditionally, these have been carried out by morphological iden-
tification of single specimens. However, taxonomical work requires
expert knowledge and is time-consuming when for example, dissec-
tion of body parts is required for species identification. Especially
in groups with enormous abundances such as planktonic calanoid
copepods, species identification can consume many working hours.
Usually, identification keys are based on adult characters only. As
an alternative to this taxonomic work, methods such as COI bar-
coding have been introduced for species identification (Hebert
et al, 2003). Using self-assessed or public reference libraries
like BOLD (Ratnasingham & Hebert, 2007) or GenBank (Benson
et al., 2012), genetic data can be used for identification without a
comprehensive, taxonomic knowledge. However, quantitative ge-
netic applications are costly. Moreover, it may be of interest to re-
ceive information beyond the level of mere species identification,
for example, to investigate population dynamics and cohort analysis
of natural communities (Laakmann et al., 2020). Genetic barcodes
such as COl are invariant through the life of the organism, thus hav-
ing the advantage of allowing species identification from the egg to
adult stage. A caveat is that no differentiation between ontogenetic
stages can be done.

Proteomic fingerprinting using matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry facilitates
species identification based mainly on peptide- and protein compo-
sitions of specimens (Singhal et al., 2015). Molecules are embedded
in a matrix solution to protect these from destruction by radia-
tion through a laser during analyte ionization (Singhal et al., 2015).
Molecule mass is measured by time-of-flight through a TOF tube
towards a detector, resulting in species-specific proteome finger-
prints. The method originates from microbiology where it is applied
for pathogen identification (Chen et al., 2021; Papagiannopoulou
et al., 2020; Tan et al., 2012; Van Driessche et al., 2019). However,
in metazoan identification it is still in its infancy. Nevertheless,
successful species identification of specimens has been achieved
from a large variety of taxonomic groups such as different crus-
taceans (Bode et al., 2017; Hynek et al., 2018; Kaiser et al., 2018;
Kirzel et al., 2022; Laakmann et al., 2013; Paulus et al., 2022;
Rossel et al., 2019; Rossel & Martinez Arbizu, 2018b, 2019), fish
(Maasz et al., 2017; Mazzeo et al., 2008; Rossel et al., 2020; Volta
et al., 2012), cnidarians (Holst et al., 2019; Korfhage et al., 2022),
molluscs (Hamlili, Thiam, et al., 2021; Wilke et al., 2020) and a large
variety of insects, preferentially those which are potential disease
vectors (Dieme et al., 2014; Hasnaoui et al., 2022; Loaiza et al., 2019;
Mathis et al., 2015; Nabet et al., 2021; Nebbak et al., 2017; Yssouf
etal.,, 2014).

Calanus species belong to the most important copepods with re-
gard to biomass and food-web dynamics in many parts of the North
Atlantic basins. However, identification to species level remains chal-

lenging despite its relevance. In Arctic Fram Strait, three species of
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Calanus co-occur, two “true-Arctic” species, C. hyperboreus Krgyer,
1838 and C. glacialis Jaschnov, 1955, and the boreal-Atlantic expatri-
ate, C. finmarchicus (Gunnerus, 1770) (Choquet et al., 2017).

While in C. hyperboreus copepodids of stage C4 and older are
easily identified by morphology and size (Brodskii et al., 1983), the
morphological identification of the congeneric species C. finmarchi-
cus and C. glacialis is problematic due to the absence of consistent
differences. A common method to distinguish C. finmarchicus from
C. glacialis is based on differences in prosome length. However, this
approach is inaccurate because the species overlap in body size
in areas, where they co-occur (Gabrielsen et al., 2012; Lindeque
et al.,, 2006; Trudnowska, Stemmann, et al., 2020; Weydmann &
Kwasniewski, 2008). They also show high size plasticity depend-
ing on environmental conditions (Trudnowska, Balazy, et al., 2020).
Recent comparisons of genetic and morphological identification indi-
cate that no morphological criterion can reliably distinguish between
C. glacialis and C. finmarchicus (Choquet et al., 2018). Yet, accurate
species identification is crucial considering the increasing northward
shift of boreal species due to climate change (Beaugrand et al., 2009;
Weydmann, Carstensen, et al., 2014), with a recent study indicating
the successful recruitment of C. finmarchicus in Fram Strait (Tarling
et al., 2022). A shift from generally larger and lipid-richer Arctic C.
hyperboreus and C. glacialis to boreal-Atlantic, smaller and less lipid-
rich C. finmarchicus has consequences for Arctic food-webs. For in-
stance, little auks (Alle alle [Linnaeus, 1758]) actively select larger
Arctic Calanus and even perform longer foraging trips to find their
preferred prey (Kwasniewski et al., 2010). Thus, accurate, reliable
and efficient species identification in order to monitor distribution
developments is essential.

In spite of pronounced morphological similarities, genetic iden-
tification of Calanus congeners is possible at any of the six naupliar
and six copepodid developmental stages with the use of a vari-
ety of different molecular tools (Choquet et al., 2018; Gabrielsen
et al., 2012; Hill et al., 2001; Lindeque et al., 2006; Weydmann
et al., 2017; Weydmann, Coelho, et al., 2014). Taking the above into
account, the best current method for the effective species and de-
velopmental stage identification of this genus seems to be using
conventional microscopy together with molecular markers, although
it remains laborious.

Previously, studies have been carried out on species identifi-
cation of Calanoida using MALDI-TOF MS and some authors men-
tioned specific clustering of different ontogenetic stages (Kaiser
et al., 2018; Laakmann et al., 2013; Riccardi et al., 2012). However,
these studies were carried out either as pilot studies to test the ap-
plication of proteomic fingerprinting for identification or in actual
biodiversity assessments. Thus, the existence of a stage-specific
signal in calanoid identification has not been investigated in more
detail. Because stage-level identification would add a further dimen-
sion of community composition in rapid biodiversity assessments, in
this study on Arctic Calanus species we aimed at (i) testing for the
existence of a stage-specific signal, and (ii) investigating the cause

of this signal.
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2 | MATERIALS AND METHODS
2.1 | Sampling

Specimens of Calanus finmarchicus, Calanus glacialis and Calanus
hyperboreus were obtained from two sampling sites during the ex-
pedition PS121 in August/September 2019 with the research ves-
sel Polarstern to Arctic Fram Strait. Station SV3 was located on the
eastern side of Fram Strait close to Svalbard under strong Atlantic in-
fluence of the West Spitsbergen Current (78°59.898N; 8°14.930E).
By contrast, station EG1 was on the western side of Fram Strait
close to the East Greenland shelf and influenced by the polar East
Greenland Current (78°58.854N; 5°21.639W). Both stations were
sampled from the sea surface down to bottom depth (900 and
1000 m) using a multiple opening and closing net equipped with five
nets (Hydrobios Multinet Midi, mouth opening 0.25 m?, mesh size
150pum). Immediately after the haul, the samples were preserved
in undenaturated ethanol (96%). Samples were stored for 2years at
0°C before measurements.

Specimens of the three Calanus species were sorted from the
ethanol-preserved samples by morphology using a dissecting mi-
croscope (Leica MZ12.5). For each sorted specimen, stage as well
as prosome and urosome length were noted and, based on its size
and sampling location, assigned to a species to allow a double check
with MALDI-TOF identification results (see Table 1 for species- and
stage-specific prosome lengths of sorted individuals). For C. hyper-
boreus, besides its much larger size, a protrusion at the prosome end
from copepodite stage 4 on was used for morphological discrimina-
tion. Copepodite stages were determined based on number of swim-
ming legs (P) and number of urosome (U) segments, that is, C1 has
two P, U with two segments; C2 with three P, U with two segments;
C3 with four P, U with two segments; C4 with five P, U with three
segments; C5 with five P, U with four segments; adult female with
five P, U with four segments, first segment of U with well-developed
genital somite. Each specimen was cut in half, that is, in an anterior
prosome and a posterior prosome including the urosome. Each half
was stored separately in an Eppendorf tube with absolute ethanol

for subsequent genetic and proteomic analyses.

2.2 | DNA barcoding

The posterior thoracic segments 2-5 in stages C4 to C6 females
(C6f) including the urosome, for the younger stages C1-3 approxi-
mately the posterior body half, were used for DNA extraction and

Prosome length (mm)

subsequent amplification of the COIl barcode fragment of three ran-
domly chosen specimens from each developmental stage (C1-Céf)
and suspected species.

Samples were incubated in 30l chelex (InstaGene Matrix, Bio-
Rad) for 50min at 56°C, followed by a denaturation of the enzymes
for 10 min at 96°C. Of the DNA extract, 2 pl were used as template
for the PCR in a volume of 20 pl with 10 pl Accu Start (2x PCR mas-
ter mix, Quantabio), 7.6 ul molecular grade water and 0.2 pl of each
primer (20 pmol/pl). For amplification of the COIl barcoding region,
Folmer primers LCO1490 and HCO2198 (Folmer et al., 1994) were
used for C. hyperboreus. Amplification was carried out with the fol-
lowing settings: initial step at 94°C for 5 min, denaturation step at
94°C for 455, annealing at 42°C for 45s, elongation at 72°C for 80s
and a final elongation for 7 min. Denaturation, annealing and elonga-
tion were carried out in 38 cycles. Amplification of the COI fragment
for C. finmarchicus and C. glacialis was done using Coxf and CoxR2
primers (Cheng et al., 2013). Cycler settings were: initial denatur-
ation at 94°C for 5 min, denaturation at 94°C for 30s, annealing at
44°Cfor 75s, elongation at 72°C for 60s and final elongation at 72°C
for 3 min. Denaturation, annealing and elongation were repeated 42
times. Purification and sequencing of the resulting PCR products
was carried out at Macrogen Europe, Amsterdam, Netherlands.

Resulting sequencing reads were assembled in Geneious R7
version 7.0.6. and checked for contamination (e.g., bacteria, fungi,
noncrustacean taxa) as well as for correct species-level identifica-
tion using the basic local alignment search tool (BLAST) (Altschul
et al.,, 1997) against GenBank.

2.3 | MALDI-TOF MS measurements

The anterior prosome body parts of 179 specimens were used for
MALDI-TOF MS measurements. Depending on size, these were incu-
bated in 3-30yl (in adults: 5 ul for C. finmarchicus, C. glacialis in 10 pl
and C. hyperboreus in 30pl) of a matrix solution covering the entire
specimen with some supernatant. The matrix contained a-Cyano-
4-hydroxycinnamic acid (HCCA) as a saturated solution in 50% ace-
tonitrile, 47.5% molecular grade water, and 2.5% trifluoroacetic acid.
After 5 min of incubation, 1.5 pl was transferred to a target plate
for cocrystallization of matrix and molecules. Subsequently, meas-
urements were carried out using a Microflex LT/SH System (Bruker
Daltonics). Employing the flexControl 3.4. (Bruker Daltonics) soft-
ware, molecule masses were measured from 2 to 20k Dalton (kDA).
A centroid peak detection algorithm was carried out for peak evalua-

tion by analysing the mass peak range from 2 to 20kDa. Furthermore,

TABLE 1 Prosome lengths [mm] of
Calanus copepodid stages C1 to females

Species C1 c2 C3 Cc4

C. finmarchicus 0.5-0.7 0.9-1.0 1.1-1.4 1.6-1.9
C. glacialis 0.8-1.0 1.2-1.6 1.8-2.1 2.3-3.0
C. hyperboreus - 1.5-1.7 2.3-2.8 3.5-3.9

c5 cof (C6f) from Fram Strait included in this
study

2.1-2.8 2.4-3.0

SI=EL.6 34-41

4.4-54 59-6.7
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peak evaluation was carried out by a signal-to-noise threshold of two
and a minimum intensity threshold of 600 with a peak resolution
higher than 400. To validate fuzzy control, the proteins/oligonucleo-
tide method was employed by maximal resolution of 10 times above
the threshold. To create a sum spectrum, a total of 160 laser shots
were applied to a spot. Each spot was measured three times.

2.4 | MALDI-TOF data processing

MALDI-TOF raw data were imported to R, version 4.1.0 (R Core
Team, 2022) and processed using R packages MALDIquantForeign,
version 0.12 (Gibb, 2015) and MALDIquant, version 1.20 (Gibb &
Strimmer, 2012). Spectra were square-root transformed, smoothed
using the Savitzky Golay method (Savitzky & Golay, 1964), baseline
corrected using the SNIP method (Ryan et al., 1988) and spectra
normalized using the TIC method. Repeated measurements were
averaged by using mean intensities. Peak picking was carried out
using a signal to noise ratio (SNR) of 12 and a half window size of
13. Mass peaks smaller than a SNR of 12 were, however, retained
if they occurred in other mass spectra as long as these were larger
than a SNR value of 1.75, which is assumed as a lower detection
limit. Repeated peak binning was carried out to align homologous
mass peaks. Resulting data was Hellinger transformed (Legendre &
Gallagher, 2001) and used for further analyses.

Hierarchical clustering was carried out in R using Ward's D and
Euclidean distances. Random Forest (RF) (Breimann, 2001) was car-
ried out using the R package randomForest, version 4.6.14 (Liaw &
Wiener, 2002). Settings were used according to Rossel and Martinez
Arbizu (2018a) (ntree = 2000, mtry = 35, sampsize = number of
specimens in the smallest class). Classifications were tested using
the RF post hoc test (Rossel & Martinez Arbizu, 2018a), function
rf.post.hoc in package RFtools version 0.0.3 (https://github.com/
pmartinezarbizu/RFtools). Classifications were tested for correct
class assignment based on empirical assignment probabilities of
the RF model. Specimens with correct RF classification and assign-
ment probabilities not deviating significantly (p <.05) from the em-
pirical distribution were considered true positive (tp) assignments.
Specimens with correct RF classification and significantly different
assignment probability were recorded as false positives (fp). If RF
classification was incorrect and the assignment probability for the
class a specimen was assigned to did not differ significantly, the
classification was recorded as true negative (tn). Considered as
false negatives (fn) were specimens assigned to the incorrect class
by RF but the assignment probability differed significantly from the
empirical distribution of the respective class. To test for significant
differences between stages, pairwise adonis of all species-stage
combinations was carried out using the R-package pairwiseAdonis,
version 0.4 (Martinez Arbizu, 2022) (https://github.com/pmartineza
rbizu/pairwiseAdonis).

The respective RF models, using either species or species and
stage as classes, were also used to find the most important variables
for differentiation of the groups using the Giniindex, which shows the
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degree of dissimilarity of the respective variables (Han et al., 2016).
T-distributed stochastic neighbour embedding (t-SNE) plots were
created using R package Rtsne version 0.15 (Krijthe, 2015) with the
following settings: perplexity = 15, max_iter = 4000 and theta = 0.

2.5 | Dilution series

To test the effect of decreasing amounts of biomass on the stage-
specific signal, a dilution series was carried out. The cephalosomes
of five adult specimens per species were prepared and measured as
described above. The amount of matrix used for the source speci-
mens depended on the size of the respective species. C. finmarchicus
cephalosome was incubated in 5 pl, C. glacialis in 10 ul and C. hyper-
boreus in 30l matrix solution. The remaining matrix solution was
then used to set up a dilution series with dilutions of 1:1, 1:2, 1:4, 1:8,
1:16, 1:32, 1:64 and 1:128 with further HCCA matrix.

3 | RESULTS

From all 179 specimens a mass spectrum was obtained. Based on
hierarchical clustering (Figure 1) and prior morphological staging of
copepodites, specimens were randomly chosen for DNA barcoding
to support species level identifications. In total, from 49 specimens
a DNA barcode with up to 792bp was obtained, supporting the
identifications as C. glacialis, C. hyperboreus and C. finmarchicus. This
is further supported by an RF classification model on species level
without any misclassifications within the model.

Calanus finmarchicus was collected mainly from station SV3 at
depths ranging from 0-50m (C1 and C2) and 50-100m (C3 to Céf).
However, a single adult female was found between 200-500m at
station EG1. The identification of this specimen was supported
based on proteomic fingerprinting and DNA barcoding. All C. gla-
cialis specimens were obtained from station EG1. In depths from
0-50m, all stages were found. From 50-200m stages C2 and C3
and from 200-500m only Cé females were identified. For C. hyper-
boreus, only stages from C2 to adult females were identified, which
were all found in 0-50m depth. Copepodids C2, C3 and Cé females
were also retrieved from 50-200m. The latter two were also col-
lected at depths from 200-500m.

Hierarchical clustering including all specimens resulted in dis-
tinct clusters for the three species (Figure 1) supporting the species-
specificity of the proteomic fingerprint. Using an RF model on
species level, none of the analysed specimens was misclassified.
However, five classifications were recognized by the post hoc test
as false positives (Table 2a). In addition, all species show a more or
less pronounced clustering by stages. In C. finmarchicus C1, C2 and
Cé6f specimens show strong stage-specific clustering with only two
C1 specimens clustering with C2 specimens (Figure 1). Copepodids
C3to C5 also cluster stage-specifically, but clustering of single spec-
imens with specimens from other stages happens more frequently.
The same is true for the different stages of C. hyperboreus and C.

85UB01 SUOWLWOD aA 181D 8|ded!|dde sy Aq peusenob ae sejolie VO ‘8sN JO S3|nJ 40y Akeiq18uluQ /8|1 UO (SUONIPUOD-PUR-SWB)AL0D A8 1M Alelg iUl |uoy//Sdny) SUONIPUOD pue swie | 8y 8es *[£202/0T/cZ] Uo Akeiqi]aulluo A8|IM ‘Imy Bunyosiosssies N *N -k(0d "o Insu| susBe peuy|v AQ ¥T/ET 8660-GSLT/TTTT OT/I0P/L0D A8 1M Aelq 1 jpuljuoy//:sdny woly pepeojumod ‘Z ‘€202 ‘8660SSLT


https://github.com/pmartinezarbizu/RFtools
https://github.com/pmartinezarbizu/RFtools
https://github.com/pmartinezarbizu/pairwiseAdonis
https://github.com/pmartinezarbizu/pairwiseAdonis

ROSSEL eT AL.

386 MOLECULAR ECOLOGY
WILEY - prmie——

_‘C. finmarchicus

Cc1

Cc2
C3

C4
C5

C6 female

‘ C. hyperboreus

. C. glacialis

}%}J

FIGURE 1 Hierarchical clustering of
copepodite stages C1-Cé6f of the three
Calanus species included in this study.
Species names indicate branches including
only specimens of the respective species.
Triangles indicate copepodite stages
included in a certain branch. Coloured
tips indicate the stage of the respective
specimen. The analysis supports a clear
species-specific signal and illustrates
similarity of certain copepodite stages
within a species. Black bars indicate
specimens analysed using DNA barcoding.

glacialis. In both species, stages tend to cluster into stage-specific groups for the species and, within these, clear separations for the
clusters. However, variability is more pronounced compared to C1, respective copepodite stages (Figure 2a). This also depicts the more
C2 and Céf in C. finmarchicus (Figure 1). Species and stage differ- pronounced differentiation of C. finmarchicus C1 and C2 speci-
entiation is also emphasized by a t-SNE analysis, showing distinct mens compared to the remaining stages. Pairwise adonis between
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TABLE 2 Classification errors within Random Forest (RF) models generated in this study and classification error of classification tests. In
classification tests, one specimen was taken out of the model and classified using the remaining specimens. (a) Species level model without

stages assigned within the classification test. (b) Species-stage level model and classification test. (c) Model containing only adult specimens
and test of classification of juvenile specimens. (d) Model containing only juvenile specimens and test of classification of adult specimens

(a)

Within RF model RF classification Post hoc test
n n n
Species Stage n specimens misassigned Class error correct incorrect ntp nfp nfn ntn
C. finmarchicus Not assigned 61 0 0 61 0 57 4 0 0
C. glacialis Not assigned 69 0 0 69 0 67 0 0
C. hyperboreus Not assigned 49 0 0 49 0 45 4 0 0
Total 179 0 179 0 169 10 0 0
(b)
Within RF model RF classification Post hoc test
Species Stage n specimens n misassigned  Class error ncorrect nincorrect ntp n fp nfn ntn
C. finmarchicus Cc1 10 1 0.10 9 1 9 0 0 1
C. finmarchicus Cc2 10 1 0.10 9 1 8 1 1 0
C. finmarchicus C3 10 1 0.10 9 1 9 0 1 0
C. finmarchicus C4 10 2 0.20 8 2 7 1 1 1
C. finmarchicus C5 10 3 0.30 7 3 6 1 0 3
C. finmarchicus Cé6f 11 0 0.00 11 0 10 1 0 0
C. glacialis Cc1 13 0 0.00 13 0 13 0 0 0
C. glacialis C2 11 1 0.09 10 1 9 1 0 1
C. glacialis C3 14 1 0.01 13 1 12 1 0 1
C. glacialis C4 11 0 0.00 11 0 11 0 0 0
C. glacialis C5 8 1 0.13 7 1 6 1 1 0
C. glacialis Céf 12 0 0.00 12 0 10 2 0 0
C. hyperboreus Cc2 8 0 0.00 8 0 8 0 0 0
C. hyperboreus @3 11 3 0.27 8 3 7 1 1 2
C. hyperboreus Cc4 10 1 0.10 8 2 7 1 1 1
C. hyperboreus C5 10 2 0.20 8 2 8 0 1 1
C. hyperboreus Co6f 10 2 0.20 9 1 8 1 0 1
Total 179 19 160 19 148 12 7 12
()
Model containing only Classification of
adult specimens Within RF model juvenile specimens Post-hoc test
Species Stage n specimens nmisassigned  Class error ncorrect nincorrect ntp nfp nfn ntn
C. finmarchicus Adult 11 0 0 50 0 30 20 0 0
C. glacialis Adult 12 0 0 56 1 5 51 3 0
C. hyperboreus Adult 10 0 0 36 3 21 15 0 0
Total 33 0 142 4 56 86 3 0
(d)
Model containing only Classification of adult
juvenile specimens Within RF model specimens Post-hoc test
Species Stage n specimens n misassigned  Class error ncorrect nincorrect ntp nfp nfn ntn
C. finmarchicus Juvenile 50 0 0 11 0 10 1 0 0
C. glacialis Juvenile 57 0 0 12 0 8 4 0 0
C. hyperboreus Juvenile 39 0 0 10 0 10 0 0 0
Total 146 0 88 0 33 0 0 0
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FIGURE 2 (a) t-SNE plot of the Calanus specimens included in this study, shape-coded by species and colour-coded by stage. (b) Number
of peaks per species and stage. (c) Relative intensities of the five most important mass peaks for classification using Rrandom Forest
displayed by species and stage. Colour coding in all images according to the legend in the bottom left side.

all species-stage combinations shows significant differences (p-
value <.01) for all pairs, supporting differentiation of ontogenetic
stages based on protein mass spectra.

A RF classification model using stages by species as classes re-
sults in model-class errors ranging from 0 to 0.3 (Table 2b). In C. gla-
cialis all specimens were classified as the correct copepodite stage
within the model except for one individual of stages C2, C3 and
C5 each. In C. finmarchicus, no misclassification was found for the
adult specimens; in C1 to C3 one specimen each was misclassified.
Moreover, two specimens in C4 and three in C5 showed ambiguous
signals. In C. hyperboreus, no misclassifications were found for C2
specimens. However, for the remaining stages between one to three
specimens each showed ambiguous classifications within the model.

In a classification test, single specimens were removed from
the RF training data set and subsequently classified using the clas-
sification model. On stage level, the classification test resulted in
correct stage classifications for the vast majority. In total, of 179
specimens, 160 (89.4%) were staged correctly. Of the 19 misclas-
sified specimens, seven are considered false negatives. Thus, their
misclassification would have been recognized. The classifications
of the remaining 12 specimens were considered correct by the post
hoc test, making these unrecognized misclassifications (Table 2b).
Twelve correctly classified specimens were considered false pos-
itives by the post hoc test. None of the specimens were assigned
to a different species but only to a different stage. The majority of

these stage misclassifications occurred for neighbouring classes.
Only one C. finmarchicus C3 was classified as a C5 specimen. Of 61
C. finmarchicus specimens eight (13.1%) were misassigned, of 49 C.
hyperboreus eight (16.3%) were misassigned and for C. glacialis, of 69
specimens only two (2.9%) were misclassified. It must be noted that
the training dataset was smallest for C. hyperboreus.

The classification approach mentioned above with a complete
reference library showed high correct classification rates. However,
comprehensive libraries are not always available. Thus, we tested
the classification success in the absence of either adult or juvenile
specimens.

Using a reference library including only adult specimens, the suc-
cess rate was still very high. Of 145 classified specimens, four (2.8%)
were classified as another species. However, only 56 were recog-
nized by the post hoc test as true positives (Table 2c). The smaller
the developmental stage of the classified specimen, the more likely
it was to be recognized as false positive by the post hoc test with
lower p-values. Conversely, including only C1-C5 specimens in the
RF model resulted in successful classification of all adult specimens
in the data set. Of these, five specimens were assigned by the post
hoc test as false positives with p <.01 (Table 2d).

First differences among mass spectra of the different copepo-
dite stages are apparent, when looking at the raw spectra of the
different stages (Figure 3). With increasing ontogenetic stages,
dominant mass peaks of sizes larger than m/z 10,000 are becoming

35UBD| 7 SUOWILLIOD A1) 3ol [dde ayy Ag pausenob afe sappiiie YO ‘8SNn JO S3|NJ 10} Akeiq 1T aUlUQ AS|IM UO (SUO R IPUOD-PUR-SWLLBIW0D AS [IM° Aeld 1 pUUO//SdNY) SUORIPUOD pUe SWI | 3Y) 39S *[£202/0T/c2] Uo ARig1TauluQ A|IM ‘IMy Bunyosiojsaisa N N -fejod ' IMnsu| JausBa poly|v Ad ¥ T.ET'8660-GS.T/TTTT OT/I0p/Wod" A3 | IM Afeiq 1jpuljuo//Sdny wouy papeojumoq ‘Z ‘€202 '8660SS.T



ROSSEL ET AL.

Intensity

MOLECULAR ECOLOGY

Wi LEYM

=3 S c1 ) .
g S . . C. finmarchicus
R \ N c2
§ C3
g \ g « [ C glacialis
g g
§ cs
S
c6 C. hyperboreus
o P female
o o
g v O e L] .
o o
N ~N
o
g . g
3 8 ]
o o
o o
S S
(=] o o
o
g 8
(=] M
S A Y
: 0. H . 4
o o
8 2
8 \ ~ ~
(=3
o = =4
S IS 5]
o o
- -
o o o
(=]
8 S 3 y |
o / \ (= o & -
o o ~N
~N ! Ll /
g
o Q 8
g p N g
S ] S
o
S
o o o
o o
o o o
o o (=)
o~ o o
- g m
o
8 8 3
8 § &
o o 1=
: WO g :
S S
(=] o o
o
8 =S
(=] (=]
o L3}
™M
o
g g g
Q S ]
N o
o
o o
S o
g Y g
o o o
5000 10000 15000 20000 5000 10000 15000 20000 5000 10000 15000 20000

mass /charge (m/z)

FIGURE 3 Raw mass spectra from all copepodite stages of the investigated three Calanus species. Displayed mass spectra are averaged
from all specimens of the respective species and stage. In all species dominant peaks of larger molecules (>m/z 10,000) show decreasing
relative intensities with increasing ontogenetic stages (arrowed in C. finmarchicus).

smaller in relation to the remaining signal (Figure 3 arrowed). This
remains true for all three investigated species. However, regarding
the most important mass peaks for stage differentiation (Figure 2c),
as retained from RF analyses, among the five most important peaks
for stage classification almost no peak larger than m/z 10,000 was
found. Only in C. finmarchicus the 13,404 peak was identified as the

decisive peak, which showed decreasing relative intensity with in-
creasing developmental stages (Figure 2c). From the RF model, im-
portant peaks for stage classification were present in most stages
rather than being present in a single stage. Older stages of all species
generally showed more peaks (Figure 2b) but at the same time de-
creasing intensities of the important classification peaks (Figure 2c).
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Thus, relative intensities seem to be important for discrimination
and the differences among copepodite stages may be attributable to
increasing mass spectra complexity with the ontogenetic stage and
partly to the relative intensities of some larger molecules.

Even though the results rather point at relative intensities being
responsible for stage discrimination in RF classification, still an effect
of less biomass resulting in less overall mass peaks and subsequently
in stage distinction needs to be excluded. Thus, using a dilution se-
ries of material taken from additional adult specimens, the influence
of the amount of biomass on mass spectra was tested. However, di-
lutions of up to 1:128 of the original concentration did not result in
patterns, as they were found in mass spectra from smaller ontoge-
netic stages (Figure 4). Also in clustering approaches, t-SNE plots
(Figure 5a) or RF models and classification tests, these were not
more likely to be assigned to smaller stages. At least for C. finmar-
chicus and C. hyperboreus, dilution of matrix:tissue ratio resulted in a
decreasing number of peaks (Figure 5b) making the amount of peaks
comparable to smaller ontogenetic stages. However, this did not re-
sult in making C6f mass spectra more similar to those obtained from

smaller ontogenetic stages. This is also emphasized by Euclidean

C. glacialis

C. finmarchicus

distances of the different stages and dilutions to C1 (C2 in C. hyper-
boreus) (Figure 5c). In all species, Euclidean distances of mass spectra
from different stages increased with each stage. The distances fur-
ther increased to mass spectra obtained from diluted samples, even
though the number of peaks became more similar to mass spectra
obtained from smaller stages (compare Figure 2b and Figure 5b).

4 | DISCUSSION

Applying three Calanus congeners as model cases, we showed
that species identification by proteomic fingerprinting is stable in
Calanoida over all ontogenetic stages despite increasing complexity
of proteomic profiles during development. Species identification ac-
curacy was 100%, similar to high success rates shown by other stud-
ies on Calanoida (Bode et al., 2017; Kaiser et al., 2018; Laakmann
et al., 2013). With a success rate of almost 90%, the RF model as-
signed specimens even to their ontogenetic stages with misassign-
ments mainly occurring between neighbouring ontogenetic stages.

In an actual application, based on post hoc test results, classifications

C. hyperboreus
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FIGURE 4 Peaks and the respective
relative intensities shown for the three
Calanus species separately by stage
and dilution. Sources are mass spectra
from protein extracts that have not

been diluted. From these, dilutions were
produced. In all species, the number

of peaks is increasing from younger to

older stages. In diluted measurements,
the number of peaks is reduced, but the
spectra do not resemble the younger
stages. As evidenced in Figure 5a spectra
derived from dilution of Céf are still

clearly separated from other stages in
ordination space
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FIGURE 5 (a) tSNE-plots of the dilution experiments with the three Calanus species. Displayed in dark green are mass spectra retained
from different dilutions of material taken from Cé female specimens. These mass spectra still are more similar to other adult specimens
rather than to juvenile stages. (b) Number of peaks of mass spectra from diluted samples. Undiluted samples are displayed in light green.
Diluted samples are represented in dark green. (c) Euclidean distances of the mass spectra from different stages and dilutions to mass
spectra from C1 specimens for C. finmarchicus and C. glacialis and from C2 individuals for C. hyperboreus.

of 148 specimens (82.68%) would be accepted (tp); for 19 specimens
(fp and fn) the test would recommend a (morphological) reinvesti-
gation of the specimens. Correct morphological staging of these
specimens would then add up the total correct stage classification

of 167 specimens (93.30%). Only 12 (6.70%) misclassifications would

remain undiscovered.

Reliable morphological species identification is, specifically in
zooplankton, often restricted to adult stages. For application of
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proteomic fingerprinting in monitoring or field studies it would be
highly beneficial, if species identification of juveniles could be done
based on an adult reference library only. For all three Calanus species
it was possible to identify most juvenile specimens using the adult
reference library; however, with lower success regarding the post
hoc test for the RF classification. Conversely, adult specimens were
reliably identified using a juvenile-based library. This, as well as the
increasing number of peaks in later developmental stages, implies
that major components of the proteomic fingerprint are acquired
already in early stages, but some peaks are only found in later de-
velopmental stages. Observed differences in the proteome among
ontogenetic stages in other calanoid copepod species were, similar
to our findings, always smaller than interspecific differences (Kaiser
et al., 2018; Laakmann et al., 2013).

Differences among stages were found in proteomic spectra of
different arthropod species, albeit to varying degrees. While nymphal
and adult stages of the insect Heteroptera Cimex hirundinis (Lamarck,
1816) differed distinctly, still several major homologous peaks were
detected in both stages with more complexity in adult patterns
(Hamlili, Bérenger, et al., 2021). Similar differences between nymphal
and adult stages were observed for the acarid Ixodes ricinus (Linnaeus,
1758) (Karger et al., 2019). Proteomic spectra of phlebotomine sand
fly larvae were distinguishable at the species level and quite stable
(Halada et al., 2018), contrasting the distinct differences we observed
among copepodite stages in Calanus. However, after metamorpho-
sis, spectra of adult sand flies strongly changed with more peaks
being expressed. This fundamental change has also been observed
for other holometabolous insects, for example, ceratopogonid and
culicid larvae, which showed only a small number of identical peaks
between adult and larvae (Steinmann et al., 2013). Therefore, larvae
were not identified in their approach as the respective adults of the
species from the reference library. Overall changes in the proteomic
fingerprint observed in Calanus species were less pronounced than in
these insects. Because juvenile and adult pelagic copepods share the
same habitat and do not undergo such drastic morphological changes,
a more uniform proteome composition can be expected. Although
nauplii stages of Calanus were not considered in the present study,
Laakmann et al. (2013) demonstrated the stability of species identifi-
cation based on proteomic spectra even when nauplii were included.

In contrast to genetic markers, proteomic spectra are more vari-
able and influenced by the environment, reflecting physiological re-
sponses (Karger et al., 2019). We observed several well-expressed
peaks in the later copepodite stages (which remained abundant also
in diluted samples) that are completely missing in younger stages,
for example, in copepodids C1 and C2. This is most likely a conse-
quence of severe physiological changes with a certain stage. Drastic
changes in the expression of genes with changing copepodite stages
have been observed for several processes such as lipid biosynthe-
sis (Lenz et al., 2014). This may be also the reason for the observed
misclassification between stages. These misclassified specimens
may have been in an intermoult condition, in which the specimens
would be physiologically advanced, but still showing the exoskele-
ton of a previous stage. Based on the m/z values only, it remains,

however, pure speculation, which processes are behind the ob-
served patterns. It cannot be ruled out with certainty that external
factors could also have caused changes in the composition and pat-
terns of proteomic spectra. To date, there is no information about
mass spectra variability of marine species based on their distribution
range and environmental conditions. Mass spectra variability due
to different ontogenetic stages may also be affected by abiotic or
ecological differences such as varying temperatures, salinities or
feeding regimes. This may not only be relevant for stage separation
but also for the general composition of the library. Caution needs
to be taken when applying proteomic fingerprinting for the identi-
fication of widely distributed species. Reference libraries may need
updates from different investigated regions of the species” distribu-
tion range. Otherwise, similar to the identification of juveniles based
on an adult-specimen reference library, problems may occur either
with classification or at least with classification supported by a post
hoc test, because the reference library may not cover the full mass
spectra variability of a widely distributed species.

However, if stage specificity of proteomic profiles as observed
here is confirmed to be universal also; for example, in controlled
experiments, this would be an extreme advantage of MALDI-TOF
analyses in monitoring applications. While in a morphological as-
sessment, staging of Calanus specimens would be possible, species
identification would hardly be possible due to the lack of taxonomic
features throughout the younger developmental stages (Laakmann
et al.,, 2020). Thus, a rapid biodiversity assessment using pro-
teome fingerprinting would be superior to a mere morphological or
molecular-genetic approach, since the identification of the develop-
mental stage as well as the species could be performed in only one
analytical step and provide supplementary information on the re-
cruitment processes and generations of investigated copepod popu-
lations. Compared to the MALDI-TOF MS, the alternative approach
on morphological staging and genetic barcoding is less cost-effective
and more time consuming (Kaiser et al., 2018; Rossel et al., 2019).

Costs of consumables for proteomic fingerprinting range between
€0.02 to €0.75 per specimen (depending on amount of matrix used),
compared to at least €5.65 for DNA barcoding (Rossel et al., 2019;
see the Supporting Information material of the study for a detailed
list of the costs). Those calculations did not include labour costs and
general laboratory equipment such as thermocyclers for barcoding
or the mass spectrometer for proteomic fingerprinting. In a study on
expenses for microbiological identifications including labour, costs
were summed up to $61.39 for molecular sequencing and $6.44 for
MALDI-TOF MS identifications (Tran et al., 2015). The major bottle-
neck of MALDI-TOF MS is instrument accessibility. Prices are high
and therefore instruments are not acquirable for everyone. Still, due
to its low costs for consumables it is said that instrument costs offset
after a few years of usage (Tran et al., 2015). Costs for application of
MALDI-TOF MS are mainly influenced by the amount of HCCA ma-
trix for specimen preparation. Specimens in the present study were
rather large, and thus a comparably higher volume of matrix was used,
increasing costs. These could be lowered by using smaller body parts
and less HCCA matrix. In the present study, conditions for all species
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were kept as similar as possible by using the complete prosome body
part for measurements. This may not be necessary as smaller parts
can be suitable as well. For instance, using only legs of analysed spec-
imens for instance was shown to work well in other species such as
deep-sea isopods to differentiate between specimens of a cryptic-
species complex (Kirzel et al., 2022; Paulus et al., 2022).

In a further approach it could be investigated, if even more
power lies in proteomic fingerprinting for community assessments.
Rossel and Martinez Arbizu (2019) reported about the discrimina-
tion of adult harpacticoid copepods between sexes in some species.
Including this in future assessments would increase the resolution
accomplished using mass spectrometry even more.
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