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Recently, MALDI-TOF mass spectrometry has been used to reliably identify taxonomically difficult harpacticoid copepods from sediment samples. In agreement with former studies, a negative impact of short storage periods was stated. Other studies reported inferior mass spectra quality from samples fixated in varying ethanol concentrations. Therefore, sediment samples from a mudflat sampling site in the North Sea were stored under different temperature conditions to explore possible storage effects. Samples were fixated with either 70 or 100% ethanol and specimens were measured using MALDI-TOF mass spectrometry after 1, 2, 3, 5, 7, and 12 weeks. The changes in number of peaks per species and the ability to identify specimens based on mass spectra were analyzed quality measurements. We show that storage temperature had a major impact on data quality, as for some species a loss of up to 50% of mass peaks and an increase of failed measurements to over 70% was observed. However, the effect of different ethanol concentrations on data quality was negligible. Concluding from these results, storage of metazoan samples in general and, particularly, of sediment samples at low temperatures of around −25°C is recommended to receive high-quality mass spectra for specimen identification.
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INTRODUCTION

Due to their small size, enormous abundances, and high diversity (Coull et al., 1977), species identification of harpacticoid copepods is very difficult and time-consuming. Nonetheless, assessing species compositions for certain areas in ecological studies (e.g., Gollner et al., 2010; George et al., 2014; Plum et al., 2015; Schmidt and Martínez Arbizu, 2015) is very important and identifications are still mostly carried out by morphology only. Most studies do not focus only on single sampling sites but on various sites with several sample replicates. Thus, they demand the identification of several 1,000 specimens and a rapid and reliable, yet cost-efficient, species identification method would be a great advantage for meiofaunal research.

Over the last decades, DNA barcoding, using a fragment of cytochrome c oxidase subunit I (COI) was introduced (Hebert et al., 2003a,b) and found wide application for specimen identification. Large public data repositories were established and deposited data was used in different studies from all over the world (e.g., Kress et al., 2015). Hence, COI-barcoding has become one of the most important methods for species identification. However, it requires several processing steps and taxa-specific primers for DNA amplification, resulting in high costs between 5 and 15 Euro per specimen. Furthermore, COI-barcoding is relatively time-consuming with several days to weeks from DNA extraction to a final identification.

Because of high costs per specimen, studies using specimen-by-specimen barcoding remain an exception in meiofauna biodiversity assemblies. If applied, often only voucher specimens of morphospecies are analyzed (e.g., Avó et al., 2017). In fact, identification of only voucher specimens by barcoding may largely underestimate true diversity. Tang et al. (2012) for instance, showed molecular markers like COI reveal higher diversity than assessed by morphology. This is also emphasized by findings of Fontaneto et al. (2009), describing extreme cryptic diversity in microscopic rotifers, indicating the need to identify all assessed specimens.

Metabarcoding is a cheap alternative to COI-barcoding and has become of increasing interest and use in biodiversity research (e.g., Taberlet et al., 2012; Yu et al., 2012; Leray and Knowlton, 2015). Samples are analyzed sample wise and several can be processed and sequenced simultaneously. Furthermore, it benefits from data provided in public repositories by former barcoding studies. However, metabarcoding, yet, only produces qualitative data, while for many questions, quantitative data is desirable.

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), on the other hand, provides a reliable and fast alternative for specimen-by-specimen identification. Based on a so-called proteome fingerprint, this technique is commonly used in species identification for fungi (e.g., Chalupová et al., 2014), viruses (e.g., La Scola et al., 2010), and bacteria (e.g., Singhal et al., 2015). For several groups of metazoans like insects (Feltens et al., 2010; Kaufmann et al., 2011b), fish (Volta et al., 2012), or calanoid copepods (Riccardi et al., 2012; Laakmann et al., 2013), pilot studies showed the successful use of this method. Furthermore, Bode et al. (2017) and Kaufmann et al. (2011a) already demonstrated its usability in field studies. Advantages of this technique are species-level identifications on the day of measurement and the low expenses of < 50 €-cent per sample. Hence, it allows comprehensive specimen-by-specimen identifications for entire studies with several 100 specimens.

Recently, the first study confirming the successful application of MALDI-TOF for species identifications of tiny harpacticoid copepods from sediment samples was carried out (Rossel and Martínez Arbizu, 2018). However, alongside former studies on Metazoa (Karger et al., 2012; Dieme et al., 2014; Yssouf et al., 2014; Mathis et al., 2015), authors reported a possible impact of short storage periods at room temperature, as the number of peaks between groups from different fixation methods differed strongly. Furthermore, Dvorak et al. (2014) suggested an effect of different ethanol concentrations on resulting mass spectra quality.

To investigate the impact of fixation and storage on protein mass spectra, we carried out the hitherto largest MALDI-TOF MS study on metazoans. Within a period of 3 months, over 2,000 specimens of 10 different copepod species from sediment samples were analyzed, in order to answer the following questions: (A) Does the storage temperature of sediment samples have an impact on the number of peaks? (B) Do different ethanol concentrations have an influence on mass spectra quality?

MATERIALS AND METHODS

Sampling, Sample Storage, and Processing

Mudflat sediment samples were taken from the littoral on 18th July 2016 by bucket at N53°30′32.76″ and E8°7′26.687″, in proximity to the processing site at the laboratory, preventing any impact of transport or some hours of uncontrolled storage. Fresh material was measured prior to and after centrifugation to confirm the widely used extraction by density-gravity-centrifugation (McIntyre and Warwick, 1984) had no impact on spectra quality.

Samples for analyses were stored in kautex jars filled with 50% sediments and 50% ethanol. To eliminate residual water content, ethanol was exchanged with fresh ethanol at the correspondent concentration after 24 h storage under respective conditions (−25°C or RT).

To evaluate a possible storage effect, three different storage approaches were tested: (i) Fixation with 70% ethanol and storage for up to 12 weeks at room temperature (RT) (ii) Fixation with 70% ethanol and storage for up to 12 weeks at −25°C and (iii) Fixation with absolute ethanol and storage for up to 12 weeks at −25°C.

For all treatments, six samples per approach were stored and one sample measured respectively after 1, 2, 3, 5, 7, and 12 weeks. In the respective weeks, samples were sieved through a 40 μm sieve and density-gravity-centrifuged. All samples were sorted on ice.

Species Selection

The most abundant species from the samples were used for analyses. These were: Microarthridion fallax (Perkins, 1956), Microarthridion littorale (Poppe, 1881), Enhydrosoma propinquum (Brady, 1880), and Harpacticus flexus (Brady and Robertson, 1873), which were easily identifiable at the dissecting microscope for the library. Specimens from the family Ectinosomatidae were chosen randomly and species delimitation was supported using DNA barcoding.

Species Excluded From Examination

Ectinosomatidae spec. 2–6 and H. flexus were excluded from further examination of recorded peak numbers because too few specimens for statistical relevant analyses were measured. Data and figures on these species can be accessed in the supplementary Material (Supplementary Figures 1, 2; Supplementary Table 1).

Specimen Processing For MALDI-TOF MS

Individual specimens were sorted and separated into 1.5 ml Eppendorf microcentrifuge tubes with up to 0.5 μl ethanol. Before preparation, ethanol was evaporated at room temperature and evaporation checked for each specimen at a dissecting microscope. Individuals were incubated in 4 μl matrix solution, containing α-Cyano-4-hydroxycinnamic acid (HCCA) as a saturated solution in 50% acetonitrile, 47.5% LC-MS grade water, and 2.5% trifluoroacetic acid. After 5 min the solution was applied to a spot on a target plate. Up to 24 specimens were prepared simultaneously.

Protein mass spectra were measured from 2 to 20k Dalton on a Microflex LT/SH System (Bruker Daltonics) using method MBTAutoX 50-60. Mass peak range between 2 and 10k Dalton was analyzed using a centroid peak detection algorithm, a signal to noise threshold of 2 and a minimum intensity threshold of 600, with a peak resolution higher than 400 for mass spectra evaluation. Proteins/Oligonucleotide method was employed for fuzzy control with a maximal resolution 10 times above the threshold. For a sum spectrum, 240 satisfactory shots were summed up.

DNA Barcoding of Selected Species

In order to support species identification of selected species (Table 1), we amplified a COI gene fragment using a selection of primers (Table 2) and obtained mass spectra from the same individual specimens. Only a potential nuclear mitochondrial pseudogene was amplified for M. littorale. The species was therefore not included in further genetic analyses. No specimen of Ectinosomatidae spec. 6 for DNA extraction was available.


Table 1. List of specimens for which DNA was extracted with primers and GenBank Accession numbers.
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Table 2. Primers used for amplification of partial COI with sequence and reference.
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After morphological identification, animals were cut into prosome and urosome body portions. The prosome of a single specimen was incubated in 2 μl HCCA and further processed for MALDI-TOF MS as stated above. The remaining urosome was used for DNA extraction in 20 μl of InstaGene matrix (Bio-Rad Laboratories, Munich, Germany) in a vapo.protect Mastercycler pro S (Eppendorf, Hamburg, Germany). Cycler settings were 56°C for 50 min and 96°C for 10 min.

Mitochondrial COI fragments were amplified using a vapo.protect Mastercycler pro S using AccuStart II PCR ToughMix (QuantaBio, Beverly, Massachusetts, USA). The amount of employed DNA ranged between 2 and 5 μl in a reaction amount of 20 μl containing 10 μl AccuStart II PCR ToughMix and 0.2 μl of primers (20 pmol/μl). It was filled up to the final reaction volume with molecular grade water. Cycler settings for amplification were the following: an initial step at 94°C for 5 min, a denaturation step at 94°C for 45 s, annealing at 45°C for 75 s, and elongation at 72°C for 75 s. After 40 repeats of the latter three steps, final elongation was carried out for 4 min at 72°C.

Negative control samples were used in all amplification runs. Of the PCR product, 2 μl were used to verify size conformity by electrophoresis in a 1% agarose gel stained with GelRED™ using commercial DNA size standards.

PCR products were purified and sequenced at a contract sequencing facility (Macrogen Europe, Amsterdam, Netherlands). Resulting trace files were assembled with SeqTrace (Stucky, 2012) and aligned using SeaView (Gouy et al., 2010). Sequences were checked for the amplification of the correct gene fragment by Blast search (Morgulis et al., 2008, Zhang et al., 2000). A neighbor-joining analysis was carried out in Seaview using Jukes-Cantor distances (Jukes and Canthor, 1969) (JC69).

Based on DNA sequences, species were delimitated using Automatic Barcode Gap Discovery (ABGD) online application (Puillandre et al., 2012) with JC69 distance measure, Pmin = 0.001, Pmax = 0.1, 10 steps, a relative gap width of 1.5 and 20 Nb of bins.

Data Processing

Mass spectrometry data was processed in R (version 3.2.3, R Development Core Team, 2008) using packages “MALDIquant” (Gibb and Strimmer, 2012) and “MALDIquantForeign” (Gibb, 2015). Protein mass spectra were trimmed to an identical range from 3,000 to 15,000 m/z and smoothed with the Savitzky-Golay method (Savitzky and Golay, 1964). The baseline was removed based on SNIP baseline estimation method (Ryan et al., 1988) and spectra were normalized using the TIC method implemented in MALDIquant. Noise estimation was carried out using a signal to noise ratio (SNR) of 6. Peaks were repeatedly binned using “binpeaks” from MALDIquant with a tolerance of 0.002, in a strict approach. The number of peaks for the whole data set was reduced from over 12,000 peaks to 1,221 peaks. The resulting intensity matrix was Hellinger transformed (e.g., Legendre and Gallagher, 2001) for further analyses.

A hierarchical cluster analysis with Ward's D clustering algorithm (Ward, 1963), Euclidean distances and 1,000 bootstrap repeats was carried out for some specimens that were measured by MALDI-TOF MS exclusively, with specimens for which molecular and proteomic data were evaluated simultaneously.

Random Forest Analyses

Several Random Forest (RF) (Breiman, 2001) analyses were carried out to optimize the model for specimen classifications. The main settings for all analyses were 2,000 generated trees with 35 used variables at every tree split. To avoid overestimation of specimen-rich species, the model was adjusted to the number of specimens available for the most infrequent species.

Random Forest analyses were carried out cumulatively: A model was calculated for fresh samples and checked for morphologically misidentified specimens, using the post-hoc test based on RF probabilities of assignment (POA) described by Rossel and Martínez Arbizu (2018). The function rf.post.hoc is available from package RFtools at https://github.com/pmartinezarbizu/RFtools (doi: 10.5281/zenodo.1188436). While authors used only the 5% quantile as a boundary for correct classification of artificially generated specimens, we additionally tested the 1% quantile. Specimens with a POA within the 95%/99% quantile of the empirical beta distribution in the model were considered true positive (tp; correct) classifications. Specimens were considered incorrectly classified when their POA either fell within the 5%/1% quantile (fp; false positive) or below it (tn; true negatives).

Putative misidentified specimens were checked at the light microscope, false annotations were corrected and unintentionally contained species discarded.

Specimens from week 1 of the refrigerated sample series were classified by RF using the corrected model. Correctly identified specimens were kept and added to the data set for generating a new model to predict species for the specimens from week 2 of the refrigerated samples. This procedure was carried out respectively for chilled samples from weeks 3, 5, 7, and 12.

The final model, containing 1,639 correctly classified specimens, was used for species prediction for specimens stored at room temperature. For the classified specimens, the post-hoc test was carried out. Incorrectly classified specimens were separated from the data and recorded as misidentified. In a tsne plot (Maaten and Hinton, 2008), calculated using R package “tsne” (Donaldson, 2016), correctly classified specimens were visualized based on the RF POA.

Measures of Data Quality

Former studies implied that poorly stored samples showed fewer peaks on average. Figure 1 depicts the impact of 3 months of storage at room temperature on the mass spectrum of an adult Enhydrosoma propinquum (SRM_2486) compared to a specimen (SRM_445) measured directly after sampling. The signal intensity of the freshly measured spectrum (108 recorded masses) is 10 times higher than from the stored specimen (25 recorded masses) and shows more distinct mass peaks. While RF was still able to classify the specimen correctly, the post-hoc rejected the classification.
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FIGURE 1. Differences in spectra quality. Both spectra show a protein fingerprint of an adult Enhydrosoma propinquum specimen. The upper graph depicts a high-quality spectrum of a fresh specimen (measured immediately after taking the samples) while the lower graph shows the spectrum of a specimen from a sediment sample stored for 12 weeks in 70% ethanol at room temperature. The difference in signal quality resulted in a massive loss in recorded peaks and also prevented the correct classification by Random Forest after application of the post-hoc test.



Consequently, as quality measures for protein mass spectra (a) the average number of peaks per species and (b) the number of unidentifiable specimens per species after applying the post-hoc test on RF classifications, were used.

Data Analysis

To test the influence by different ethanol concentrations, pairwise U-tests (Mann and Whitney, 1947) were carried out on recorded number of protein masses for respective species and sampling times between time series stored at −25°C. Effect of temperature was tested using pairwise U-tests between data from respective species fixated in 70% ethanol at different temperatures.

Mann-Kendall (MK) test (Kendall, 1975), implemented in the R-package “Kendall” (McLeod, 2011), was used on median peaks per species and storage approach, to find a storage influence over time. A significant result of MK would prove a constant change over time with a slope deviating from 0, which is assumed for no change over time. In that case, regressions were calculated and analyzed using Theil–Sen estimator (TS) (Theil, 1950; Sen, 1968), implemented in the R-package “trend” (Pohlert, 2018).

Missing data for the times in between the measurements would lead to incorrectly steeper slopes. To account for this in MK and TS analyzes, data for weeks 4, 6, and 8 to 11 was imputed by Kalman Smoothing (Kalman, 1960), using StructTS model from the R-package “imputeTS” (Moritz and Bartz-Beielstein, 2015).

RESULTS

MALDI-TOF MS Measurements

In total 2,424 attempts to measure specimens using MALDI-TOF MS were carried out, of which 108 (4.45%) failed to provide a resulting mass spectrum. Of the successful attempts (n = 2,316), 2,204 (95.16%) were correctly classified by RF, approved by the post-test and visualized in a tsne plot (Figure 2). Further 39 (1.68%) specimens were used for simultaneous MALDI-TOF MS analysis and amplification of the COI barcode fragment. However, 73 (3.15%) were misclassified or classifications were rejected by the post-test.
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FIGURE 2. TSNE plot depicting the species clusters based on the votes from the Random Forest model, containing all correctly classified specimens.



Pre-test: Influence of Density-Gravity-Centrifugation

We tested 105 specimens prior to density-gravity-centrifugation and found an average of 110.93 peaks per specimen. The measurement of 95 specimens after centrifugation resulted in 110.66 peaks on average. A RF model based on these 200 specimens resulted in a class error of 0 for all species.

Comparison of these two data sets by U-test revealed no significant difference (W = 4963.5, p = 0.9541). Only for M. fallax, a weakly significant difference was found comparing uncentrifuged specimens to specimens after centrifugation (W = 590.5, p = 0.0208) (Figure 3). However, there was no influence on the ability to correctly identify the specimens using RF.
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FIGURE 3. Results of the pre-test for effect of centrifugation on resulting MALDI-TOF MS data. Asterisks indicate a significant difference between average mass peaks of uncentrifuged and centrifuged specimens. M. fallax was the only species found to show a significant difference.



A) Impact of Storage Temperature

In Figure 4, the number of peaks over time for the four species discussed in more detail is depicted. U-tests were carried out for species from refrigerated samples preserved in 70% ethanol (green, n = 713) and samples stored at RT. Because the 1% threshold approach of the post-test was less stringent, it showed a better specimen coverage (blue, n = 564) compared to the 5% threshold (purple, n = 413) for all weeks and was used for comparison of storage temperatures.
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FIGURE 4. Number of average peaks per species and treatment measured weekly. For specimens from (A) all species; (B) Ectinosomatidae sp. 1; (C) M. fallax; (D) M. littorale; (E) E. propinquum. Depicted above/underneath the boxes is the number of specimens successfully measured. Asterisks indicate significant differences to the treatment stored at −25°C in 70% ethanol. *P < 0.05, **P < 0.01, ***P < 0.001.



U-tests for the combined species data sets (Figure 4A), Ectinosomatidae spec. 1 (Figure 4B) and Microarthridion fallax (Figure 4C) showed highly significant differences (p < 0.001) for all weeks. With fewer specimens per week, for M. littorale (Figure 4D) and E. propinquum (Figure 4E), still, significant differences were found between compared storage temperatures for most of the weeks.

Measurements of all species from refrigerated samples were successful. In contrast to this, the number of failed measurements from samples stored at RT increased with storage time (Figure 5, red line). With 3.62% failed measurements in week 1, the number of unsuccessful approaches for the combined species data set increased to 33.90% (n = 40) in week 12 (Figure 5A). After 3 months of storage, 68% (n = 34) of the attempted measurements for ectinosomatid specimens failed (Figure 5B). For E. propinquum only 25% (n = 2) of the measurements were successful (Figure 5C). However, for M. fallax (Figure 5D) and M. littorale (data not shown), no fails were recorded.
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FIGURE 5. Number of failed measurements (red line) and unidentifiable specimens under the 1% quantile (light blue) and the 5% quantile (dark blue) of recorded for specimens of (A) all species together (B) the family Ectinosomatidae (C) the species E. propinquum (D) the species M. fallax. While for M. fallax all measurements were successful and the number of not identifiable specimens was comparably low, for Ectinosomatidae and E. propinquum up to 100% of specimens were unidentifiable after 12 weeks of storage at room temperature.



Percentage of unidentifiable specimens increased with storage time at RT (Figure 5A). Of successfully measured E. propinquum, only 50% (n = 1) were reliably identified after 3 months using the 1% threshold in the post-test. In Ectinosomatidae, for 11 (68.75%) specimens, spectra were insufficient for identifications.

Success rate decreased using the stricter 5% threshold. Classifications for all E. propinquum specimens and over 90% (n = 15) of measured Ectinosomatidae were rejected by the post-test (Figures 5B,C).

The number of unidentifiable specimens was comparably lower for the other species. In weeks 7 and 12, respectively, classifications for one specimen of M. littorale were rejected by the post-test. Only a few incorrect RF classifications across all weeks were discovered for M. fallax using the 1% threshold. However, less than 40% of RF classifications were approved by the post-test using the 5% threshold (Figure 5D).

MK analysis found no significant deviation from zero for the combined species data set from refrigerated samples but supported an adverse effect of RT storage. The combined species data set from RT storage showed a highly significant p-value with a negative slope estimated of −1.50 (Table 3). Significant p-values and steep slopes, ranging from −4.89 to −2.25 (Table 3), were found for all species, except for E. propinquum.


Table 3. Results of Mann–Kendall Test and Theil–Sen Estimator.
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However, significant MK p-values were also detected for Ectinosomatidae spec. 1, M. littorale and E. propinquum from refrigerated samples. Nevertheless, these showed distinctly flatter slopes estimated, ranging from −1.00 to −0.65 (Table 3).

B) Effect of Different Ethanol Concentrations

From samples preserved in 100% ethanol (red), 727 specimens were compared with 713 specimens from 70% ethanol samples (green), to test an effect of different ethanol concentrations for fixation.

Differences were never as highly significant as found for the different storage temperatures and only detected for few comparisons. M. fallax (Figure 4C) in weeks 1, 3, and 7, Ectinosomatidae spec. 1 in week 7 (Figure 4B) and combined species data sets in week 1 and 7 showed significant differences with p < 0.01. More weakly significances (p < 0.5) were found for Ectinosomatidae spec. 1 in week 12 and M. littorale in week 3 (Figure 4D). No further significant differences were detected.

The MK test showed no significant deviation from zero for data from specimens preserved in 100% ethanol, except for Ectinosomatidae spec. 1 (Table 3). From 70% ethanol samples, negative slopes were found for Ectinosomatidae spec. 1, M. littorale and E. propinquum. However, this was not the case for all species combined (Table 3). In general, slopes estimated for data from cooled samples were rather flat, barely exceeding −1.00.

Congruence of DNA and MALDI-TOF MS Data

All mass spectra of specimens with simultaneous COI fragment amplification were correctly classified by RF and identifications were supported by the post-hoc test. In an additional cluster analysis, these specimens grouped into distinct clusters with fresh specimens and specimens from samples stored at RT or −25°C for 3 months (Figure 5). Species' clusters based on mass spectra (Figure 6) were conforming to the species' clusters of the neighbor-joining and ABGD approaches based on molecular data (Figure 7).
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FIGURE 6. Cluster analysis based on mass spectra data, showing the DNA extracted specimens in concordance with the MALDI-TOF exclusive measurements. This illustrates that species in this study supported by DNA, are also recognizable species by the protein fingerprint.
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FIGURE 7. Neighbor-joining tree of 39 DNA sequences from eight different species, as recognized by ABGD, which were resolved accordingly with MALDI-TOF MS.



DISCUSSION

Pre-test: Influence of Density-Gravity-Centrifugation

Regarding all species, no general effect of centrifugation was observed. Some species gained peaks on average and others showed a loss of recorded protein masses after centrifugation. Significantly different numbers of peaks measured prior to and after centrifugation were only found for M. fallax.

We assume these small differences in the number of peaks were due to natural variation between individuals. This is supported by a non-significant U-test (W = 10362, p = 0.29) for uncentrifuged specimens of M. fallax (n = 42, avg. peaks: 121.10) compared to all M. fallax from refrigerated samples. These were centrifuged as well and showed no decrease in MK analyses (n = 547, avg. peaks: 119.25). Furthermore, the significant difference for M. fallax was without effect on the ability to identify specimens using RF classifier. In addition, no failed measurements were recorded, which would have implied a severe negative effect of centrifugation. Therefore, an effect of density-gravity-centrifugation was not supported.

A) Impact of Storage Temperature

U-tests showed significant differences for almost all comparisons of the examined species and the combined species data sets. Hence, storage temperature had a major impact on data quality for sediment fixated samples. This is also supported by the increasing number of failed measurements found especially for ectinosomatid species and E. propinquum. Besides, the decrease in mass spectra quality also resulted in an increasing number of RF classifications rejected by the post-test.

MK results showed a stronger decline of median peaks for all RT stored species compared to refrigerated samples, implying an increasing influence of storage temperature over time. The positive estimated slope for E. propinquum was caused by a slight increase of measured peaks in week 7, resulting in increasing values estimated by “imputeTS.” Because the number of failed measurements strongly increased at the same time, this does not contradict the results for other species but is rather a relic of data imputation.

In biting midges (Diptera), Kaufmann et al. (2011b) reported a decrease in number of recorded masses after 2 h of storage at room temperature. However, even after 102 days, successful species identification was still possible. Studies on calanoid copepods by Laakmann et al. (2013) and Bode et al. (2017) employing MALDI-TOF MS even showed successful species identification of specimens stored at room temperature between a few months and up to 8 years. Nevertheless, authors did not state differences in mass spectra quality at all. Hence, it is unclear if storage had an adverse effect on measured peaks that was not mentioned.

As stated before, a negative effect of storage at room temperature was also observed by Kaufmann et al. (2011a), Dieme et al. (2014) and Yssouf et al. (2014), which, in concordance with our results, shows the demand for proper sample storage at low temperatures to receive high-quality mass spectra.

Based on their research on the thermodynamics of protein denaturation, Brandts and Hunt (1967) stated, above RT ethanol acts as a “rather strong denaturing agent,” while at temperatures below 10°C, it acts “as a rather strong stabilizing agent.” Our data supports this with generally high-quality mass spectra from chilled samples. In contrast, RT storage resulted in a severe mass spectra quality decrease and an increase of failed measurements after short storage periods.

However, Kaufmann et al. (2011a) reported a loss of signal from samples, which were stored in 70% ethanol at 4°C for over 2 years. This implies, even cool storage cannot prevent degeneration over time completely. Although samples were still measurable and identifiable, a negative trend was detectable, emphasizing the demand for even lower temperatures for sample storage.

B) Effect of Different Ethanol Concentrations

A general adverse effect by ethanol concentration was not supported by our results. Only some species showed significant differences in measured peak numbers. These were not found in all weeks but were scattered across the different time series. MK analyses supported this without significant p-values for combined species data sets and M. fallax, which had the best specimen coverage for all weeks. However, species with significant deviations from zero showed distinctly flatter slopes of only up to −1. Compared to slopes from RT samples, this is almost negligible.

A negative effect caused by higher concentrations of ethanol as reported by Dvorak et al. (2014) could not be confirmed since our chilled treatments showed very similar results. After 3 months of storage, no striking differences in peak intensity or peak resolution were found. In this context, Dvorak et al. (2014) mentioned an influence of higher ethanol concentrations on co-crystallization of the matrix because of a higher content of organic solvent. This might also have resulted from an incomplete evaporation of ethanol from the samples, rather than from the absolute ethanol content.

Congruence of DNA and MALDI-TOF MS data

Providing data on the congruence of molecular determinations and MALDI-TOF MS identifications is very important. Nevertheless, only a few studies support their MALDI-TOF MS specimen identifications using genetic markers additionally to morphological examinations (e.g., Müller et al., 2013; Steinmann et al., 2013; Mathis et al., 2015; Bode et al., 2017). Our results show species identification using MALDI-TOF MS is congruent with morphological identifications and molecular species delimitation based on COI barcode fragment. This supports the discriminative power of this technique for identification of metazoan species.

CONCLUSION

Storage of Sediment Samples for MALDI-TOF MS Analyses

In concordance with findings of other studies, our results emphasize the importance of low-temperature storage around −25°C to receive high-quality mass spectra.

Although we found only minor differences for samples preserved in 70 and 100% ethanol, we recommend using absolute ethanol for fixation of sediment samples. Residual water content may dilute the added fixative and prevent fixation of proteins by dehydration. For the same reason, we recommend fast extraction of specimens from sediment samples.

Classification Using Random Forest and the Post-hoc Test

Random forest in combination with the post-hoc test worked excellent on the classification of unknown, partly degenerated data. Because exuviae of measured specimens were retained, morphological re-examination of specimens was still possible. Thus, we were able to review if rejected classifications were morphologically misidentified, or excluded by a too stringent test.

The 1% quantile of the post-test rejected less morphologically correct classifications than the 5% threshold. Therefore, we found the 1% threshold more useful to discover misclassifications by RF. However, erroneously rejected classifications must be accepted to retain a high likelihood of recognizing false positives, which are likely to remain undiscovered in approaches like hierarchical clustering (Collins and Cruickshank, 2013).

DATA SETS ARE IN A PUBLICLY ACCESSIBLE REPOSITORY

The MALDI-TOF MS data set analyzed for this study can be found in Dryad digital repository (10.5061/dryad.1md2jq1). The COI Sequences can be found in BOLD in the project Time Series MALDI-TOF MS Harpacticoida (code: TSMH) and uploaded to GenBank.
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