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Abstract Orbitrap high resolution mass spectrometry
(HRMS) with electrospray ionization in both positive and
negative polarity was conducted on Suwannee River fulvic
acid (SRFA), Pony Lake fulvic acid (PLFA) standards, and
dissolved organic matter (DOM) released by freshwater phy-
toplankton (Scenedesmus obliquus, Euglena mutabilis, and
Euglena gracilis). Three-dimensional van Krevelen diagrams
expressing various oxygenation states of sulfur molecules and
abundance plots of sulfur-containing species were construct-
ed. Orbitrap HRMS analysis of SRFA found a high density of
peaks in the lignin region (77 %) and low density of protein
material (6.53 %), whereas for PLFA, 25 % of the total peaks
were lignin related compared to 56 % of peaks in protein
reg ions , comparable wi th other HRMS studies .
Phytoplankton-derived DOM of S. obliquus, E. mutabilis,
and E. graciliswas dominated by protein molecules at respec-
tive percentages of 36, 46, and 49 %, and is consistent with
previous experiments examining phytoplankton-derived
DOM composition. The normalized percentage of SO-
containing compounds was determined among the three

phytoplankton to be 56 % for Scenedesmus, 54 % for
E. mutabilis, and 47 % for E. gracilis, suggesting variation
between sulfur content in phytoplankton-derived DOM and
differences in metal binding capacities. These results suggest
the level of resolution by Orbitrap mass spectrometry is suffi-
cient for preliminary characterization of phytoplankton DOM
at an affordable cost relative to other HRMS techniques.

Keywords Dissolved organic matter . High resolutionmass
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Introduction

Dissolved organic matter (DOM) is a complex assortment of
heterogeneous organic molecules with a variety of important
roles in marine, freshwater, and terrestrial environments [1, 2].
DOM can serve as a carbon nutrient source to microorganisms
and influence the fate of a variety of contaminants including
metals [3–5]. The composition and concentration of DOM is
influenced by external terrestrial inputs and phytoplankton
production, with the phytoplankton-derived DOM in natural
aquatic systems accounting for 40–60 % of the DOM within
the aquatic system, or autochthonous DOM [5, 6]. The con-
tribution of phytoplankton DOM to the total DOM pool is
therefore large, but little is known about its composition.

Characterizing DOM has been traditionally conducted
using a variety of techniques such as excitation-emission ma-
trix (EEM) fluorescence spectroscopy and ultraviolet (UV)
absorbance [7–10]. These spectroscopic techniques are biased
to only the fluorescing and chromophoric material whereas as
not all DOM contain fluorescing and absorbing properties
[11]. While understanding bulk properties provides a general
insight to DOM, chemical compositions and molecular struc-
tures cannot define the entirety of DOM present.
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Phytoplankton have been receiving great interest not
only for their role in total DOM contribution to the car-
bon cycle but also as potential sources for bioremedia-
tion due to their ability to remove metals from aquatic
systems. Many phytoplankton have the ability to release
organic ligands with sulfur binding sites that function to
bind to metals to reduce toxicity [12]. Specifically, com-
pounds such as glutathione (GSH) and cysteine (Cys)
have very high binding affinities to divalent trace metals
[12]. Although the release of thiol molecules from phy-
toplankton is very small (nano- to micromolar
concentrations) to the total DOM pool, the role of bind-
ing to heavy metals remain significant due to the ex-
tremely favorable bonds between reduced sulfur and di-
valent metals [13–15].

Recently, with the advancement of high resolution mass
spectrometry (HRMS) techniques such as Fourier trans-
form ion cyclotron mass spectrometry (FT-ICR) and
Orbitrap mass spectrometry, chemical structures for com-
plex organic mixtures can be determined with a high degree
of accuracy [16–19]. Molecular level analyses of complex
organic mixtures produces thousands of peaks, requiring
various ways to visualize and comprehend these large data
sets. One accepted method of visualizing complex organic
matter is through van Krevelen diagrams, as various
sources of DOM can also be determined by grouping com-
pounds with similar elemental ratios [20–24]. With mass
resolution of ≥1,000,000 (FWHM 400m/z), FT-ICR has
allowed for the classification of International Humic
Substances Society (IHSS) standards such as Suwannee
River fulvic acid (SRFA), Pony Lake fulvic acids (PLFA),
marine DOM samples, and algal DOM [20, 25–27]. Despite
lower resolution (140,000 to 240,000 at FWHM 200m/z),
Orbitrap mass spectrometry has been applied successfully
to natural samples [17, 18], SRFA standards [19], and to
examine spectral accuracy by detecting 34S isotopes of
sulfur-containing molecules in proteins [16, 28] and plant
extracts [29].

Compared to FT-ICR, Orbitrap mass spectrometry appears
to be well suited to analyze low molecular weight (<500m/z)
complexes and, therefore, the abundant protein and lipid ma-
terial produced by phytoplankton [19]. While the level of res-
olution is greater on FT-ICR, Orbitrap HRMS can be an af-
fordable alternative for the preliminary characterization of
complex organic mixtures.

The purposes of this study were (1) to optimize the
Orbitrap mass spectrometer to provide high accuracy
molecular-level information regarding elemental and inferred
structural composition of DOM standards (i.e., SRFA and
PLFA), (2) to determine the structural composition of
phytoplankton-derivedDOM, and (3) to assess the importance
of sulfur species in the phytoplankton-derived DOM pool.
Recent studies used HRMS for sulfur detection in marine

samples, indicating the potential of HRMS in detecting
sulfur-containing molecules from different sources [30].
While studies have displayed nitrogen-containing compounds
in 3D van Krevelen diagrams [31] and isoabundance plots
[32], these have yet to be applied to phytoplankton-derived
DOM in order to examine similarities and differences in pro-
duced sulfur compounds. Using Orbitrap mass spectrometry
to analyze DOM released by laboratory grown phytoplankton
cultures brings new information with regards to DOM com-
position and potential metal binding sites.

Methods

Standards and algal samples

Suwannee River fulvic acid (SRFA) and Pony Lake fulvic
acids (PLFA) were obtained from the International Humic
Substances Society (IHSS). Solutions with concentrations of
0.5 g/L for both SRFA and PLFAwere made using ultrapure
water (MQW; 18 mΩ) in acid-cleaned, pre-combusted amber
glass vials and diluted with ultrapure methanol to a ratio of
60:40 methanol to sample (MeOH, 99.9 % HPLC grade;
SigmaAldrich)/MQW (60:40) immediately prior to injection.
Samples were also spiked with dioctyl sodium sulfosuccinate
(m/z 421.2273) as a lock mass ensuring <1 ppm for m/z 300–
600.

A lab culture of the freshwater algae Scenedesmus obliquus
obtained from the Canadian Phycological Culture Center
(CPCC) in Waterloo, Ontario was grown using COMBO me-
dia [31]. Algal cultures were exposed to 90–100 μmol
photons m−1 s−1 for a 16:8 h light/dark photoperiod duration
at 20 °C. Both E. gracilis and E. mutabilis were grown in a
modified Koren Hutner media [33] under similar light condi-
tions and intensities as S. obliquus. All microorganisms were
sampled during exponential growth phase where cell density
was approximately 1×106 cells/mL. Cultures were filtered
using a Whatman 0.45 μm filter to obtain the dissolved frac-
tion of the cultures. Plankton-derived DOM was diluted with
ultrapure MeOH/MQW (3:2). As solid phase extraction, ultra-
filtration, dialysis, and reverse osmosis have been shown to
remove low molecular weight material [17, 19], no additional
purification steps were taken.

Electrospray ionization (ESI) and Orbitrap mass
spectrometry

Experiments were conducted using an Orbitrap Q Exactive
(Thermo Fisher Scientific, Bremen, Germany). Both negative
[M-H]− and positive [M+H]+ ions were examined using a
HESI-II source immediately prior to MS analysis. While both
polarities were studied, emphasis was placed on positive ion
mode for analysis of phytoplankton cultures, as an increased
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number of assigned molecular formulas and accuracy were
found and is congruent with previous algal studies [34, 35].
A consistent flow rate of 50 μL/min was used where
electrospray needle voltage was maintained at 4 kV, flow of
ultrapure nitrogen sheath gas remained at 12 L/min, and the
heated metal capillary temperature was 320 °C. Resolving
power (RP) was set to 140,000 (FWHM at m/z 200) with an
overall accuracy of <2 ppm and automatic gain control (ACG)
target of 5 × 106 between the range of m/z 200 and 1000.
Calibration in positive and negative polarity was conducted
daily prior to experiments in order to improve mass accuracy.

Formula assignment and isotopic accuracy

Data files produced by Orbitrap Q Exactive software were
analyzed using Thermo Xcalibur Qual Browser (3.0.63).
Background blanks of media, methanol, and water were
subtracted using the background subtract function prior to
data analysis. Molecular formulas were assigned for peaks
with a mass accuracy window ≤5 ppm. Elemental constrains
for formula assignment were 12C (0–50), 1H (0–100), 16O (0–
30), 14N (0–2), 32S (0–2), 13C (0–1) using the odd nitrogen
rule with a user-defined mass tolerance of 10 ppm and four
decimal places for mass accuracy [16, 17, 20, 36]. In addition,
the relative double bond equivalence (DBE) ranged from −1
to 50. Although a previous Orbitrap-based study used a min-
imum of 50 consecutive scans [19], a minimum number of
consecutive 200 scans were averaged prior to peak assign-
ment, as increasing the number of scans improve molecular-
level accuracy. From all samples, the total number of molec-
ular formula assigned ranged from 2000 to 6000.

In order to ensure accuracy of assigned molecular formu-
las, isotopic patterns were observed for selected sulfur-
containing compounds in algal samples (Fig. 1 and Fig. S1
in the Electronic Supplementary Material, ESM) and a SRFA
standard (see ESM Fig. S2 and Fig. 3). [M-H]−, [M+1-H]−,
and [M+2-H]− peaks were observed to detect the molecular
ion peak, 13C isotope, and 34S and 13C2 peaks, respectively,
using the isotope simulation feature in Thermo Xcalibur Qual
Browser. Isotopic patters for 34S peaks in both algal and stan-
dard samples were present with an error <5 ppm (Fig. 1 and
ESM Figs. S1 to S3), reinforcing confidence in peak assign-
ment for both standards and phytoplankton-derived DOM
samples. It is important to also note that the relative abundance
of 13C and 34S isotopes were lower than the predicted simula-
tions, as the simulations are based on higher resolution than is
obtainable for the instrumentation used in this experiment.
Both accurate mass and spectral quality should be taken into
consideration upon peak assignment, and further analyses in
the present study are based on the assumption that peaks are
correctly assigned.

Elemental molecular formulas that meet the set criteria
were then exported and only peaks with a relative intensity

above 0.1 % were imported into Microsoft Excel 2011 and
sorted by elemental composition; degree of saturation C, H, O,
N, and S content; and double bond equivalent (DBE). Finally,
only molecular formula with a delta ppm value within ±5 ppm
[19] and aromaticity index <0.67 (AI; [37]) were used for
further analysis.

Van Krevelen diagrams

Awidely accepted method to process and visualize data pro-
duced by high resolution mass spectrometry is through the use
of van Krevelen diagrams [24]. While van Krevelen diagrams
are commonly used and accepted for FT-ICR research, the
chemical boundaries are somewhat subjective [4, 20, 38].
Figure 2 summarizes commonly accepted regions among
characteristic of various DOM sources such as lipids
(0.01≤O/C≤0.1; 1.5≤H/C≤2.0), unsaturated hydrocarbons
(0.01 ≤O/C ≤ 0.1; 0.75 ≤H/C ≤ 1.5), condensed aromatic
structures (0.01 ≤O/C ≤ 0.65; 0.25 ≤H/C ≤ 0.75), protein
(0.1≤O/C≤ 0.65; 1.5≤H/C≤ 2.3), lignin (0.1≤O/C≤ 0.65;
0.75 ≤H/C ≤ 1.5), tannins (0.65 ≤O/C ≤ 0.85; 0.75 ≤H/
C ≤ 1.5), and carbohydrates (0.65 ≤O/C ≤ 1.0; 1.5 ≤H/
C≤2.5). Finally, three-dimensional van Krevelen diagrams
[31] and contour plots [20, 32] were made in SigmaPlot
10.0 using assigned formulas containing one sulfur molecule
(S1) to determine properties of S-containing compounds.
Syntheses of van Krevelen diagrams were based on the as-
sumptions that molecular formulas were once again assigned
correctly.

Results and discussion

MS and van Krevelen diagrams of SRFA and PLFA

Orbitrap mass spectra of SRFA and PLFA standards are
displayed in negative (Fig. 3a, b) and positive (see ESM
Fig. S4A–B) ionization modes, respectively. Forms of pre-
treatment such as ultrafiltration (UF) or solid phase extraction
(SPE) were not conducted as these techniques affect lower
molecular weight material and Orbitrap has greater sensitivity
at lower m/z ratios than FT-ICR [16, 19, 39]. For SRFA and
PLFA, the presence of sodium adducts could be found in
positive ionization mode that could have been removed with
pre-treatment methods [40]. Analysis of SRFA resulted in the
assignment of 6567 and 6145 molecular formulas in positive
and negative ion modes, respectively. Similarly, 6440 and
7188 assigned molecular formulas were calculated in PLFA
in positive and negative modes, respectively. The Kendrick
mass defect plots for CH2 (14.015 Da) and H-units
(1.0034 Da) were comparable to those previously found using
Orbitrap [17, 18] and FT-ICR [20]. Observed peaks for both
SRFA and PLFA spanned fromm/z 200 to 1000, where SRFA
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displayed a normal Gaussian distribution, and PLFA was
skewed towards lower molecular weight material, consistent
with other studies conducted with FT-ICR [20]. This trend of a
shifted distribution towards lowerm/z for PLFAwas observed
in both negative and positive ionization modes. In negative
ionization mode, betweenm/z 200 and 300, SRFA produced a
total of 766 peaks (12.5 %), whereas PLFA consisted of 1901
peaks (26.4 %), indicating the observed shift in the mass spec-
tra. Average m/z for SRFA in positive and negative modes
were m/z 455 and m/z 480, respectively, whereas average m/

z for PLFA in positive and negative ionizationmodes werem/z
410 and m/z 391, respectively.

Greater DBE was found for SRFA than PLFA (11.9 vs.
8.71; Table 1), consistent with previous studies and also rein-
forcing the aromatic nature of SRFA [20]. The lower DBE of
PLFA confirmed a larger proportion of material less aromatic
in nature when compared to SRFA. DBE of both standards
were consistent with previously recorded DBE ranges for
fulvic acid standards [20]. Average mass errors for SRFA
and PLFAwere −0.072 and 0.049 ppm, respectively, compa-
rable to those of other studies using Orbitrap mass spectrom-
etry [19]. In negative mode, average elemental ratios of O/C,
H/C, and N/C for SRFAwere 0.358, 1.131, and 0.025, respec-
tively, which were lower than PLFA (0.378, 1.329, and 0.044,
respectively) (Table 1B). Percentage of C (%C) was larger in
SRFA than PLFA (56.15 to 55.25 %) whereas %H (5.36 to
6.19 %), %O (25.44 to 26.00 %), and %N (1.51 to 2.70 %)
were greater in PLFA [17, 20]. Sulfur abundance was higher
in SRFA than PLFA (10.4 to 8.41 %) and elemental ratios of
S/C were also larger in SRFA than PLFA (0.07 to 0.05).

The assignedmolecular formulas found with Orbitrap anal-
ysis are presented in van Krevelen diagrams [24] (Fig. 4).
Positive ion mode produced a more evenly distributed van
Krevelen diagram than negative ionization, which showed
the traditional, oblong shape rich in tannin and lignin material
of aged SRFA [20]. For SRFA, a greater cluster of carbohy-
drate material was found in positive mode relative to negative

Fig. 1 Isotopic examination of a sulfur containing compound found in
Euglena gracilis. [M-H]−, [M+1-H]−, and [M+2-H]− peaks depict the
molecular ion, 13C, and 13C2 and 34S isotopic peaks (a, b, and c,

respectively) to reinforce accurate peak assignment. Resolutions (R)
were determined using the FWHM of associated peaks

Fig. 2 Van Krevelen diagram and regions containing similar O/C and
H/C characteristics devised from Ohno et al. (2013)

1894 V. Mangal et al.



mode (8.24 to 0.76 %) (Table 2). Greater abundances of pro-
tein (35.05 to 6.53 %) and unsaturated hydrocarbons (11.63
vs. 3.74 %) were also associated with positive ion mode rela-
tive to negative ion mode. Negative ion mode produced more
compounds associated with lignin structures (77.19 to
35.35 %). An opposite trend was observed with PLFAwhere
a greater proportion of lignin material was displayed in posi-
tive ion mode (33.51 %) compared to negative ion mode
(25.51 %), and an increase in protein material was found in
negative ion mode (56.51 %) when compared to positive ion
mode (34.10 %). In positive ion mode, both SRFA and PLFA

displayed similar relationships between lignin and protein
compositions, whereas in negative ion mode, an emphasis
on lignin for SRFA, and proteins for PLFA, was observed.

Composition of algae and protist DOM

Consistent with other HRMS studies, only results obtained
using positive ion mode are reported. Previous HRMS studies
examining phytoplankton-derived DOM have found that the
use of positive ion mode was advantageous in detecting many
non-polar and sulfur-containing hydrocarbons produced by

Fig. 3 SRFA and PLFA full mass spectra in negative ion mode (a, b) and CH2 and H+ shifts present for each respective standard

Table 1 Negative (A) and positive (B) electrospray ion mode of SRFA, PLFA, phytoplankton DOM and corresponding DBEs, error (ppm), average
elemental ratios, and elemental percentage compositions

A

Negative DBE Error (ppm) O/C H/C N/C S/C %C %H %O %N %S

SRFA 11.93 −0.071 0.36 1.13 0.025 0.069 56.15 5.363 25.44 1.51 10.44

PLFA 8.71 0.052 0.38 1.33 0.044 0.057 55.25 6.194 26.00 2.69 8.41

Scenedesmus obliquus 11.35 0.091 0.23 1.30 0.038 0.036 66.00 7.101 17.98 2.87 6.08

Euglena mutabilis 9.96 0.048 0.36 1.54 0.037 0.033 63.86 8.278 21.84 2.31 3.72

Euglena gracilis 9.70 0.033 0.34 1.42 0.066 0.044 63.23 7.268 20.43 3.21 5.88

B

Positive DBE Error (ppm) O/C H/C N/C S/C %C %H %O %N %S

SRFA 9.43 −0.025 0.38 1.53 0.035 0.045 56.80 7.11 25.88 2.17 6.41

PLFA 9.50 −0.048 0.33 1.50 0.040 0.044 59.35 7.082 23.21 2.61 6.35

Scenedesmus obliquus 10.79 0.021 0.27 1.48 0.056 0.041 64.38 7.47 18.32 3.967 5.89

Euglena mutabilis 7.29 0.004 0.23 1.64 0.031 0.033 64.43 8.80 17.31 2.24 5.15

Euglena gracilis 7.92 −0.111 0.29 1.66 0.032 0.034 61.74 8.49 21.19 2.19 5.18
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algae [16, 35] and produced a greater quantity of peaks, with a
less error than negative ion mode [34]. The advantages of
positive ion mode were also observed in the current study.
The full mass spectra for S. obliquus produced 2599 assigned
molecular formulas (82 % of the total peaks), with 28% of the
assigned formulas found between m/z 200 and 400. The mass
spectrum of E. mutabilis appeared similar in size to
S. obliquus (average m/z 490 vs. m/z 483). The E. gracilis
mass spectrum showed a bimodal distribution with a maxima
at m/z 420 and a smaller maxima at m/z 820, with 20 % rela-
tive intensity peak towards larger material (m/z 750 to 860)
(Fig. 5a–c).

The average DBE ranged from 7.3 for E. mutabilis, to 7.9
for E. gracilis, to 10.8 for S. obliquus DOM where respective

DBE values are consistent with other algal exude in FT-ICR
studies [27]. High DBE associated with low H/C ratios sug-
gested the presence of aromatic, unsaturated carbonmolecules
with N- and S-constituents (Table 1B). Lower DBE values
were found for Euglena spp., indicating less aromatic struc-
tures when compared to Scenedesmus DOM. DBE values of
phytoplankton appear to be lower than SRFA standards sug-
gesting more aliphatic structures; however, these are compa-
rable with PLFA standard DBEs.

The abundance of N- and S-containing molecules was very
comparable in both Euglena species (Table 1B). Elemental
compositions of S. obliquus displayed a strong abundance
on N- and S-compounds, typical of protein-rich DOM [41].
CHON formulas accounted for 31 % and CHOS and CHO

Fig. 4 Van Krevelen diagrams of SRFA and PLFA in positive (a, c) and negative (b, d) ion modes using Orbitrap HRMS

Table 2 Compound classes and respective percent contributions normalized to the respective total number of assigned peaks for SRFA, PLFA samples
as well as phytoplankton in positive ion mode

Normalized
composition (%)

SRFA negative
ion

SRFA positive
ion

PLFA negative
ion

PLFA positive
ion

Scenedesmus obliquus
positive ion

Euglena mutabilis
positive ion

Euglena gracilis
positive ion

Lipid 0.59 2.29 3.34 0.79 2.91 11.76 7.68

Unsaturated
hydrocarbons

3.47 11.63 4.11 16.71 26.79 11.18 9.11

Condensed aromatic
structures

5.83 0.033 0.72 3.53 4.89 1.22 0.27

Lignin 77.19 35.35 25.51 33.51 20.62 20.86 23.07

Protein 6.53 35.05 56.51 34.10 36.62 46.56 49.72

Carbohydrates 0.76 8.24 1.26 6.06 3.48 1.27 3.89

Tannins 4.38 3.29 8.90 0.66 0.04 0.49 0.94
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compounds contributed to 3 and 4%, respectively. Algal com-
munities have been reported to contain large amounts of N-
and S-containing compounds, as demonstrated by composi-
tion results of this study [34, 41, 42]. E. mutabilis chemical
compositions are dominant in protein material, 48 % of total
compounds had the structure CHOS, followed by 27 %
CHNO, 14 % CHNOS, and finally 11 % CHO. CHNOS spe-
cies dominated 33 % of all elemental composition for
E. gracilis, followed by 32 % of CHOS. CHNO compounds
accounted for 21 %, whereas CHO were once again the least
abundant at 14 % of all detected compounds. Elemental com-
positions appeared to be more evenly distributed of
E. gracilis as opposed to the other microorganism DOM.
Nitrogen species have been found to be favorable in posi-
tive ion mode, possibly contributing to the high N content
of all samples [4, 34].

Van Krevelen diagrams of S. obliquus, E. mutabilis, and
E. gracilis (Fig. 5d–f) represent the similarities and differences
in elemental ratios between DOM produced by each phyto-
plankton. All formulas which consisted of C, H, and O were
displayed with respect to their molecular H/C and O/C ratio
with saturated and reduced compounds (i.e., proteins; Fig. 2)
found in the upper left of the van Krevelen diagram. Protein
material consistently dominated total DOM composition for
all three phytoplankton (36.62, 46.56, and 49.72 % for
S. obliquus, E. mutabilis, and E. gracilis, respectively)

(Table 2). Lignin material was the secondmost abundant com-
pound class in both E. mutabilis and E. gracilis (20.86 and
23.07 %, respectively). The green algae S. obliquus was rich
in unsaturated hydrocarbons (26.79 vs. 9.11–11.18 % for the
other algal species), indicative of the presence of previously
examined acylated sterol glycosides (ASGs), carbohydrates
with 16, 18, and 20 carbon long chains [34]. Condensed aro-
matic structures were also greater in S. obliquus (4.89 %) than
in E. mutabilis (1.22 %) and E. gracilis (0.22 %). Finally, lipid
composition contributed to 2.91 % of S. obliquus, 11.76 % of
E. mutabilis, and 7.68 % of E. gracilis. For phytoplankton-
derived DOM, the main contributor appears to be protein re-
lated material. While protein-like materials have been previ-
ously characterized using fluorescence techniques [3, 43, 44]
as delocalized electrons can exist in the side chains, many
proteins are not naturally fluorescent, making HRMS advan-
tageous in classifying smaller, non-fluorescent components in
plankton-derived DOM [9, 45].

S-containing compounds in plankton-derived DOM

S-containing compounds are of importance to organisms as
they serve as excellent oxidizing and reducing agents, and
help defend against the formation of reactive oxygen species
(ROS) that may impair metabolic function [13]. Although the
concentration of sulfhydryl groups decreases in aerobic

Fig. 5 Scenedesmus obliquus (a), Euglena mutabilis (b), and Euglena
gracilis (c) mass spectra and corresponding percentages representing
elemental compositions (inner pie chart) where blue regions are CHO,
orange CHNO, gray CHOS, and yellow CHNOS. Van Krevelen

diagrams for Scenedesmus obliquus (d), Euglena mutabilis (e), and
Euglena gracilis (f) are also represented below with respective mass
spectra
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conditions as opposed to anaerobic conditions, reduced sulf-
hydryl groups have been reported by E. gracilis in the absence
of metals [46]. In the Orbitrap mass spectra, similar S com-
pounds were observed among the three plankton (ESM
Table S1). Euglena species both appeared to contain many
similar S-containing formulas whereas Scenedesmus showed
minimal similarities to both protists. Interestingly, many of the
similar sulfur peaks in Euglena species had DBEs of 11 (42 %
of similar sulfur peaks).

To further classify sulfur compounds, 3D van Krevelen
diagrams were synthesized using a similar approach to N-
containing molecules [29]. All formulas which consisted of
C, H, O, and S were displayed in respect to their molecular

ratio H/C, O/C, and S/C (Fig. 6). A total of 1045, 1245, and
1542 assigned peaks (within ±2 ppm error) contained at least
one sulfur atom in S. obliquus, E. mutabilis, and E. gracilis,
respectively. For these data points, peak assignment was con-
ducted, again allowing for oxygen to range from 0 to 30, to
find potentially reduced thiol molecules. The aerobic produc-
tion of these reduced SH molecules was made possible be-
cause of the presence of metals in the culture [13, 47].
S. obliquus yielded a total of 113 potential thiol structures
(4.3 %) whereas E. mutabilis and E. gracilis yielded a total
of 202 and 343 total thiol compounds (7.1 and 9.4 %, respec-
tively). Furthermore, SH species accounted for a maximum of
10.8, 16.3, and 22.2 % of the total S-containing species in

Fig. 6 3D van Krevelen diagrams portraying SH (red), SO (green), and SO2 (black) molecules among Scenedesmus obliquus (a),Euglenamutabilis (b),
and Euglena gracilis (c)

Fig. 7 Contour intensity plots of sulfur (S1), compounds, and their
associated carbon number, DBE values, and relative intensities for
Scenedesmus obliquus (a), Euglena mutabilis (b), and Euglena gracilis

(c). Relative intensities for Scenedesmus were multiplied by 3 to be on a
comparable scale as other phytoplankton

1898 V. Mangal et al.



S. obliquus, E. mutabilis, and E. gracilis, respectively. The
predominance of SH species in Euglena spp. relative to the
green algae was consistent with previous studies [15].

The relative intensities of the five most abundant SH-
containing compounds (ESM Table S1B) in S. obliquus were
very low (>2 % relative intensity). This contrasts with
Euglena-derived DOM, where the abundance of the five most
abundant thiol molecules ranged from 2.16 to 15.5 % in
E. mutabilis, and 9.14 to 12.8 % in E. gracilis. The DBE
values of the most abundant thiols in Scenedesmus and
E. mutabilis were relatively larger than the abundant thiols
produced by E. gracilis While thiol production under aerobic
conditions, as well as in the absence of heavy metals, is lim-
ited due to sulfur species being prone to oxidation, it is appar-
ent that thiol production is still possible in phytoplankton cul-
tures in the presence of essential trace metals. Trace metals
such as Cu2+ present in minute concentration inmedia are able
to induce metal resistance mechanisms, including thiol pro-
duction, specifically in E. gracilis [48].

Abundance plots of all molecules with at least one sulfur
present in phytoplankton DOM and their respective carbon
number and DBE are displayed in Fig. 7. S-containing mole-
cules of S. obliquus were clustered at carbon number 9, 20,
and 37 with respective DBE values of 2, 3, and 5. Relative
intensity clusters for S. obliquus ranged from 3 to 10 % with
the highest density of S-compounds at carbon number 20 and
DBE 3. Both Euglena protists contained a greater quantity of
S-containing clusters, where E. mutabilis contained S-
containing molecules and high carbon numbers (i.e., 23, 25,
and 37) and DBEs (4, 9, and 15) whereas a similar pattern was
observed for E. gracilis with major clusters at carbon number
33, 41, and 48 with respective DBEs of 11, 16, and 16.
Relative intensities of these clusters were larger than
Scenedesmus, indicating a greater presence of S-containing
compounds in both Euglena than S. obliquus. The lower de-
gree of saturation and aromaticity of S-containing compounds
indicated the production of more alkylated carbon chains (low
DBE) in S. obliquus than in E. spp. The overall diagonal trend
and distribution of sulfur clusters were characteristic of poly-
mer species, with selective additions of monomer subunits
[49]. Abundance plot analysis of S-containing compounds
indicate that similar S-species are produced between both
E. gracilis and E. mutabilis while S. obliquus contains fewer
sulfur compounds in lower abundance. The results suggest
that S-containing phytoplankton DOM is variable between
taxonomical classes; however, similarities in DOM are
displayed between both Euglena species.

Conclusion

The compositional analysis of SRFA, PLFA, and DOM re-
leased by three freshwater phytoplankton highlight the

complex composition of DOM. Orbitrap mass spectrometry
analysis of SRFA and PLFA compounds produce sufficiently
resolved peaks, and results are consistent with other HRMS
studies [20]. A range of heteroatom molecules with varying
oxygen content for sulfur analysis were visualized by 3D van
Krevelen diagrams to indicate potential metal binding sites,
and suggests that E. gracilis produces the largest content of
thiol molecules. Similarities in sulfur compounds produced by
both Euglena protists were observed as similar sulfur clusters
observed at carbon = 32 and DBE = 11 regions, while
S. obliquus produced smaller aliphatic S-compounds at car-
bon=20, DBE=3 and in lower abundance than other protists.
While other techniques such as FT-ICR have a greater resolu-
tion, Orbitrap mass spectrometry can be applied to phyto-
plankton organic matter with minimal pre-treatment proce-
dures to determine elemental compositions of abundant
proteins compounds present in cultures.

Understanding complex organic matter in a variety of sys-
tems has received a great deal of attention using HRMS. The
presented research displays similarities between S-containing
components produced in phytoplankton organic matter which
were mainly associated with proteins as expected. Based on
the findings presented in this study, Orbitrap mass
spectrometry’s resolution is sufficient for a preliminary, af-
fordable assessment of phytoplankton organic matter compo-
sition. While alternative HRMS techniques such as FT-ICR
MS provide increased resolution and spectral confidence,
Orbitrap mass spectrometry’s reduced cost and inexpensive
routine fees may be advantageous when initially exploring
complex organic mixtures. Moreover, furthering our knowl-
edge of phytoplankton organic components to a molecular
level provides new insights to the fields of bioremediation,
toxicology, and metal speciation.
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