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ABSTRACT: While the ecological role that Trichodesmium sp. play in
nitrogen fixation has been widely studied, little information is available on
potential specialized metabolites that are associated with blooms and standing
stock Trichodesmium colonies. While a collection of biological material from a
T. thiebautii bloom event from North Padre Island, Texas, in 2014 indicated
that this species was a prolific producer of chlorinated specialized metabolites,
additional spatial and temporal resolution was needed. We have completed
these metabolite comparison studies, detailed in the current report, utilizing
LC-MS/MS-based molecular networking to visualize and annotate the
specialized metabolite composition of these Trichodesmium blooms and
colonies in the Gulf of Mexico (GoM) and other waters. Our results showed
that T. thiebautii blooms and colonies found in the GoM have a remarkably
consistent specialized metabolome. Additionally, we isolated and characterized
one new macrocyclic compound from T. thiebautii, trichothilone A (1), which
was also detected in three independent cultures of T. erythraeum. Genome mining identified genes predicted to synthesize certain
functional groups in the T. thiebautii metabolites. These results provoke intriguing questions of how these specialized metabolites
affect Trichodesmium ecophysiology, symbioses with marine invertebrates, and niche development in the global oligotrophic ocean.
KEYWORDS: cyanobacterial blooms, mass spectrometry, molecular networking, specialized metabolites, Trichodesmium

■ INTRODUCTION
As climate change results in both increased global temperatures
and CO2 concentrations in ocean waters, species of the
cyanobacterial genus Trichodesmium are projected to expand
their already substantial, oligotrophic ocean range as the
subtropics move poleward.1−3 An increase in oceanic and
coastal growth of the periodically bloom-formingTrichodesmium
will raise both the direct and indirect exposure risk to humans
from potential toxins produced by this genus. While the
ecological role of Trichodesmium as nitrogen fixers is well
studied, the specialized metabolism of the genus along with the
impact of potential toxins on human health and animal health is
unknown. The latter is of increasing importance because of the
aforementioned range and abundance expansions predicted for
Trichodesmium.
Many aspects of Trichodesmium’s toxicity have been some-

what enigmatic and inconsistent. Multiple classes of metabolites
and toxins have been identified from Trichodesmium blooms and
environmental collections such as saxitoxin, microcystin,
trichamide, and palytoxin.4−8 Previous Trichodesmium toxicity
studies performed using homogenized cells, filtrates, aging cells,

and crude extracts of Trichodesmium thiebautii have shown
toxicity to copepod grazers, while those from Trichodesmium
erythraeum did not show the same levels of toxicity.9,10 However,
extracts of T. erythraeum samples obtained from coastal India
showed toxicity to shrimp and multiple human cell lines.11 This
previous work has not included metabolite analysis of repeated
field collections, biosynthetic gene cluster information, and
culture confirmations, which has made interpreting toxicity
studies challenging.
To address this gap, we completed an integrative, systematic

study of the metabolites produced by Trichodesmium species in
the environment and from isolates in culture. Our previous work
characterized T. thiebautii metabolites that represented new
analogs from existing cytotoxic compound classes (e.g.,
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smenamides C, D, and E)12 and new classes of cytotoxic
metabolites (e.g., the trichophycins, tricholides, and trichothia-
zoles), which had not been described previously.13−23

In the current report, we detailed the results of continued field
studies in 2017, 2019, and 2021 in the GoM to provide
additional temporal and spatial resolution of specialized
metabolite production. The culmination of these studies has
shown that these metabolites can be detected in T. thiebautii
colonies year after year and throughout the GoM. We have used
genetic tools to determine the Trichodesmium species present in
these collections and untargeted MS/MS-based molecular
networking to provide a chemical inventory of colony and
bloom metabolites. It appears clear from our data that T.
thiebautii in the oligotrophic GoM is a prolific producer of
specialized metabolites, many of which possess nanomolar
cytotoxicity against human cells (certain smenamides and
smenothiazoles).17,18 We report a new metabolite in this work,
trichothilone A (1), which was confirmed in multiple
Trichodesmium laboratory cultures. Additionally, we identified
key genetic architecture in the T. thiebautii H94 genome that is
consistent with the generation of key functional groups in many
of the metabolites we have characterized, i.e., the chloroviny-
lidene group and terminal vinyl chloride present in the
trichophycins and smenolactones, the trichotoxins, the
smenamides, the conulothiazoles, and trichothiazole
A.12−16,19−23 This study provokes intriguing questions with
respect to the full chemical potential of the members of this
genus.

■ MATERIALS AND METHODS
Collection of Cyanobacteria, Genetic Analysis, and

Extraction Procedures. Trichodesmium biomass was collected
from the Gulf of Mexico near North Padre Island, Texas, in
2014. As described previously, the dominant organism was
identified as Trichodesmium sp., and the material was shipped to
our laboratory.13,24 The biomass (14 g dry weight) was
repeatedly extracted with a 2:1 mixture of CH2Cl2:CH3OH,
and the crude extract was concentrated to an oil under reduced
pressure. Collections were also made from the GoM in 2017,
2019, and 2021. Select samples were preserved in RNAlater and
transferred to the laboratory. DNA isolation, PCR amplification
of 16S rRNA genes, and phylogenetic analysis followed the
procedures of McManus and co-workers exactly.23 16S rRNA
sequences have been deposited in NCBI GenBank (GoM2017
accession no. OR661266; GoM2019-11 accession no.
OR665426). Additionally, samples were acquired from the
TriCoLim 2018 expedition25 and from culture collections
(Table S1). The biomass from each of these sites was extracted
in 2:1 CH2Cl2:CH3OH, followed by a 1:1 CH2Cl2:CH3OH, and
100% CH3OH. The resulting crude extracts were separately
concentrated to oils under reduced pressure. Small aliquots of
the resulting crude extracts were passed over a 100 mg C18 SPE
column to prepare for LC-MS/MS analysis. Trichothilone A (1)
was isolated from 2014 and 2019 extracts, and information on
the isolation and physical characteristics of the molecule can be
found in the Supporting Information.

LC-MS/MS-Based Molecular Networking. The resulting
extracts described above were analyzed on a liquid chromatog-
raphy system, a DionexUltiMate 3000HPLC, coupled to a high-
resolution electrospray mass spectrometer, a Thermo LTQ
Orbitrap XL system with postacquisition analysis performed at
the GNPS Web site.26 All raw mass spectrometry files and
.mzXML files can be found in the Center for Computational

Mass Spectrometry MassIVE repository under number
MSV000093069. For LC-MS/MS methodological details,
please refer to the Supporting Information.

Cytotoxicity Assays. Assays were carried out as previously
described using neuro-2A cells.13 Compound 1 was dissolved in
DMSO (1% v/v) and added to the cells in the range of 100 to 0.1
μM in order to generate EC50 curves against both cell lines. Four
technical replicates were prepared for each concentration, and
each assay was performed in triplicate. Doxorubicin was used as
a positive control, and DMSO (1% v/v) was used as a negative
control.

Genomic Analysis. The T. erythraeum IMS101 assembled
genome sequence was retrieved from the European Nucleotide
Archive (accession #CP000393). The T. thiebautiiH94 genome
and a group of field sample metagenome-assembled genome
(MAG) assemblies were retrieved from NCBI’s SRA (Bio-
Project PRJNA828267).25

■ RESULTS
Morphological Analysis and DNA Sequencing of

Organism Collections. Our previous work from an initial
collection of T. thiebautii biomass near North Padre Island,
Texas, in 2014 provided the first evidence that there was a
Trichodesmium species capable of prolific specialized metabolite
production in the GoM. Mining this biomass resulted in the
characterization of 24 new molecules,12−16,19−23 including 1
presented in the current report. Additionally, seven chlorinated
metabolites were detected from the 2014 collection via analysis
of LC-MS/MS molecular networks. These metabolites were
originally isolated and characterized from the sponge
Smenospongia aurea but putatively considered as the products
of associated cyanobacteria due to the chlorovinylidene
functional group present in these metabolites.17,18,20−22

The primary purpose of the current work was to determine if
metabolite composition of these T. thiebautii colonies in the
GoM was consistent over time and geographic location. To
accomplish this, a second collection of Trichodesmium colonies
was made in the GoM (27.00° N; 92.00° W) in 2017
(GoM2017, Table S1). Additionally in 2019, aboard the R/V
Oregon II (National Oceanic and Atmospheric Administration),
we visited several stations in the GoM and collected
Trichodesmium colonies and biomass (GoM 2019-2-4, 6, 11,
Table S1 and Figure S1). Collections from 2017 and 2019 were
identified as predominantly Trichodesmium sp. by examining
filaments and puff and tuft colonies (Figure S2). Phylogenetic
analysis of partial sequences of the 16S rRNA gene supported
identification of samples as T. thiebautii (GoM2017, GoM2019-
11), clustering with the T. thiebautii identified in the 2014
collection (Figure 2B). During the 2019 research cruise, we
collected bulk biomass from a surface accumulation (GoM2019-
6) and were also able to harvest individual tuft and puff colonies
from certain stations, sequestering individual colonies with a
sterile loop and preserving them for laboratory analysis (e.g.,
GoM2019-11) (Figure S3). More field samples were collected
from the GoM in 2021 (GoM2021-2-4, Table S1), and three
cultivated samples of T. erythraeum IMS101 were examined�
two separate cultures obtained from the Bigelow Laboratory for
Ocean Sciences (IMS101) and another from the University of
Southern California Trichodesmium Culture Collection
(USCTCC) (T. erythraeum ST8) (Table S1). Finally, we
examined legacy samples from a 2018 TriCoLim research
expedition (AT39-05) in the Caribbean and Atlantic Ocean
(TriCoLim St 3, 4, 6, 8, 13, 15, 16, 17, 20) (Table S1), which
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expanded the geographic coverage of metabolite composition of
Trichodesmium colonies outside of the GoM. Collections and
cultures used in this study are summarized in Table S1.

LC-MS/MS-Based Molecular Networking: Spatial and
Temporal Resolution of Trichodesmium Metabolites. We
utilized LC-MS/MS paired with molecular networking to

Figure 1. T. thiebautii specialized metabolites were found year after year and across the GoM. (A) Partial LC-MS/MS-based molecular network of
extracts from collection GoM2017 (pink) and GoM2019-6 (green). (B) T. thiebautii specialized metabolites found across the GoM in 2019. Partial
LC-MS/MS-basedmolecular network of extracts from 2019 collections (stations 2−4, 6, and 11). In all panels, nodes are designated by their precursor
masses. In panels (A) and (B), yellow triangles behind the node indicate that these metabolites were previously characterized by our group (cf. Figure
S4). In panel (B), “pie slices” designate stations where the metabolite was detected. Red stars show the position of the node for trichothilone A (1) (m/
z 537). Cotz, conulothiazole; ICotz, isoconulothiazole; ITphy, isotrichophycin; Sam, smenamide; Slac, smenolactone; Sthz, smenothiazole; Tlde,
tricholide; Tphy, trichophycin; Tthl, trichothilone; Tthz, trichothiazole; Unn, unnarmicin. The full networks can be found at http://gnps.ucsd.edu/
ProteoSAFe/status.jsp?task = 27cc1b6493804e0283a08d5d056d015d (temporal−total number of nodes in full network 1465), http://gnps.ucsd.
edu/ProteoSAFe/status.jsp?task=4b5821e25366435fae44da433db8819e (spatial�total number of nodes in full network 538).
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compare the metabolite composition of Trichodesmium
collections over time and geographic area in the GoM. The
previously characterized metabolites from the 2014 collection
served as a “screening library” for specialized metabolites
(Figure S4). Collections from 2017 and 2019 showed
remarkable consistency with respect to metabolite content
when compared to the previous 2014 analysis. Several of the
previously characterized metabolites from the 2014 collection
were identified in samples from 2017 (21 metabolites
annotated) and 2019 (18metabolites annotated). These include
many of the trichophycins, smenamides, tricholides, trichothia-

zoles, conulothiazoles, smenothiazole A, and trichothilone A (1)
(Figure 1A).
Examining by geographic location using the 2019 samples, we

again annotated many of the previously characterized
metabolites from 2014 including trichophycins B and F,
smenolactones C and D, smenamides A-F, isoconulothiazole B
and conulothiazole C, trichothiazole A, tricholide B, and 1.
There were also over 25 metabolites that remain unidentified
but were detected from all five stations (Figure 1B).
We next analyzed the sample GoM2019-11, composed of

“picked” colonies (dominated by puff morphology). These
colonies were collected via net tow, washed in a sieve, and

Figure 2. (A) T. thiebautii specialized metabolites in “picked colonies”. Partial LC-MS/MS-based molecular network of extract from GoM2019-11.
Colonies were hand-picked with a sterile loop from bulk collection, and an extract was generated. An arrow points from node m/z 537 (ThlA) to the
trichothilone A (1) structure. Yellow nodes in panel (A) indicate that thesemetabolites were previously characterized by our group (cf. Figure S4). The
full network can be found at http://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=9b6cefbe17c44ecf897caec9aba38031 (picked colonies−total number
of nodes 241). (B) 16S rRNA phylogenetic tree aligningTrichodesmium species from this study (red box�PI2014, GoM 2017, and GoM2019-11). All
samples clustered with T. thiebautii. The tree was created using the Maximum Likelihood method and the Tamura-Nei model. The bootstrap
consensus tree is inferred from 1000 replicates, and the percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
are shown next to branches. Analysis was conducted in MEGA. GenBank accession numbers of sequences are noted in parentheses. Red arrows show
clusters forT. erythraeum (Tery) andT. thiebautii (Thieb). (C) Representative structures that have been characterized fromTrichodesmium collections
previously and were found in the “picked colonies” molecular network with their names, abbreviations, and m/z values below the structures.

Figure 3. Structure of trichothilone A (1) (left) and key 2D NMR correlations (right).
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transferred one by one to a preservation vial using a sterile loop.
This sample does have associated bacteria in it, but it is devoid of
other phytoplankton and loosely associated ectocommensals,
which was verified by microscopy. Many of the previously
characterized metabolites were identified in this sample as well
(2A,C). These results point to the existence of a core
metabolome possessed by resident T. thiebautii colonies in the
GoM, which has never been documented previously. This
species produces hundreds of small organicmetabolites, many of
which are hallmarked by the incorporation of at least one
halogen atom, typically chlorine (Figure S4). Following
examination of all networks, one unidentified metabolite was
prioritized for isolation and structure elucidation�m/z 537.
This molecule was found in samples from 2014, 2017, all 2019
samples, and in the “picked colonies” sample. Additionally, ion
counts obtained from LC-MS/MS indicated that this molecule
was abundant in all samples. In contrast to most T. thiebautii
metabolites, mass spectrometry analysis indicated that 1 did not
contain any halogen atoms. Following the metabolite

composition analysis, HPLC-DAD- and LC-MS-guided iso-
lations were performed.

Structure Characterization of 1. HPLC-DAD and mass
spectrometry-guided isolation resulted in the isolation of an
optically active pale yellow oil (1) (Figure 3A). HRESIMS
analysis of 1 gave a protonated molecule [M + H]+ of m/z
537.3725 suggesting a molecular formula of C30H52N2O4S and a
requirement of six degrees of unsaturation (Figure S5).
Examination of 1D and 2D NMR data (Figures S6−S11) were
used to establish the planar structure of themolecule. Certain 1H
NMR resonances, most notably the N-methyl singlet, were split
into two signals in a ratio of about 1:1. This suggested two
conformers at the amide bond, which are detailed in Figure S12.
The text discusses only the Z-conformer. This phenomenon has
been described for other metabolites from Trichodesmium that
contain an N-methyl amide functionality.12 Inspection of the
COSY spectrum and 1H−1H spin systems allowed for the
assignment of three partial structures: the first from H-2 to H2-7
including the 1,3-dimethyl system fromC-1 to C-5, and a second
from H2-11 to H2-21 including a 1,3,5-trimethyl system from C-

Table 1. NMR Data for Trichothilone A (1)a in DMSO-d6 (500 MHz for 1H NMR, 125 MHz for 13C NMR)

position δC, type δH (J in Hz) HMBC COSY

1 175.5, C
2 35.5, CH 2.44, ovlpb 1, 3, 22 22, 3a, 3b
3a 40.0, CH2 1.32, m 2, 4, 22, 23 2, 4
3b 1.16, m 2, 4, 22, 23 2, 4
4 29.1, CH 1.42, ovlp 3, 5, 6, 23 3b, 5, 23
5 34.9, CH2 1.06, ovlp 6, 23 4, 6a, 6b
6a 25.0, CH2 1.70, m 5, 7a, 7b
6b 1.59, m 5, 7a
7a 29.9, CH2 2.73, m 6, 8 6b
7b 2.49, m 6a
8 156.0, C
9 112.8, CH 7.01, s 8, 10
10 169.1, C
11a 31.2, CH2 2.96, ddd (14.9, 6.7, 3.8) 10, 13 12
11b 2.77, m 10, 13 12
12 26.0, CH2 1.75, m 11a, 11b, 13a, 13b
13a 32.5, CH2 1.40, ovlp 12, 14
13b 1.13, ovlp 12, 14
14 68.9, CH 3.18, m 13a, 13b, 15, OH
OH 4.19, br 14
15 38.8, CH 1.51, p (7.0) 16, 24 16, 24
16 76.7, CH 4.81, ddd (9.5, 7.2, 2.5) 1, 25 15, 17
17 30.5, CH 1.80, m
16, 18, 25
18 41.0, CH2 1.01, m 17, 19, 25, 26 17, 19
19 26.9, CH 1.42, ovlp 18, 26
20a 34.2, CH2 1.38, ovlp 19, 26 19, 21
20b 1.19, ovlp 19, 21, 26 19, 21
21 44.5, CH2 3.25, t (7.4) 19, 20, 28 20a, 20b
22 16.4, CH3 1.01, d (6.8) 1, 2, 3 2
23 19.9, CH3 0.81, d (6.8) 3, 4, 5 4
24 9.4, CH3 0.71, ovlp 14, 15 15
25 12.3, CH3 0.73, ovlp 16, 17, 18 17
26 19.3, CH3 0.80, d (6.8) 18, 19, 20 19
27 34.3, CH3 2.88, s 21, 28
28 172.1, C
29 25.8, CH2 2.24, m 28, 30 30
30 9.2, CH3 0.94, t (7.4) 28, 29 29

aZ-conformer chemical shift values. bOverlapping signals.
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14 to C-20 (Figure 3B). A third partial structure consisted of a
single COSY correlation between H3-30 and H2-29. HMBC
correlations betweenH2-7 and C-8 (δC 156.0) andH2-11 and C-
10 (δC 169.1) along with the H-9 resonance (δH 7.01)
established a thiazole functionality that connected the first two
partial structures. AnN-methyl signal (δH 2.88) showed HMBC
correlations to C-21 (δC 44.5) and C-28 (δC 172.1) and
connected partial structure two to an N-methylpropanamide
functionality. HMBC correlations of H-2 (δH 2.44) and H-16
(δH 4.81) with C-1 (δC 175.5) established the ester of a
macrolactone and satisfied the final degree of unsaturation
characterizing a hybrid polyketide−peptide metabolite that was
named trichothilone A (1) (Table 1).

Relative Configuration of 1. Relative configuration of the
four stereogenic centers, C-14 to C-17, was determined as
14S*,15R*,16S*,17R* using the Murata’s approach,27 which is
based on 1H−1H and 1H−13C scalar couplings and NOE effects,
as detailed in Figure S13. The 1H−13C scalar couplings were
directly measured using a HECADE-HSQC experiment (Figure
S13)28 or estimated as “large” or “small” from the ratio of the
relative magnitudes of their cross peak measured in the HMBC
spectrum with respect to a common proton, an intense peak
indicating a large 2,3JCH, a weak or missing peak a small 2,3JCH.

29

Further support to the configuration of the segments C-14 to C-
17 of 1 was provided by Kishi’s method for the relative
configuration of contiguous propionate units.30,31 Comparison
of 13C NMR signals in 1 recorded in three different solvents
(CDCl3, CD3OD, and DMSO-d6) to Kishi’s 13C NMR database
determined the relative configuration as α,α,β,β for this segment
(cf. Table S2 and Figure S14), fully confirming the stereo-
chemical assignment based on Murata’s method.

Determination of the relative configuration at C-2 and C-4 in
1 with respect to the C-14/C-17 segment was achieved using
quantum-mechanical computational chemistry, namely, DFT
prediction of 1H and 13C NMR chemical shifts (DFT-NMR).32

Considering the structural complexity of compound 1, the
truncated model compound 1m was used for the calculations, in
which the flexible side chain of the natural compound is replaced
by an isopropyl group. This strongly reduced the number of low-
energy conformations of the molecule, while it did not
significantly affect the chemical shifts of the region of the
molecule under study.33 The four possible stereoisomers of 1m
at C-2 and C-4 (RR-1m, RS-1m, SR-1m, SS-1m) were
considered in the calculations (Figure S15). Conformational
analysis of the four 4m stereoisomers was performed using the
program Pcmodel 10.0 (GMMX algorithm, MMFF94 force
field),34 which generated 35 through 66 conformers for each
stereoisomer within 4 kcal/mol from the lowest-energy
conformer (see SI Experimental Procedures for details).
All the conformers were optimized by DFT minimization

using the Gaussian program at the B3LYP/6-31G(d,p)/SMD
level,35 and their 1H and 13C chemical shifts were calculated at
the mPW1PW91/6-311+G(d,p)/PCM level. Average chemical
shifts over all the conformers were then calculated for each of
RR-1m, RS-1m, SR-1m, and SS-1m based on the Boltzmann
distribution and compared with the experimental values
measured for 1. Comparison of the root-mean-square deviations
(RMSD) of 13C and 1H chemical shifts immediately showed that
SR-1m fit experimental data much better than the other three
stereoisomers (RR-1m: 2.32 and 0.150 ppm; RS-1m: 2.24 and
0.145 ppm; SR-1m: 1.98 and 0.122 ppm; SS-1m: 2.46 and 0.149
ppm, respectively). The DP4+ statistical analysis of computa-

Figure 4. (A) Molecular network of extracts from GoM2019-11 and IMS101 and ST8 showing the trichothilone A (1) node present in both species.
(B) Extracted ion chromatogram (XIC) shows detection of 1 in T. erythraeum IMS101 and ST8 extracts. (C) Cytotoxicity of 1 compared to the
positive control doxorubicin against neuro-2A murine neuroblastoma cells. (D) MS/MS spectrum of trichothilone A (1).
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tional results fully confirmed this,36 in that it assigned 100.00%
probability to SR-1m being the correct stereoisomer (Figure
S16). The anti orientation of the methyl groups at CH3-22 and
CH3-23 of 1 determined above was further supported by the
Δ(Ha−Hb) value (0.16 ppm) of the methylene protons attached
to C-3, which is consistent with the trend shown for 1,3-anti
dimethyl groups in the macrocycle myxovirescin (anti = 0.20
ppm; syn = 0.70 ppm).37 Therefore, the relative configuration of
1 was extended to 2S*,4R*,14S*,15R*,16S*,17R* and only
configuration at C-19 remained to be determined.
An attempt to determine the relative configuration at C-19

using DFT-NMR was unsuccessful because the predicted
chemical shifts of the two possible epimers showed similar
agreement with experimental data, with DP4+ probability <80%
and therefore not conclusive (data not shown). Moreover, the
Δ(Ha−Hb) value of the methylene protons attached to C-18,
which was close to 0, could not be used for determination of
relative configuration of the 1,3-dimethyl system CH3-25/CH3-
26 because the method is unreliable when the methyl branches
are adjacent to a lactone, which is the case for this system in 1.37

To overcome this limitation, we generated the acyclic methyl
ester of 1, characterized this derivative (2) using HRMS and
1HNMR (Figures S17 and S18), and reanalyzed this compound
to determine the chemical shifts of the intervening methylene
unit in the 1,3-dimethyl system. The Δ(Ha−Hb) value of the
methylene protons attached to C-18 of 2 (Δ(Ha − Hb) = 0.43)
strongly supported a syn relative configuration for CH3-25 and
CH3-26 (Figure S14).

37 In addition, the Δ(Ha−Hb) measured
for 2 was almost identical to the value (0.40 ppm) measured for
the methylene protons attached to C-5 of the 4-bromophenacyl
derivative of hemibourgeanic acid (3),38 thus ruling out the
possibility that the stereogenic centers C-16 and C-15 could
affect the reliability of the method (Figure S19). These data
defined the fu l l re l a t i ve configura t ion of 1 as
2S*,4R*,14S*,15R*,16S*,17R*,19S*.

Absolute Configuration Analysis of 1.A single secondary
alcohol in 1 (attached to C-14) allowed us to generate Mosher
esters at that position. We analyzed the S and R esters of 1 via 1H
NMR, COSY, and TOCSY. A positive Δ(δHS−δHR) value for
H-14 and negative Δ(δHS−δHR) values for H-9 and H-11
supported a 14S configuration (Figure S20). Relaying stereo-
chemical assignments based on the previously determined
relative configuration supported a 2S,4R,14S,15R,16S,17R,19S
configuration of 1.

Specialized Metabolites in Cultures and from Collec-
tions in the Wider Caribbean and Atlantic Ocean.
Trichothilone A (1) was detected in both the cultivated T.
erythraeum IMS101 samples and the T. erythraeum ST8 sample
with matches to retention time, high-resolution mass spectrom-
etry measurement, and MS/MS fragmentation pattern (Figure
4A,B,D). An examination of the cell mass and media of a second
IMS101 culture also showed the presence of trichothilone A (1)
(Figure S21), and its presence in the media may be related to its
ecological relevance. Examining collections from the GoM
collected aboard NOAA’s R/V Oregon II in 2021 (revisiting
stations from 2019) and samples from the TriCoLim
expedition,25 we continued to identify the presence of
metabolites from our 2014 library by matching MS/MS
fragmentation patterns. The GoM samples showed the presence
of certain trichophycins, smenamides, and other molecules
(Table S3). We detected trichothiazole A in extracts from
TriCoLim stations 3, 8, 16, and 17 (Figure S22) and

trichophycin F in 3, 6, and 17 (Figure S23). We also detected
smenamide A/B from station 3 extracts (Figure S24).

Cytotoxicity of 1. Trichothilone A (1) showed modest
cytotoxicity against neuro-2A cells with an IC50 value of 13.7 μM
(Figure 4C). Due to the limited amount remaining following
chemical degradation and derivative formation experiments, we
were not able to investigate other bioactivities that the molecule
might possess. The structural similarity of 1 to the thuggacins A
and B, macrolactone antibiotics which showed biological activity
against Mycobacterium tuberculosis,39 provides optimism that
additional testing of trichothilone A (1) could uncover potent
therapeutically relevant biological activity.

Genomic Analysis of T. thiebautii H94, T. erythraeum
IMS101, and Field Metagenomes. We examined several
genome and MAGs that were publicly available,25 searching for
genetic architecture consistent with the unique functional
groups (chlorovinylidene group and terminal vinyl chloride)
present in T. thiebautii metabolites (although these functional
groups were not in 1) and genetic architecture consistent with
putative PKS-NRPS-derivedmetabolite, e.g., tricholides A and B
and 1. We also examined genomes and MAGs from T. thiebautii
and T. erythraeum for putative full biosynthetic gene clusters
(BGCs) that might include 1. Specifically, this included the
genomes of T. thiebautii H94, T. erythraeum IMS101, and the
metagenome assemblies obtained from samples collected during
the R/V Atlantis TriCoLim cruise,25 having some colocation
with the archived samples from the cruise that we analyzed
chemically during this work. Analysis of PKS clusters present in
the T. thiebautii H94 genome using the antiSMASH platform40

and the known cluster BLAST function identified a module in
the T. thiebautii H94 genome, which showed similarity to
modules in the curacin A pathway.41 Curacin A possesses a
terminal alkene functionality and the biochemistry surrounding
its construction, and the activity of the decarboxylating
thioesterase has been experimentally shown.42 Additional
mining and annotation using DELTA-BLAST43 showed the
presence of the following domains in the T. thiebautii cluster of
interest: ketosynthase (KS), acyltransferase (AT), ketoreduc-
tase (KR), acyl carrier protein (ACP), sulfotransferase (ST), and
a thioesterase domain (TE). These domains are consistent with
those that form the terminal alkene in curacin A.41 Furthermore,
adjacent to this module was a gene that BLAST searching
annotated as an Fe(II)-dependent halogenase. This partial
cluster was similar to the genes predicted to form the terminal
vinyl chloride in many of the trichophycins and trichothiazole
(Figure S25A). A second partial gene cluster showed remarkable
consistency with the genetic architecture necessary to form the
chlorovinylidene group. An HCS cassette was present in this
cluster consisting of an HMG-CoA synthase and two enoyl CoA
hydratases and ketosynthase, acyltransferase, and three ACP
domains with additional enoyl reductase and ketosynthase
domains (Figure S25B). The HCS cassette has been observed in
gene clusters that produce products with the chlorovinylidene
moiety, such as the jamaicamide biosynthetic pathway.44 While
a specific halogenase was not identified in this partial cluster, the
elements are present for the vinylidene group observed in nearly
all the metabolites isolated from T. thiebautii collections (Figure
S4). The HMG-CoA synthase was also identified in MAGs
Bin1_Station19 and Bin1_Station18, which phylogenomics
analysis supported as T. thiebautii.25 We predict that a PKS-
NRPS system that generates 1 and one of the NRPS modules
would have a cyclization domain to create the thiazole.
Additionally, we predict that this gene cluster would have
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several methyltransferases including an N-methyl transferase.
However, no cluster was consistent with these predictions in any
genome examined and we could not identify the putative gene
cluster that creates trichothilone A (1).

■ DISCUSSION
Trichodesmium Species as Toxin and Specialized

Metabolite Producers.With the occurrence of cyanobacterial
blooms increasing concurrent with climatological changes, there
is a need to determine the ecological role of specialized
metabolites and how they affect speciation, ecotoxicology, and
range expansion. The rarity of Trichodesmium cultures stems
from an inability for most laboratories to obtain hand samples
and to scale up cultures of Trichodesmium for the biomass
amounts that can lead to the isolation of metabolites. This has
necessitated that many toxin and specialized metabolite
isolation efforts come from environmental collections. While
many classes of metabolites have been detected from these
blooms, it is difficult to attribute production of these
metabolites, including 1, to Trichodesmium without analysis of
axenic cultures. However, the widespread presence of 1 in
environmental collections and its detection in three independ-
ent unialgal cultures of Trichodesmium supports its cyanobacte-
rial production, and its presence in the media may indicate an
important ecological role. The T. thiebautii-dominated blooms
and collected colonies showed intriguing profiles with respect to
their metabolite composition. Continuing longitudinal and
geographic studies will aid in understanding the metabolite
profiles of this group and potentially lead to understanding the
ecological role of these metabolites. The widespread presence of
trichothiazole, trichothilone A (1), and other metabolites
presumes that they likely have an important physiological or
ecological role. Additionally, the widespread presence of
smenamides A/B and smenothiazole A warrant a reinvestigation
ofTrichodesmium toxicity, as thesemetabolites showed cytotoxic
effects to human cells at nanomolar concentrations.17,18 While
the trichophycins, trichothiazoles, tricholides, and other
metabolites we have isolated from T. thiebautii have shown
toxicity to human cells generally at lowmicromolar levels,13−19 it
is important to consider the additive or synergistic effect of toxin
mixtures. We have established a demonstrated analytical
capability to show that certain specialized metabolites are
found in colonies in the GoM and the wider Caribbean and
Atlantic Ocean, but Trichodesmium is found around the globe
with notable repeated blooms in the Pacific and Indian
Oceans.45 It would be most interesting to continue analysis in
collections from these areas using our established methods to
provide further foundational studies on Trichodesmium-speci-
alizedmetabolism. The ability to accumulatemorematerial from
yearly blooms will enhance the potential for 1 and other
metabolites to be comprehensively evaluated for their potential
therapeutic benefit and ecological function. Furthermore, there
remain hundreds of uncharacterized metabolites as shown in the
various molecular networks we have generated. We are only
scratching the surface of the molecular potential of Trichodes-
mium.

Connecting Biosynthetic Pathways to Trichodesmium-
Specialized Metabolites. Field samples are more accurately
defined in a clade format dominated by one of the two major
groups of Trichodesmium (T. erythraeum or T. thiebautii), and
recent work has shown that there are four clades of N2-fixing
Trichodesmium (T. erythraeum A and B, T. thiebautii A and B).25

Until there is an unequivocal biosynthetic identification of

complete gene clusters in the T. thiebautii genomes, and the lack
of these clusters in strains of T. erythraeum, no definitive answer
can be given on species chemotaxonomy and metabologenom-
ics. There is also previously published evidence that indicates
environment populations are composed of mixed species.46

Defining species assemblages in collections will be necessary to
understand community composition and how this may affect
specialized metabolite production. Furthermore, while the
cultivated sample of T. erythraeum only showed the presence
of one of the specialized metabolites we have characterized (1),
the culture conditions may not be conducive to metabolite
production, or we do not understand the environmental triggers
necessary for metabolite expression. While dozens of molecules
have been characterized from Trichodesmium by our group, they
have similar carbon scaffolds and most are analogues of each
other. We speculate that the biosynthesis of these products in
Trichodesmium follows that deciphered for the vatiamides in
which a unique combinatorial nonlinear hybrid PKS-NRPS
system generated a series of analogues adding to molecular
diversity.47

Holistic molecular approaches must be taken to define species
assemblages, genomic analysis to define biosynthetic architec-
ture, and culture and field experiments to understand potential
abiotic and biotic triggers that control metabolite production.
Additionally, as the bulk of these samples were from field
collections, there are many variables such as the impact of the
bacterial and microbial community and the sample volumes
collected vary widely from a few colonies to bulk collections.
Instituting water volume measures, colony counts, and more
molecular community data will aid in better detection and more
comparable data across samples. Untargeted LC-MS/MS
networking has shown utility in the discovery of new
cyanobacterial toxins and metabolites previously,48 and it was
well tailored for the present study. Recent work has shown that
along the West Florida Shelf, there is a coastal vs open ocean
separation for T. erythraeum and T. thiebautii, respectively.49 It
would be most interesting to investigate if specialized
metabolism plays a role in this niche differentiation. The
discovery of a nondiazotrophic Trichodesmium species50

provokes additional questions with respect to comparative
metabolomics studies and the potential role of specialized
metabolites in nitrogen fixation. Understanding how potential
abiotic stressors regulate specialized metabolite and protein
production will be key in determining the ecological role of the
molecules we have discovered.51 Trichodesmium’s iron uptake is
well studied, and the impact of specialized metabolites on iron
bioavailability in the phycosphere52 should be an area of further
study to fully understand the ecophysiological role of these
specialized metabolites.
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