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Professor Pieter C. Dorrestein, Chair 

 

 Microbes are everywhere. One teaspoon of soil contains an estimated 100 

million to one billion bacteria. There are 100 million times more bacteria in the ocean 

than stars in the known universe. And microbes associated with the human body 

outnumber human cells ten to one. Microbes communicate with their environment 

through small molecules, also referred to as secondary metabolites. These microbial 

metabolites modulate cell to cell communication, which affects biological processes 

such as cellular differentiation within a colony, virulence, and the homeostatic balance 

between host health and disease.  
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Understanding these metabolites has implications in many applications, 

including agriculture and health. Previous studies examine one metabolite at a time, 

out of the context of the entire colony or community. And although one metabolite 

may exhibit bioactivity, a microbial community most likely produces multiple 

molecules simultaneously. In order to begin to understand microbial molecules and 

their global biological roles in the context of communities, we developed and applied 

novel mass spectrometry tools to single species colonies, dual species interactions, and 

phylogenetically distinct microbes. 

 The thesis begins with the introduction of matrix assisted laser desorption 

ionization-time of flight imaging mass spectrometry (MALDI-TOF IMS). This mass 

spectrometry based tool is used to visualize the two dimensional distribution of 

metabolites associated with microbial colonies 

Chapter 2 presents the profiling of microbial metabolites by MALDI-TOF MS 

and the application of IMS to further understand the regulation and production of 

secondary metabolites in Bacillus subtilis, and the discussion of the biological 

implications. 

Chapter 3 introduces mass spectrometry based molecular networking as a 

strategy to quickly identify the “known unknowns” within complex samples.  

Chapter 4 proposes the application of molecular networking described in the 

dissertation to investigate honey bee colony collapse disorder. 
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CHAPTER I 

A primer on agar-based microbial imaging mass spectrometry 
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D. Watrous, Rachelle M. Trial, Tinya C. Fleming, Roland Wenter, Bradley S. Moore, 

Susan S. Golden, Kit Pogliano, and Pieter C. Dorrestein. The dissertation author was 

the primary investigator and author of this paper. 
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CHAPTER II 

Application of MALDI-TOF MS and agar-based microbial imaging mass 

spectrometry in the study of Bacillus subtilis 
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2.1 Abstract 

 Microbes communicate within colonies and with their surroundings through 

secondary metabolites. Bacillus subtilis, a sporulating Gram-positive microorganism 

produces molecules with antibacterial and antifungal properties that serve as 

communication factors to drive cell differentiation within its colony. Signals from the 

environment activate pathways that upregulate sigma factors and/or extracytoplasmic 

function (ECF) sigma factors, which regulate gene transcription, leading to differential 

gene expression, cell differentiation, and ultimately, secondary metabolite production. 

We hypothesize that mutations affecting sigma factors and extracytoplasmic function 

(ECF) sigma factors affect secondary metabolite production in B. subtilis. Matrix 

assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry 

(MS) and agar-based MALDI-TOF imaging mass spectrometry (IMS) were used to 

evaluate the production and distribution of metabolites in colonies of B. subtilis 

NCIB3610 and PY79 and regulatory factor mutants. 
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2.2 Introduction 

 Planet earth is teeming with microbes. One tablespoon of soil is estimated to 

contain 10 million bacteria and a total of 50 billion microbes.
1-3

 In nature, 

microorganisms interact with other microbes and their environments via molecules 

referred to as secondary metabolites or natural products.
4-6

 These metabolites are not 

necessarily involved in primary metabolism pathways, can act within a colony as 

quorum sensors,
7
 and have activity against other bacteria or fungi.

8, 9
 Due to the 

production of specialized metabolites, the bacterial genus Bacillus has been used as 

probiotics,
10, 11

 in agriculture,
12

 and in industrial applications
13

 to produce surfactants 

and amylase.
14-18

  

Bacillus subtilis, a well-characterized sporulating Gram-positive microbe is 

found in soil, the human gut,
19-21

 and contaminated wounds.
22

 When cultured on solid 

media in the laboratory, B. subtilis differentiates into subpopulations, which produce 

lipopeptide antibiotic biosurfactants surfactin and plipastatin, an antimicrobial peptide 

subtilosin, and peptidic cannibalistic factors sporulation killing factor (Skf) and 

sporulation delaying protein (Sdp). These secondary metabolites are produced in 

response to intracellular, self-produced, and extracellular signals, such as pH, 

extracellular salts, and starvation.
7, 23, 24

 

Multicellularity occurs in response to signals that are sensed by kinases within 

B. subtilis cells, which activate one of three master regulators – DegU, ComA, and 

Spo0A – each of which, in turn, activates pathways that result in different cell types.
7, 

25
 Following the activation of a master regulator, different sigma factors, which help 
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initiate bacterial transcription, bind to specific gene promoters indicating to RNA 

polymerase where to begin transcription. Thus, different genetic programs are 

transcribed depending on the input signals, ultimately leading to differentiation
26, 27

 

and production of secondary metabolites. 

The default cell state of B. subtilis prior to differentiation has been speculated 

to be motile or flagellated cells,
25

 which are a majority of the colony population before 

24 h on biofilm-inducing media,
24

 because this cell state does not depend on the 

activation of any of the three master regulators. Activation of DegU results in miner 

cells that secrete proteases, whereas activation of ComA yields surfactin producers 

and competent cells, and activation of Spo0A leads to extracellular matrix producers, 

cannibals, and spores. The markers for the activation of one of the three master 

regulators are the secondary metabolites produced by the different cell populations. 

Surfactin producers secrete a biosurfactant which alters surface properties, allows 

flagellated cells to swarm, and the colony to expand in search of nutrients or space.
28

 

Cannibals produce two cyclic peptide antibiotics, sporulation killing factor (Skf) and 

sporulation delaying protein (Sdp) in a self-sacrificial effort to generate nutrients to 

delay the activation of the terminal sporulation pathway. Additionally, the different 

cell types contribute towards survival by induction of competence to increase genetic 

variability, generation of nutrients via protease secretion, production of extracellular 

matrix for structure or protection, and formation of dormant spores to preserve genetic 

material until conditions become more favorable.
29-31

 

A genetically homogeneous colony of B. subtilis is able to differentiate into 

subpopulations based on the set of genes transcribed and expressed within each cell. 
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Transcriptional regulation in B. subtilis involves 10 sigma factors and 7 

extracytoplasmic function (ECF) sigma factors.
32, 33

 Sigma factors are involved in 

housekeeping, stress factors, chemotaxis, motility, and different stages of 

sporulation.
34

 Transcriptomics studies showed overlap between sigma M, W, and X in 

cell wall stress and biofilm formation and suggested the hypothesized the involvement 

of sigma factors V, Y, Z, and ylaC in exopolysaccharide production,
32, 35, 36

 however, 

not much is known about these ECF sigma factors. 

In this study, we used two progenitor strains: B. subtilis NCIB3610, an 

undomesticated wild strain, hereafter referred to as 3610, and PY79,
37-40

 a laboratory 

domesticated strain that has a frameshift mutation in the sfp gene,
41

 which encodes for 

the phosphopantetheinyl transferase involved in non-ribosomal peptide synthetase 

(NRPS) megaenzymes responsible for the production of certain secondary 

metabolites, such as surfactin and plipastatin.
42, 43

 Hence, PY79 is deficient in 

surfactin and plipastatin production. Looking at strains deficient in sigma factors in 

both may provide insight into understanding cellular differentiation and transcriptional 

regulation through the production of secondary metabolites from B. subtilis. We 

hypothesize that transcriptional regulatory factors, such as sigma factors and ECF 

sigma factors, affect global secondary metabolite production in B. subtilis.  

First, MALDI-TOF MS was used to profile the metabolic output of B. subtilis 

3610 and PY79 colonies grown on three types of solid media over multiple time 

points. Media type limits the nutrients, carbon source, and salts available to the 

growing colony, which may affect the timing and quantity of secondary metabolite 

production by these different celltypes.
7, 25

 These metabolomic profiles assisted in 



29 
 

 
 

establishing the molecules detectable by MALDI-TOF and the times at which the 

molecules were produced, and also served as a preview of the ions that would be 

detected in IMS analysis. 

Based on the timing of Skf production, an indication of the induction of the 

sporulation pathway, the 48 h time point on yeast extract-malt extract (ISP2) agar 

media was selected for IMS analysis. This time point captured the production of the 

hallmark B. subtilis secondary metabolites,
44

 but was still prior to the detection of the 

Sdp, produced later in the sporulation pathway than Skf.
45

 This ensured that the 

secondary metabolites detected in IMS were not suppressed by the presence of spores. 

To test the hypothesis that transcriptional regulators affect the production of 

secondary metabolites of B. subtilis, IMS was conducted on 23 mutants in both 3610 

and PY79 that directly or indirectly affect 5 sigma factors (B, D, F, H, and L), 7 ECF 

factors (M, W, X, V, Y, Z, ylaC), and other genes involved in secretion or matrix 

production (Table 2.1) to identify global patterns of molecules associated with cellular 

differentiation (Figure 2.1). 

 We also evaluated the use of IMS as a screening tool by analyzing unidentified 

mutants and comparing their IMS results to the IMS of the genetically characterized 

progenitor and mutant strains. The unidentified mutants included one potential yidC2 

mutant that was sporulation deficient and swarming proficient, as well as 11 

uncharacterized mutants of SCB844 (amyE::yidC2
6
-lacZcat) that were evaluated to 

either be inducible by isopropyl -D-1-thiogalactopyranoside (IPTG) in liquid media 

or only on solid media. IPTG induction results in YidC2
6
-LacZ expression, or 

-galactosidase activity. 
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Table 2.1 B. subtilis strains used in this study 

Strain Genotype and description 

NCIB3610 

(referred to as 

3610) 

Undomesticated wild strain; prototroph 

PY79 Lab domesticated strain; prototroph derivative of B. subtilis 

168 

ALB1033A 3610 ΔyidC2::mls 

yidC2 – Sec-independent membrane protein translocase; 

membrane insertion of proteins and protein secretion 

ALB975A 3610 ΔspoIIIJ::cm::spec 

spoIIIJ – membrane protein translocase; 

membrane insertion of proteins and protein secretion; 

constitutively expressed 

KP1032 3610 sigD::tet 

sigD – induces motility and swarming genes 

KP535 3610 spoVS::spec 

(deletion increases sigma D activity) 

ALB1035A 3610 Δspo0A::erm 

spo0A – induction of matrix production and sporulation 

AR123 PY79 yidC2::mls 

XJ149 PY79 spoIIIJ::cm::spec 

ALB1006A PY79 sigD::tet, amyE::yidC2
6
-lacZΩcat 

KP789 PY79 ΔabrB::cm 

abrB – represses matrix production, induces competence 

KP798 PY79 ΔsinR::neo 

sinR – represses matrix production 

ALB964A PY79 Δspo0A, amyE::yidC2
6
-lacZΩcat  

(to verify that Δspo0A caused elevated surfactin 

production
45

) 

ALB1045A PY79 sinI::kan 

sinI 1S98 represses sinR, induces matrix production 

ALB1036A PY79 sigB::cat 

sigB   1A675 general stress response 

KP324 PY79 ΔspoIIAC::kan (sigma F) 

spoIIAC, sigma F, early forespore sigma factor 

KP427 PY79 pSPAC-spo0HΩerm (sigma H) 

sigH – transition from exponential to stationary phase, 

induces matrix production by inducing Spo0A 

ALB1044A PY79 sigL::kan 

sigL JH642 1A914 cold shock response 

ALB1040A PY79 sigM::kan 

sigM 168 1A906 stress response, ECF sigma factor 
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Table 2.1 B. subtilis strains used in this study, continued 

= deletion 

- = fusion 

= genetic contruct introduced from a two-point crossover 

:: = insertion 

mls = macrolide-lincosamide-streptogramin, cm = chloramphenicol, spec = 

spectinomycin, tet = tetracycline, erm = erythromycin, neo = neomycin, kan = 

kanamycin  

 

 

Strain Genotype and description 

ALB1039A PY79 sigW::mls 

sigW 168 1A905 antibiotic resistance, ECF sigma factor 

ALB1037A PY79 sigX::spec 

sigX 1A901 cell wall metabolism, ECF sigma factor, 

together w/ SigM involved in teichoic acid biosynthesis and 

septum formation 

ALB1041A PY79 sigV::kan 

sigV 168 1A907 overlaps sigM, sigW, and sigX, ECF sigma 

factor 

ALB1043A PY79 sigY::mls 

sigY 168 1A909 regulating a toxic peptide and its immunity 

gene, ECF sigma factor 

ALB1038A PY79 sigZ::kan 

ALB1042A PY79 ylaC::kan 

ylaC 168 1A908 hydrogen peroxide resistance, ECF sigma 

factor 

ALB244 

ALB247 

ALB402 

ALB456 

ALB608 

Unidentified mutants of SCB844 (amyE::yidC2
6
-lacZΩcat) 

that are induced in liquid media. 

 

ALB261 

ALB554 

ALB607 

ALB609 

ALB725 

AL729 

Unidentified mutants of SCB844 that are only induced on 

solid media. 

 

ALB730 possible yidC2 mutant 

sporulation deficient and swarming proficient 
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Figure 2.1 Cell differentiation pathways in B. subtilis. Cell differentiation pathways 

are indicated by the thin arrows. Cell types are in green font. The three master 

regulators are in bold font. The biological output, phenotype or secreted molecules 

from the cells, are indicated by the dashed arrows and blue font. The genes mutated in 

this study are italicized and highlighted with a pink box. This figure was modified 

from a schematic in Lopez and Kolter 2009.
7, 46
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2.3 Results 

 B. subtilis 3610 and PY79 colonies were distinguishable on the different 

growth media by the color of the underside of the colony by Day 3 and the shape of 

the colonies beginning on Day 4 (Figure 2.2). Beyond Day 3, the color ranged from 

white or pale yellow to slightly red or reddish-brown in the colony center, depending 

on the media type. The colonies were round with smooth edges, except for 3610 

colonies on Difco sporulation media (DSM), which induces B. subtilis sporulation,
47

  

and PY79 on Luria Broth (LB) agar, which swarmed as indicated by the uneven 

growth along the edges of the colony. B.subtilis AR123 (ΔyidC2::mls), deficient in 

Sec-independent membrane insertion of proteins but still capable of protein secretion 

through spoIIIJ,
48

 phenotypically resembled progenitor strain PY79 (Supplemental 

Figure S2.1).  

MALDI-TOF analysis of B. subtilis over the course of six days (Figure 2.3) 

revealed that 3610 and PY79 shared the genetic capacity to produce secondary 

metabolites. In MALDI-TOF MS, the ions typically detected are [M+H]
+
, reported as 

a mass to charge ratio (m/z) or Da after subtracting the mass of a proton; these values 

are used interchangeably. On ISP2, strain 3610 is known to produce surfactin 

(1008.6597-1074.6468 calc. [M+H]
+
-[M+K]

+
 for varying acyl chain lengths), 

plipastatin (1463.8083-1529.7909 calc. [M+H]
+
 - [M+K]

+
 for varying acyl chain 

lengths and amino acid variants), subtilosin (1134.1972 calc. [M+H]
+
; 3400.4 [M+H]

+
 

in MALDI), a partially characterized polyglutamate (m/z 715), and unknown molecule 

(m/z 655) on ISP2.
44

 And strain PY79 is known to produce Skf (2781.302 Da) and Sdp 
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(4311.209 [M+H]
+
).

45
 These B. subtilis molecules were detected via MALDI-TOF 

profiling. In addition, an uncharacterized molecule detected ~2100 Da was present at 

detectable levels in PY79 on ISP2, whereas the molecule ~3850 Da was present in 

3610. 
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Figure 2.2 Development of colony morphology and color of B. subtilis 3610 and 

PY79 on LB, DSM, and ISP2 media over 6 days. The bottoms of the Petri dishes 

from each time point were photographed. The actual time of incubation is indicated in 

parentheses. From L to R for each time point (in replicates of 5): 3610 on LB, DSM, 

ISP2 and PY79 on LB, DSM, and ISP2. The photograph for Day 4 was corrected to 

maintain consistent order. 
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Figure 2.3 Gel/Stack view of 182 spectra reveals patterns of secondary metabolite 

production of B. subtilis 3610 and PY79 over time. Metabolites were detected from 

500-5000 Daltons (Da; x-axis). The spectra were numbered 0-181 (left y-axis), and the 

relative intensity was adjusted to 0-11.5 (right y-axis). The spectra on the very top and 

bottom are of the Peptide Calibration Standard. The top half corresponds to spectra for 

3610, the bottom half, PY79, indicated by the longest horizontal orange line. These 

halves are split into three sections (shorter horizontal orange lines), corresponding to 

growth on three different media, ISP2, DSM, and LB (from top to bottom), from Day 

1-6 (from bottom to top). Green rectangles highlight known and unknown molecules 

that are detected by MALDI-TOF MS. 
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3610 produced surfactin on all three media by Day 1, whereas PY79 produced 

surfactin lipopeptides 1000-1100 Da by Day 5 on LB. Plipastatin 1450-1550 Da was 

detected in 3610 by Day 1 on DSM and ISP2, but wasn‟t detected until Day 2 on LB. 

Comparatively, PY79 did not produce much plipastatin. Unknown metabolite ~ 2100 

Da was detected on Day 1 from 3610 on DSM and PY79 on LB, Days 1-5 from PY79 

on DSM, and Days 2-6 from PY79 on ISP2. Subtilosin 3400 Da was detected from 

3610 on ISP2 and a little from PY79. The detection of Skf from PY79, unknown 

metabolite ~3900 Da from 3610 on ISP2, and Sdp from both 3610 and PY79 occurred 

at Day 2 or later. Metabolites between 500-1000 Da included uncharacterized 551, 

616, 655, 886, and the partially characterized polyglutamate at 715 Da (Figure S2.2). 

MALDI-TOF MS analysis of the metabolic output of PY79 and AR123 was similar on 

all three media across 6 days (Figure S2.3). The main difference was the timing of Sdp 

detection on LB; PY79 produced detectable Sdp Days 2-6, whereas Sdp was detected 

from AR123 on Days 3-6. 

 MALDI-TOF MS profiles and previously published IMS analyses of strains 

3610 and PY79 on ISP2
44, 45

 served as the baseline of secondary metabolic output and 

highlighted B.subtilis ions produced at the Day 2 time point. The expected ions from 

3610 were m/z 616, 655, 715 (the partially characterized polyglutamate), 886, 1075 

(the representative surfactin [M+K]
+
), 1545 (the representative plipastatin [M+K]

+
), 

and 3438 (subtilosin); PY79 ions included m/z 551, 655, 715, 2785 (Skf), and 4350 

(Sdp). Due to the number of mutant strains tested, select ions were displayed in the 

figures. 
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B. subtilis mutants in a 3610 background, ALB1033A, ALB975A, KP1032, 

ALB1035A, and KP535 (yidC2, spoIIIJ, sigD, spo0A, and spoVS mutants, 

respectively) produced m/z 616, 715, and 1075 (Figure 2.4). Two strains, KP535 and 

ALB1035A, differ from the expected 3610 metabolic output. KP535 appeared to have 

two IMS metabolomic profiles. In one instance, KP535 produced m/z 551, 886, and 

Skf, but did not produce surfactin. In the other case, KP535 was more 3610-like. 

ALB1035A did not produce m/z 655, produced m/z 551 and 886, and 1075 was colony 

associated, whereas for the other strains m/z 1075 appeared to be secreted. 
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Figure 2.4 IMS of B. subtilis 3610 mutants. A. Overlay of false-colored images. B. 

Overlay of false-colored images on photograph of colony. C. Photograph of colony on 

MALDI target plate. Circles on the target have a diameter of 3 mm. 
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 IMS of B. subtilis mutant AR123 (yidC2) in a PY79 background resembled 

IMS analysis of PY79 without Skf (Figure 2.5). Strains XJ149, ALB1006A, KP789, 

and KP798, (spoIIIJ, sigD, abrB, and sinR mutants, respectively), produced m/z 616, 

655, 715, 886, and Skf in amounts detectable by IMS (Figure 2.5). These mutants did 

not produce surfactin or m/z 551. ALB964A (spo0A) was more 3610-like, with m/z 

616, 655, 715 and surfactin. However, the surfactin distribution was flowery rather 

than evenly diffuse around the perimeter of the colony, and ALB964A also produced 

m/z 551. Unlike the other mutants, ALB1045A (sinI) did not produce Skf. 
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Figure 2.5 IMS of PY79 mutants. A. Overlay of false-colored images. B. Overlay of 

false-colored images on photograph of colony. C. Photograph of colony on MALDI 

target plate. Circles on the target have a diameter of 3 mm. 
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 The metabolic output of mutants that directly affect sigma and ECF sigma 

factors, KP324, KP427, ALB1036A through ALB1044A (spoIIAC (sigma F), spo0H 

(sigma H), sigB, sigX, sigZ, sigW, sigM, sigV, ylaC, sigY, and sigL, respectively), all 

produced m/z 616, 655, and 715 at the 48 h time point (Figure 2.6). ALB1040A, 

ALB1043A, and ALB1044A (sigM, sigY, and sigL) may have produced m/z 551. 

KP324 (spoIIAC, affects sigma F) produced m/z 886. All but KP324, ALB1040A 

(sigM), and ALB1041A (sigV) produced surfactin, indicated by the representative m/z 

1075 puncta in the center of the colonies. KP324, ALB1044A, ALB1040A, 

ALB1039A (sigW), ALB1037A (sigX), ALB1043A (sigY), ALB1038A (sigZ), and 

ALB1042A (ylaC) produced Skf, mostly punctate in the center of the colonies. 

The B. subtilis mutants affected by the master regulator Spo0A are: KP324 

(spoIIAC in PY79), KP535 (spoVS in 3610), ALB964A (spo0A in PY79), and KP427 

(pSPAC-spo0HΩerm in PY79; Figures 2.4-2.6). These mutants all produced m/z 616, 

655, and 715. M/z 551 was detected in KP535 and ALB964A. KP324 and KP535 

produced m/z 886 and Skf, but not surfactin. ALB964A and KP427 did not produce 

m/z 886 or Skf, but did produce colony-associated surfactin. 
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Figure 2.6 IMS of sigma and ECF factor mutants in B. subtilis PY79. A. Overlay 

of false-colored images. B. Overlay of false-colored images on photograph of colony. 

C. Photograph of colony on MALDI target plate. Circles on the target have a diameter 

of 3 mm.  
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 IMS metabolite profiles of unidentified mutants of SCB844 (amyE::yidC2
6
-

lacZcat) in a PY79 background were varied, but they all produced the partially 

characterized polyglutamate m/z 715 (Figure 2.7). Among the group of mutants that 

were inducible in liquid media, ALB244 uniquely produced m/z 551, low levels of 

886, and colony-associated surfactin. The only detectable ion from ALB247 and 

ALB402 was m/z 715. The colony size of ALB402 was small compared to the other 

mutants, 3610, and PY79. ALB456 and ALB608 resembled the sigma and ECF factor 

mutants in IMS. 

In the group of unidentified mutants only inducible on solid media, ALB261 

looked the most PY79-like by producing m/z 616, 655, 715, and Skf (Figure 2.7). The 

colonies of ALB554, ALB607, ALB609, ALB725, and ALB729 were small; the ions 

detected were m/z 551, 616, and 715, and not m/z 886 or Skf. ALB554 and ALB609 

produced a ring of surfactin, ALB607 and ALB729 did not produce surfactin, while 

ALB725 potentially produced low levels of surfactin. 

 The potential yidC2 mutant, ALB730 (sporulation deficient, swarming 

proficient), produced m/z 551, 616, no 655, 715, no 886, no surfactin, and no Skf, 

most closely resembling ALB607 and ALB729 (Figure 2.7). The colony did not 

swarm, because swarming is defined as movement across a semi-solid surface (0.7% 

agar), so no conclusions about swarming can be made under these experimental 

conditions. 
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Figure 2.7 Representative IMS images of unidentified mutants of SCB844 

(amyE::yidC2
6
-lacZΩcat) that are inducible in liquid or only on solid, and 

ALB730 (sporulation deficient, swarming proficient). A. Overlay of false-colored 

images. B. Overlay of false-colored images on photograph of colony. C. Photograph 

of colony on MALDI target plate. Circles on the target have a diameter of 3 mm. From 

the top, ALB244-ALB608 were induced in liquid and ALB261-ALB729 were induced 

only on solid. ALB730 resembled the unidentified mutants induced only on solid. 
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2.4 Discussion 

 Intra- and extra-cellular signals activate one of three master regulators that lead 

to differentiation into the different subpopulations of B. subtilis. Matrix producers, 

spores, and cannibal cells are under the activation of master regulator Spo0A,
24

 

whereas surfactin producers and competent cells are under the regulation of ComA.
7
 

DegU regulates the miner cells that secrete proteases,
7
 which were not the focus of this 

study. Depending on the nature of the signals, the master regulators activate different 

sigma factors, which result in different gene transcription programs. MALDI-TOF MS 

and IMS were used to analyze the secondary metabolites from strains deficient in 

transcriptional regulation via sigma factors and the ECF sigma factors, in membrane 

secretion proteins, or the master regulators themselves, to further understand the 

regulation of secondary metabolite production in B. subtilis. 

 MALDI-TOF MS time course profiles of progenitor strains 3610 and PY79 

showed that different nutrients affect the metabolic output, either overall or the timing 

of production. The data suggests that 3610 produces plipastatin after surfactin. This 

corroborates previous studies detecting surfactin production as early as 2 h and 

plipastatin at 22 h growth from 3610 on ISP2.
44

 Surfactin has been exploited as a 

biosurfactant
49

 and has stronger antibacterial properties,
50

 whereas plipastatin inhibits 

filamentous fungi
51, 52

 and together with subtilosin production indicates a shift in the 

secondary metabolism of B. subtilis towards sporulation.
44

 The production of surfactin 

prior to plipastatin implies that the signal peptide ComX is expressed early in colony 

development, and activates the master regulator ComA, resulting in differentiation of 
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surfactin producer cells, which are present in a ratio of one surfactin producer cell to 

hundreds of non-surfactin producers.
7
 Surfactin protects the B. subtilis colony through 

its antibacterial properties and enables colony expansion through swarming, while 

serving as a signaling molecule to certain cells within the colony to differentiate into 

matrix producers.
7, 28, 53

 ComX was most likely not observed because it is produced in 

localized, undetectable quantities, under the limit of detection and resolution of the 

MALDI-TOF mass spectrometer. 

 The time course profile of PY79 suggested that Skf was produced prior to Sdp. 

These two cannibalistic factors are produced under nutrient limited conditions in 

Spo0A activated cells to provide nutrients via self-sacrifice, thereby delaying 

sporulation.
30

 Skf has been shown to inhibit B. subtilis growth and mediate killing 

activity. However, Sdp, due to higher bioactivity, has been implicated as the toxin 

responsible for the cannibalistic activity of B. subtilis as well as bioactivity against 

other bacteria.
45

 The lower killing ability and earlier production of Skf, compared to 

Sdp, may provide a means for B. subtilis to minimize its losses by initially sacrificing 

as few cells as necessary. PY79 also produced surfactin at Days 5-6 on LB, despite the 

frameshift mutation in sfp which affects the ability of PY79 to produce of surfactin 

and plipastatin.
40

 This result supports the previously proposed existence of a lower 

efficiency phosphopantethenyl transferase that gets upregulated when spo0A is 

absent.
45

  

 IMS of the Spo0A mutants were expected to be deficient in matrix production, 

cannibalism, and sporulation. ALB1035A (spo0A in 3610) maintained its capability 

to produce but not secrete surfactin. Surfactin remained colony-associated at the 48 h 
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time point, suggesting that signals that lead to or result from Spo0A have a role in 

surfactin secretion. Colony-associated surfactin may have led to a more transparent 

colony compared to 3610 and other 3610 mutant strains. The PY79 counterpart 

ALB964A verified that the deficiency in Spo0A caused elevated surfactin production 

as reported previously.
45

 Surfactin was secreted, but ALB964A growth was impaired, 

alluding to a complex signaling network that drives B. subtilis colony growth and 

development. 

 PY79 mutants downstream of Spo0A activation expected to affect matrix 

production were ALB1045A (sinI), KP798 (sinR), and KP789 (abrB). Differences 

between ALB1045A and KP798 were expected because the sinI mutant represses sinR 

and induces matrix production, and the sinR mutant represses matrix production. 

KP789 represses matrix production and induces competence. The IMS profiles of 

KP798 and KP789 looked similar; both produced m/z 616, 655, and 886, 

polyglutamate at m/z 715, and Skf. ALB1045A did not produce polyglutamate or Skf. 

The IMS image for m/z 551 of ALB1045A may have been hot spots, a known artifact 

of IMS, and hence, was disregarded. These results implicate m/z 886 as a molecule 

related to matrix repression. 

 Sigma factor F is a sporulation-specific factor expressed in early forespore 

gene expression
33

 after Spo0A activation and possibly after the matrix producers begin 

to shift to sporulation.
24

 Hence, KP324 in PY79 (spoIIAC) may metabolically 

resemble the spo0A, sinR, or abrB mutants. KP324 resembled KP789 (abrB) and 

KP798 (sinR), both mutants of which repress matrix production. Since sporulation is a 

terminal pathway, there must be stringency to first attempt cannibalism to provide 
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nutrients to the colony and then even stricter stringency to ensure that the sporulation 

pathway is activated so colony DNA is preserved in spore form. KP324 also 

resembled XJ149 (spoIIIJ). This mutation in a constitutively expressed membrane 

protein translocase may affect the inter-cellular stress, which may in turn trigger 

Spo0A activation. 

 IMS of secretion mutants, such as insertional mutations of yidC2 (ALB1033A 

in 3610; AR123 in PY79), spoIIIJ (ALB975 in 3610; XJ149 in PY79) resembled the 

corresponding progenitor strains. AR123 and XJ149 were in a PY79 background and 

did not produce detectable amounts of surfactin at 48 h. Surfactin secretion of 

ALB1033A and ALB975A was not affected. Hence, surfactin is secreted by different 

means and these two mutations did not affect the detected secondary metabolites from 

B. subtilis. AR123 looked like ALB1033A without surfactin; XJ149 looked like 

ALB975A without surfactin. The time course of AR123 on ISP2 resembled that of 

PY79 (Figure 2.5). Skf was detected from AR123 at 48 h via MALDI-TOF profiling, 

but not by IMS. This may have been due to differences in cell number to agar volume, 

instrument settings, or variance in microbiology or environment. 

Sigma B is involved in general stress response.
33

 The IMS of ALB1036A 

looked like the progenitor strain PY79, except that ALB1036A was deficient in Skf 

production and may have produced a low amount of surfactin in the center of the 

colony. Skf production may be linked to the general stress response in PY79 through 

Spo0A activation and subsequent expression of sigma factor B. 

 Sigma factor D induces motility via flagellar and swarming gene expression.
33

 

KP1032 in 3610 (sigD) had a similar metabolic profile to 3610, sans Skf production. 
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KP535 in 3610 (spoVS) increases sigma factor D activity. KP535 should differ from 

KP1032; the metabolic profile may mirror other strains that are swarming proficient. 

However, B. subtilis is not likely to exhibit a pronounced swarming phenotype on 2% 

agar.
53

 IMS revealed that KP535 was capable of producing all representative ions. In 

one instance, KP535 produced all representative ions but surfactin; in the other, 

KP535 produced all but m/z 551 and Skf. KP1032, on the other hand, did not produce 

m/z 551, 886, or Skf. ALB1006A in PY79 (sigD) did not produce m/z 551 or surfactin, 

but did produce m/z 886 and Skf. Sigma factor D did not affect surfactin production or 

Skf production in 3610 and PY79, respectively. The common effect of sigma factor D 

deficiency was the lack of m/z 551; an increase in sigma D activity resulted in 

production of molecule at m/z 551 at 48 h on ISP2. M/z 551 may be affected by sigma 

factor D, or otherwise is affected by another sigma factor expressed at the same time 

as D. 

Sigma H plays a role in the transition from exponential to stationary phase as 

well as competence and early sporulation genes.
33

 KP427 (pSPAC- ) has 

similar metabolic output as progenitor PY79 but without Skf and with punctate 

surfactin in the center of the colony. The IPTG inducible promoter pSPAC
54

 was not 

induced. 

Sigma factor L does not affect mobility, competence, or sporulation.
55

 The 

IMS data of ALB1044A (sigL) resembles the profiles of the ECF sigma factors. The 

ECF sigma factors M, W, and X (ALB1040A, ALB1039A, and ALB1037A, 

respectively) and possibly V, Y, Z, and YlaC (ALB1041A, ALB1043A, ALB1038A, 

and ALB1042A, respectively) have been implicated in exopolysaccharide 
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production,
35

 a component of biofilm or matrix. These sigma factor mutants may 

resemble the spo0A mutant in PY79 because matrix producers are under the regulation 

of Spo0A activation. However, based on IMS, this was not the case. All seven of the 

ECF sigma factor mutants ALB1037A-ALB1043A had similar metabolic profiles. 

ALB1040A (sigM) did not produce surfactin and ALB1041 (sigV) did not produce 

surfactin or Skf. The IMS results supported the overlap of ECF sigma factors seen 

from transcriptomics studies.
35

 

 The utility of IMS as a screen was determined to be useful but not conducive to 

high-throughput, based on analysis of unidentified mutants of SCB844 in a PY79 

background inducible in liquid or only on solid. B. subtilis metabolic output was fairly 

consistent between PY79 mutants. However, the strain with a unique pattern, such as 

ALB244, which produced surfactin in a PY79 background, can be prioritized for 

further experiments. 

 Based on MALDI-TOF IMS of B. subtilis mutant strains, it would be difficult 

to characterize ALB730 in terms of sigma factor mutants without assumptions. 

ALB730, deficient in sporulation, but proficient in swarming may be a yidC2 mutant. 

IMS showed that ALB730 most closely resembles ALB607 and ALB729, two 

unidentified mutants of SCB844 only induced on solid media. Interestingly, ALB730 

was swarming proficient, but did not produce detectable surfactin. Perhaps 

development or growth of the colony was delayed and the 48 h time point did not 

capture surfactin production. 

 As stated in Chapter 1, intensities within IMS images are relative. Thus, 

quantitative comparisons within one acquisition may be reasonable, whereas 
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comparisons across acquisitions may not be. In order to obtain more quantitative data 

or even identifications corresponding to m/z, orthogonal approaches are necessary. 
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2.5 Future Directions 

This study profiled baseline metabolic output of B. subtilis strains using 

MALDI-TOF MS and IMS. As a follow up study, it would be interesting to test the 

hypothesis that the induction of a response from these strains will alter the secondary 

metabolite profile from the baseline over time. The strains available to induce are: the 

unidentified mutants in SCB844 inducible in liquid or only on solid media, KP427 

(pSPAC-spo0Herm), and the sigma factor mutants. 

The induction of the unidentified mutants may assist in characterization. The 

induction of KP427 (pSPAC-spo0Herm) may cause a swarming phenotype in the 

PY79 background, resulting in a secondary metabolite profile like 3610. Or induction 

may drive the colony towards sporulation due to Spo0A activation and deficient 

matrix production. Inducing a sigma factor response such as exposure to hydrogen 

peroxide (ylaC), cell wall inhibiting antibiotics (sigW, sigX, sigM and sigV), and cold 

(sigL) may result in similar end point secondary metabolic profiles, but differ in the 

timing of production and detection. In parallel, it would be interesting to conduct 

RNA-Seq analyses to see how well transcriptomics data correlates to secondary 

metabolite expression. 

Other interesting projects include monitoring cellular differentiation via 

fluorescence. There are reporter strains for matrix producers, surfactin producers, 

motile cells, and sporulating cells.
7, 24

 The pattern of surfactin production from 

ALB964A (spo0A in PY79) was unique. ALB1035A (spo0A in 3610), ALB244, 

ALB554, and ALB609 (unidentified mutants) produced surfactin, but it remained 
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colony associated. I hypothesize that these colonies are deficient in matrix producers, 

and hence do not produce Skf. By creating the same mutation as ALB1035A (spo0A) 

in the reporter strain for matrix producers and comparing with the wild type reporter 

strain, fluorescence microscopy can reveal whether or not these colonies are deficient 

in matrix production. 
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2.6 Summary 

 The time course profiling of metabolic output via MALDI-TOF MS is an 

efficient and reproducible approach to evaluate and determine the media selection and 

time point for optimal detection of B. subtilis metabolite production. This approach 

extends to other bacterial strains that are culturable on agar media, with the 

optimization of solvents, matrix selection, and MALDI sample preparation.  

 The global patterns of the metabolic output from 3610 and PY79 differed; 

3610 made surfactin and plipastatin, and PY79 made Skf and Sdp. Over time, 3610 is 

capable of producing Skf and Sdp and PY79 is capable of producing surfactin. The 

MALDI-TOF MS and IMS results support previous studies of B. subtilis lipopeptides, 

the cannibalistic factors Skf and Sdp, and ECF sigma factors. 

 Transcriptional regulatory mutants affect the secondary metabolic profiles of 

B. subtilis. However, the differences detectable by MALDI-TOF MS and IMS were 

few. Overall, the metabolic output of the different B. subtilis mutants was similar to 

the progenitor strains, with some exceptions. This suggests that the regulation of the 

specialized metabolites is a complex web, not linearly controlled by one path. Instead, 

there are redundancies in sigma factor regulation,
27

 regulatory factors, post-

translational regulation of the sigma factors via anti-sigma factors, leading to crosstalk 

within a B. subtilis cell on a transcriptional level to drive multi-cellularity within the 

community.  

 The location of secondary metabolites within the colony was studied via IMS. 

Prior to investing time and effort in preparing IMS samples, acquiring data, and 
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analyzing data, evaluation of agar media type and time point to best study the system 

of interest is recommended. Orthogonal methods to validate m/z identities are 

necessary. 
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2.7 Experimental 

2.7.1 MALDI-TOF MS profiling of B. subtilis 

 From a freshly streaked LB plate (bacterial glycerol stock streaked on LB and 

incubated overnight at 30˚C), cells were picked from one colony of B. subtilis 3610, 

PY79, and AR123 (ΔyidC2::mls) into 1 mL of 3 different liquid media – Luria Broth 

(LB), Difco Sporulation Medium (DSM), and yeast extract-malt extract (ISP2) – and 

incubated with shaking at 30˚C overnight. The OD600 was adjusted to 0.05-0.1 and the 

diluted culture was incubated at 30˚C for approximately 3 h, to ensure that the cells 

were in logarithmic phase. One L was spotted in the center of a 3.5 mm Petri dish per 

media type in replicates of 5. This was repeated for 6 consecutive days. On Day 7, the 

cells of one colony were scraped off the agar and placed into 100 L HPLC grade 

water (Fisher) and mixed well. One hour later, 1 L of the cell suspension was mixed 

with 1 L of matrix solution, 20 mg Universal MALDI matrix (Sigma) in 78% 

acetonitrile, 0.1 % trifluoroacetic acid. Then 1 L was spotted onto the MALDI target 

plate and air-dried. 

 MALDI-TOF MS was conducted on a Microflex (Bruker) immediately after 

workup of all samples. The reflectron or linear positive method in FlexControl 2.0 was 

calibrated to at least 4 points using the Peptide Calibration Standard (Bruker) with a 

quadratic fit. Ions m/z 500-5000 were detected as an average of 300-500 laser shots 

per spectrum, sampled with random walk. Spectra were displayed as a heatmap in 

Gel/Stack view in ClinProTools version 2.0. The bands correspond to m/z peaks, 



58 
 

 
 

where the darkness of the band corresponds to the area under the curve or the intensity 

of the peak. 

2.7.2 IMS profiling of B. subtilis mutants 

 Two mL ISP2 liquid media were inoculated with a scrape of frozen stock 

stored at -80˚C in 20% glycerol, and incubated overnight at 28˚C with shaking. A 1 

L aliquot was spotted on 10mL ISP2 agar per 10 cm diameter Petri dish. Once dry, 

the Petri dish was parafilmed and incubated at 30˚C for 48 h. Samples were prepared 

for IMS as previously described in Chapter 1. 

 MALDI-TOF IMS analysis was conducted on a Microflex (Bruker). The 

reflectron or linear positive method in FlexControl 2.0 was calibrated to at least 4 

points using the Peptide Calibration Standard (Bruker) with a quadratic fit. In 

FlexImaging version 2.0, the x-y raster was defined between 600-800 m. At each 

raster point, ions m/z 500-5000 were detected as an average of 300-500 laser shots per 

spectrum, sampled with random walk. Ions were false-colored and overlaid on a 

photograph as a 2-D image in FlexImaging. The intensity and distribution of the false-

colored m/z ions correspond to the average intensity over the area imaged. 

 For a phenotypic evaluation of the B. subtilis mutants, Streptomyces coelicolor 

A3(2) spores were inoculated in a 1.5 cm line onto ISP2 agar and incubated overnight 

at 30˚C, as previously described.
44

 Then 1 L of B. subtilis mutant strain (OD600 ~0.1) 

was spotted adjacent to one tip of the line and incubated for 48 h at 30˚C. Photographs 

were taken at 48 h. 
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2.9 Supplemental Figures 

 

 

 

 

Figure S2.1 Development of colony morphology and color of B. subtilis PY79 and 

AR123 on LB, DSM, and ISP2 media over 6 days. The bottoms of the Petri dishes 

were photographed from each time point. The actual time of incubation is indicated in 

parentheses. From L to R for each time point (in replicates of 5): PY79 on LB, DSM, 

ISP2 and AR123 on LB, DSM, and ISP2. The photograph for Day 4 was corrected to 

maintain consistent order. 
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Figure S2.2 Zoomed (500-1000 Da) gel/stack view of 182 spectra reveals patterns 

of secondary metabolite production of B. subtilis 3610 and PY79 over time. 
Uncharacterized metabolites were detected at 551, 616, 655, and 886 Da. The 

metabolite at 715 Da corresponded to a partially characterized polyglutamate.
44
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Figure S2.3 Gel/Stack view of 182 spectra reveals patterns of secondary 

metabolite production of B. subtilis AR123 and PY79 over time. The x-axis is m/z 

500-5000 in Da, the left y-axis is spectrum number from 0-181, and the right y-axis is 

the relative intensity. The spectra on the very top and bottom are of the Peptide 

Calibration Standard. The top half is AR123, the bottom half is PY79, indicated by the 

longest horizontal orange line. These halves are split into three sections (shorter 

horizontal orange lines), corresponding to growth on three different media, ISP2, 

DSM, and LB (from top to bottom), from Day 1-6 (from bottom to top). Green 

rectangles highlight known and unknown molecules that are detected by MALDI-TOF 

MS.
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CHAPTER III 

Molecular networking as a dereplication strategy 

 

  

 

 



69 

 

3.1 Abstract 

A major goal in natural product discovery programs is to rapidly dereplicate 

known entities from complex biological extracts. We demonstrate here that molecular 

networking, an approach that organizes MS/MS data based on chemical similarity, is a 

powerful complement to traditional dereplication strategies. Successful dereplication 

with molecular networks requires MS/MS spectra of the natural product mixture along 

with MS/MS spectra of known standards, synthetic compounds, or well-characterized 

organisms, preferably organized into robust databases. This approach can 

accommodate different ionization platforms, enabling cross correlations of MS/MS 

data from ambient ionization, direct infusion, and LC-based methods. Molecular 

networking not only dereplicates known molecules from complex mixtures, it also 

captures related analogs, a challenge for many other dereplication strategies. To 

illustrate its utility as a dereplication tool, we apply mass spectrometry-based 

molecular networking to a diverse array of marine and terrestrial microbial samples, 

illustrating the dereplication of 58 molecules including analogs. 
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3.2 Introduction 

 Natural products (NPs) are produced by various life forms as specialized 

metabolites that control cellular processes and drive biology.
1
 They are also some of 

the most prolific sources of therapeutics.
2
 Despite the overwhelming number of NPs 

and NP derivatives approved by the FDA, the majority of the pharmaceutical industry 

has eliminated NP-based drug discovery programs,
3
 in part due to the costs behind 

high rates of rediscovery in the late stages of the isolation process. However, academic 

scientists continue to explore the natural world for molecules with interesting 

chemistries, for they are the drivers of biology and are important to biotechnology, 

biofuels, agriculture, and medicine.
1
 

Dereplication, or the identification of known molecules, early in the NP 

workflow minimizes time, effort, and cost.
3
 Current dereplication strategies include 

hyphenated techniques, such as HPLC-MS, HPLC-NMR, HPLC-NMR-MS, and 

HPLC-SPE-NMR,
4-6

 or bioactivity fingerprints, such as cytological profiling or 

BioMAP.
7,8

 The common denominator of these strategies is the attempt to exploit the 

fact that structurally similar or identical molecules share similar physical 

characteristics, such as UV-vis profiles, chromatographic retention times, MS, NMR 

chemical shifts, or biological properties. However, even when multiple characteristics 

are experimentally verified, a full elucidation either occurs late in the workflow or 

otherwise remains elusive. Hence, alternative and orthogonal dereplication strategies 

need to be developed. 
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Mass spectrometry based dereplication is critical to modern natural product 

dereplication pipelines.
9-13

 MS is more sensitive than NMR, however, it is often 

difficult to reliably dereplicate a given compound when solely using precursor or 

parent masses because of the sheer number of results returned when searching 

databases such as AntiBase,
14

 MarinLit,
15

 Beilstein Dictionary of Natural Products,
16

 

and Scifinder. However, MS/MS fragmentation has yet to be routinely exploited in NP 

dereplication. In principle, MS/MS data are definitive characteristics of a molecule, 

and thus could be effectively used in dereplication. The underlying assumption of MS 

together with MS/MS-based dereplication is that structural architecture, chemical 

stability, and functional groups combine to dictate reactivity by collision-induced 

dissociation in the gas phase, and therefore, similarities in MS/MS fragmentation 

patterns can be used as proxies for chemical similarity.  Thus, these MS/MS patterns 

are more discriminatory than parent mass alone. Because natural product workflows 

typically incorporate LC-MS analysis, and MS/MS data can be simultaneously 

acquired on most mass spectrometers, introduction of molecular networking does not 

require significant adjustment of the current NP discovery process. Here we present 

molecular networking as a complement to current dereplication strategies.  
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Figure 3.1 Three steps to implement molecular networking for dereplication. 

Experimental MS/MS spectra of samples, which can be of a high degree of complexity 

and heterogeneity, and MS/MS spectra of known molecules, dubbed “seed” spectra, 

are analyzed on a 64-bit Linux system. The resultant network is visualized in 

Cytoscape where one node represents one consensus MS/MS spectrum and is labeled 

with the precursor mass, and an edge represents relatedness, where edge thickness 

indicates cosine similarity. 
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Mass spectrometry-based molecular networking relies on the observation that 

structurally similar molecules share similar MS/MS fragmentation patterns. Molecular 

networking is implemented in three fundamental steps (Figure 1). First, MS/MS 

spectra are collected. Second, a molecular network is generated using „cosine scores‟ 

which measure relatedness in MS/MS spectra and can be visualized using Cytoscape, 

a tool designed to visualize correlations of large datasets.
17,18,32,33

 Finally, the 

molecular network is analyzed as described in Figure 2. Thus, a molecular network is 

a visual representation of molecular relatedness (chemical similarity) of any given set 

of compounds. 
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Figure 3.2 Validation of nodes and annotation of MS/MS spectra. Using the 

carmabin A “seed” as a starting node, molecular networking revealed that carmabin A 

was present in two different cyanobacterial collections (also in Figure 3). In the same 

cluster, there were three additional nodes of two precursor masses, m/z 645 and 705. 

Putative assignment of modifications based on the precursor mass difference – 

sodium, potassium, alkylated, halogenated, oxidized, etc. – and mass differences 

between peaks in the MS/MS spectra also provide insight to the structures of the 

related NPs. Manual inspection of the carmabin A MS/MS spectrum showed a 

sequence tag consistent with b-type ions. Inspection of the MS/MS spectra of the 

connected nodes, m/z 645 and 705, matched to known lipopeptides in the same 

molecular family as carmabin A, but with differing lengths and degrees of 

unsaturation of the lipophilic tail. With one seed, carmabin A, molecular networking 

was able to dereplicate carmabin A and two MS/MS spectra that match to the 

structurally related analogs, carmabin B and dragomabin. 
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Because structurally similar NPs share similar MS/MS fragmentation patterns, 

molecular families tend to cluster together within a network.
18

 These networks then 

allow for the simultaneous visual exploration of identical molecules, analogs, or 

compound families, within single or multiple datasets and from a wide variety of 

biological sources.
17, 18

 Within the network, one node corresponds to one consensus 

MS/MS spectrum, a mathematical merging of MS/MS spectra with nearly identical 

precursor mass and peak patterns, and is typically labeled with the precursor mass. 

Edges (lines) connect nodes with related consensus MS/MS spectra. In the networks 

depicted in this manuscript, we have added node and edge attributes so that the color 

of the node corresponds to the origin of the sample and the thickness of the edge 

reflects the similarity as defined by the cosine score. 

In the current study, we generated two networks of MS/MS data from 

phylogenetically distinct sample sets to demonstrate how molecular networking can be 

used to dereplicate known compounds and identify close analogs. One network 

contained LC-MS/MS spectra of fractionated extracts and purified NPs from 

cyanobacterial collections. The other network combined MS/MS spectra from direct 

analysis of microbial colonies using ambient ionization nanoDESI
18

 and direct 

infusion nanoESI of purified NPs and crude extracts of well-studied bacteria. The 

MS/MS data of purified NPs act as “seed” spectra, which serve as the initial focal 

points in the network when processed with the MS/MS spectra from a mixture of 

unknown compounds. Implementation of molecular networking to six cyanobacterial 

collections and eight bacterial strains resulted in the concurrent dereplication of four 
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NPs and 38 possible analogs, and eight NPs and eight analogs, respectively, 

encompassing NPs of different structural classes, such as polyketides, alkaloids, and 

peptides. The identification of known molecules is most rapid when standards are 

included, but the utility of molecular networking does not depend on inclusion of a 

database. Networking identifies potential analogs and guides the user to molecules that 

may be unknown, thereby decreasing the time to the decision as to pursue or not 

pursue the isolation of individual metabolites. 
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3.3 Experimental section 

3.3.1 Bacteria 

Bacteria (Pseudomonas aeruginosa PAO1 and PA14, Serratia marcescens sp. 

ES129, Verrucosispora sp. MS100128 and SRM7) were sampled directly from 

colonies grown on agar media via nanoDESI using a modified Prosolia Omnispray 

DESI source coupled to a 6.42 T Thermo LTQ-FT-ICR mass spectrometer.
18,19

 

Additional bacteria (Bacillus subtilis 3610 and PY79 and Dietzia sp. FI-1026) were 

extracted then directly infused into the mass spectrometer using a Triversa nanomate-

electrospray ionization source (Advion Biosystems, Ithaca, NY) coupled to a 6.42 T 

Thermo LTQ-FT-ICR mass spectrometer. Strain-specific growth conditions are 

described in the Supporting Information. For nanomate, samples were diluted in 50:50 

MeOH:H2O and then directly infused using a back pressure of 0.35-0.5 psi and a spray 

voltage of 1.3-1.45 kV. FT-MS and ion trap MS/MS spectra were acquired using Tune 

Plus software version 1.0 and Xcalibur software version 1.4 SR1. The instrument was 

tuned on m/z 816, the 15+ charge state of cytochrome C. The instrument scan cycle 

consisted of one 10 min segment, during which a profile FT scan with a resolution of 

25,000 was cycled with four data-dependent scans in the ion trap. The data-dependent 

scan iteratively cycled through the top four most intense ions from the FT scan, after 

which they were placed on an exclusion list for 600 s. Purified compounds 

hydroxyphenazine, methoxyphenazine, N-methylphenazine, PQS (pseudomonas 

quinolone signal), pyocyanin, abyssomicins B, C, D, H, J, and L, proximicin B, and 

commercially available surfactin from B. subtilis (Sigma S3523), were also directly 
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infused into the mass spectrometer. MS/MS data were collected in a data dependent 

manner, during which profile mode FT-MS scans cycled with five MS/MS scans in 

the ion trap. The five most abundant peaks were fragmented and then added to an 

exclusion list. Data were acquired for 10 min. 

3.3.2 Cyanobacteria 

Five cyanobacterial collections (Moorea bouilloni PNG05-198, GenBank 

collection number FJ041298), containing apratoxins A and B as well as lyngbyabellin 

A) and a mixture of Lyngbya sp. and Schizothrix sp. (containing tumonoic acid I) were 

collected from Papua New Guinea, while a red filamentous cyanobacterium 

(containing barbamide), a red Moorea sp. (containing carmabin A), and a brown 

Schizothrix (containing carmaphycin B) were collected from Panamá. Specific 

collection information is described in the Supporting Information. Each of the five 

cyanobacterial collections was extracted with 2:1 CH2Cl2/MeOH, fractionated into 

nine sub-fractions using silica gel Vacuum Liquid Chromatography (hexanes, EtOAc, 

MeOH), and analyzed via LC-MS/MS on a Thermo Finnigan Surveyor Autosampler-

Plus/LC-Pump-Plus/PDA-Plus system coupled to a Thermo Finnigan LCQ Advantage 

Max mass spectrometer fitted with a Phenomenex Kinetex C-18 100Å 100 x 60 mm 

column. Using a flow rate of 700 μL/min and a 45 min gradient of CH3CN and 0.1% 

HCO2H acidified H2O, the elution began at 50% CH3CN to H2O, held there for 5 min, 

then a linear gradient to 100% CH3CN at 30 min, held there until 35 min, and then a 

linear gradient back to 50% CH3CN to H2O at 40 min which was maintained until the 

end of the run. The divert valve was set to waste for the first 2.5 min. ESI conditions 
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set with the capillary temperature at 325°C, source voltage at 5 kV, and a sheath gas 

flow rate of 69 L/min. Four scan events: positive MS, window from m/z 300-2000; 

then three data dependent MS/MS scans of the first, second, and third most intense 

ions from the first scan event. MS/MS settings of 35% normalized collision energy, 

default charge of 1, minimum intensity of 10
5
 counts, isolation width of m/z 2, 

dynamic exclusion count of 5, repeat duration of 1 min, exclusion list size of 25, and 

an exclusion duration of 3 min. 

In alternative preparation, crude cyanobacterial extracts were first separated by 

vacuum liquid chromatography to create nine fractions of distinct polarity, which were 

then analyzed by LC-MS/MS to generate the molecular network. Using the same 

instrument and the same column with a flow rate of 700 μL/min and a 39 min gradient 

of CH3CN and 0.1% HCO2H acidified H2O, the elution began at 40% CH3CN to H2O, 

held there for 5 min, then a linear gradient reaching 100% CH3CN at 25 min, held 

there until 35 min, and then a linear gradient back to 40% CN3CN to H2O at 36 min 

which was maintained until the end of the run. Three scan events: first scan negative 

MS, window from m/z 80-2000; second scan positive MS, window from m/z 100-

2000; and third scan MS/MS data dependent most intense from second scan, using the 

same ESI and MS/MS settings but without dynamic exclusion. Characterized NPs 

(carmaphycins A and B, barbamide, carmabin A, tumonoic acid I), either purified or 

synthesized, and an injection consisting only of solvent, were also analyzed via LC-

MS/MS. The retention times and MS/MS spectra for the standards were manually 
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verified against the MarinLit database
15

 and previously published data, respectively.
20-

24
 

3.3.3 Molecular networking 

The data was converted to mzXML format, a text-based format used to 

represent mass spectrometry data describing the scan number, precursor m/z, and the 

m/z and intensity of each ion observed in MS/MS, using ReadW from Thermo or 

msconvert, part of the ProteoWizard package.
25

 Molecular networks were generated as 

previously described.
18

 The bacterial network also included MS/MS data of ions 

below m/z 2000 from HMDB,
26

 LipidMaps,
27

 MassBank,
28

 Metlin,
29

 and NIST
30

 

databases in mgf format, a tab delimited text-based representation of the mass 

spectrometry data. Once all the data was in a text format (mzXML or mgf), the data 

was subjected to Spectral Networks, which includes MS-Clustering,
31

  followed by 

generating text files with attributes using MATLAB.  

The MS-Clustering algorithm
31

 first combined identical spectra into consensus 

spectra, and then Spectral Networks compared all possible pairs of consensus MS/MS 

spectra and assigned a vector-based cosine similarity score (dot product) to each pair 

that ranges from 0 to 1, where 1 represents identical spectra. The higher the cosine 

score between two spectra, the more similar the MS/MS spectra, and by extension, the 

more similar the corresponding molecules. Subsequent MATLAB scripts reported data 

with cosine scores of and above the user-defined cosine threshold, herein chosen to be 

0.65, which were then imported into Cytoscape and displayed as a network of nodes 

and edges.
32

 To simplify the network, the background nodes from solvent and the 
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database nodes that were not directly connected to a sample node via an edge were 

removed from the network. Remaining nodes within the network were organized with 

the FM3 layout plug-in,
33

 node colors were mapped based on the source files of the 

MS/MS, and the edge thickness attribute was defined to reflect cosine similarity scores 

with thicker lines indicating higher similarity. Sub-networks were generated in 

Cytoscape from isolated portions of the larger network in order to improve visibility of 

node connectivity. 
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3.4 Results 

The cyanobacterial network contained MS/MS data from six different marine 

collections (Figure 3) and five pure NPs which had been previously characterized by 

NMR, UV-vis, HRMS and comparison to MarinLit and/or chromatographic retention 

time.
15

 The bacterial network (Figure 4) was generated from direct infusion of extracts 

or direct sampling via nanoDESI
18

 of eight bacterial strains from three phyla 

(Firmicutes, Actinobacteria, and Proteobacteria), 13 NP standard samples, and 

104,228 MS/MS spectra from five metabolomics databases. However, the actual 

number of unique compounds in these databases is much less as there are multiple 

spectra for many compounds. In the networks, each cyanobacterial collection or 

bacterial strain is represented by a different color; overlapping experimental nodes 

with data from more than one organism are grey circles, nodes that are a consensus of 

experimental and seed spectra are dark green squares, and seed nodes that do not 

overlap with experimental data are light green triangles. The dereplicated nodes were 

manually inspected and MS/MS fragmentation patterns were annotated to verify that 

the fragmentation patterns were related (Supporting Information).  



83 
 

 
 

Figure 3.3 Cyanobacterial network with a cosine similarity score cut off of 0.65. 
This network was generated when crude extracts of cyanobacteria (six distinct 

collections) were separated into nine fractions based on polarity and then analyzed via 

LC-MS/MS with five known compounds. The inlaid portions of the network were 

rearranged in Cytoscape for easier visualization of node connectivity. Italicized labels 

indicate putative assignments. A. Standard “seed” spectra of carmabin A overlapped 

with three different cyanobacterial collections (bold outlined dark green squares). 

Additionally carmabin B and dragomabin were identified from the same collection and 

two different genera, respectively. B. A cluster of nodes from a collection of Moorea 

bouillonii, a known producer of the lyngbyabellins, was highly suggestive of 

lyngbyabellin A and potential novel analogs, including a monochlorinated species. 

The presence of M+2 nodes within this cluster provided further evidence for these 

analogs. C. Tumonoic acid I clustered closely with novel analogs present in both the 

crude cyanobacterial sample and the pure seed compound. D. Barbamide and the 

recently described 4-O-demethylbarbamide analog were present in multiple 

cyanobacterial samples. Additionally, a dimethyl analog was present in two samples. 

E. Carmaphycins A and B were included in the network, but only carmaphycin B was 

in one Schizothrix sp. collection. Also, the precursor ion of a putative non-oxygenated 

methionine analog clustered closely, as well as an analog with a precursor mass of m/z 

511. F. A cluster of nodes from Moorea bouillonii, a known producer of the 

apratoxins, putatively contained five known and 13 novel apratoxin analogs. 
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Figure 3.3 Cyanobacterial network, continued 
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Figure 3.4 Bacterial network with a cosine similarity score cut off of 0.65. This 

network was generated from direct infusion of extracts or direct nanoDESI-MS/MS 

sampling of 8 bacteria, 14 known compounds, and 5 databases. The inlaid portions of 

the network were rearranged in Cytoscape for easier visualization of node connectivity 

and annotation. Italicized labels indicate putative assignments. A. 4-Hydroxy-2-

heptylquinoline (HHQ) and Pseudomonas quinolone signal (PQS) fragment similarly. 

The structures of the connected database nodes do contain conjugated cyclic moieties, 

but are not of the same molecular family as HHQ and PQS. B. Small molecules <350 

m/z in the condensed cluster. Commercial Pseudomonas aeruginosa molecules 

pyocyanin and methoxyphenazine overlap with sample spectra, whereas N-

methylphenazine does not. Phenazine fragments differently. S. marcescens sp. ES129 

yields a node with a precursor mass that matches to prodigiosin, which is supported by 

comparison of the MS/MS sample spectra to published spectra. C. MS/MS spectra of 

abyssomicins (Aby) B, C, D, H, and L purified from Verrucosispora sp. MS100128 

and proximicin B isolated from sp. SRM7 were incorporated into the bacterial 

network. Aby B and H “seed” spectra overlapped with data directly sampled from 

Verrucosispora sp. VM37 (bold outlined dark green squares). Aby C, D, and L were 

incorporated into the network, but do not match to sample data (bold outline light 

green triangles). Aby J and proximicin B were not incorporated into the network. D. 

The surfactins (Srf) 1+ cluster includes protonated (H), sodiated (Na), and potassiated 

(K) forms of surfactin C13-15. Protonated precursor nodes are labeled with bold solid 

outlines. This cluster reveals nodes for precursor mass m/z 994.6, 14 less than Srf-C13, 

suggesting the presence of a C12 surfactin and was instrumental in dereplication of the 

bioactive molecule/s from Dietzia sp. FI-1026 (cyan). E. Putatively assigned surfactins 

2+ cluster. 
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Figure 3.4 Bacterial network, continued 
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Figure 3.4 Bacterial network, continued  
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Figure 3.4 Bacterial network, continued   
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Molecular networking of the cyanobacterial data resulted in dereplication of 

carmabin A,
21

 tumonoic acid I,
20

 barbamide,
23

 and carmaphycin B;
24

 interestingly, 

carmaphycin A was not present in the network. Carmabin A was present in crude 

fractions of a Moorea sp. extract (Figure 2) and the cluster of nodes around carmabin 

A included precursor masses and corresponding MS/MS spectra (Figure S2, 

Supporting Information) that agreed with analogs carmabin B and dragomabin.
34

 

A cluster of six dark green square nodes revealed that a mixed collection of 

two cyanobacteria, Lyngbya sp. and Schizothrix sp. from Papua New Guinea, 

contained tumonoic acid I (Figure 3C).
20

 This cluster suggested the presence of five 

analogs within the seed LC-MS/MS run for tumonoic acid I, which was supported by 

MS/MS spectra and extracted ion chromatograms (EICs) (Figure S4, Supporting 

Information). 

From the network, it was determined that barbamide and its characteristic 

complex chlorine isotope pattern were present in multiple collections (Figures 3D and 

S5, Supporting Information).
23

 In addition to this “seed,” the recently described 4-O-

demethylbarbamide along with its chlorine isotope pattern were also present,
22

 as well 

as a putative analog of barbamide. The MS/MS fragmentation pattern for 4-O-

demethylbarbamide contained an intact y ion, thus supporting its assignment. The 

MS/MS for the putative barbamide analog contained b and y ions consistent with 

dechlorobarbamide.
35

 

Carmaphycin B and two nodes suggestive of novel carmaphycin analogs were 

dereplicated from the cyanobacterial network. Carmaphycin B was present in the 
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crude sample from one collection from Panama, confirmed by matching MS/MS 

fragmentation patterns and retention times. The two novel carmaphycin analogs, one 

consistent with a non-oxidized methionine analog and a second with an m/z 511, were 

supported by the presence of b and y ions in the MS/MS spectra (Figure S6, 

Supporting Information). These predictions are being pursued with a full structure 

elucidation of each following isolation and NMR analysis. 

The cyanobacterial network also contained two clusters from Moorea 

bouillonii that contain precursor masses that correspond to known lyngbyabellins and 

apratoxins. M. bouillonii is well known to produce both lyngbyabellins and apratoxins, 

and these clusters could be identified based on MS/MS fragmentation, precursor 

masses, and isotopic patterns despite the lack of seed spectra for dereplication. The 

lyngbyabellin A
36

 cluster had masses which suggested novel analogs including a rare 

monochlorinated species, a dehydroxylated species, a demethylated species, a 

demethylated and dehydroxylated species, and a methylated species. Additionally, the 

precursor masses for these analogs had distinct isotopic patterns characteristic of 

chlorinated species, thus providing orthogonal evidence for the presence of 

lyngbyabellin analogs in this cyanobacterial sample. The other cluster contained 67 

nodes and likely contained apratoxins A and B
37,38

 as well as precursor masses 

suggestive of the analogs apratoxins D,
39

 E,
40

 F, and G
41

 (Figure S7, Supporting 

Information). However, the molecular formulas of these compounds could not be 

definitively assigned due to high ppm error values and the lack of standard MS/MS 

spectra. 
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In the bacterial and database network, molecular networking enabled the 

dereplication of polycyclic polyketide-type antibiotics termed abyssomicins,
42-44

 

phenazines,
45

 quinolones,
46

 and surfactin lipopeptides.
47

 MS/MS spectra of two of the 

NMR-pure abyssomicin standards formed consensus nodes from data directly 

collected from Verrucosispora sp. MS100128, thereby dereplicating abyssomicins B 

and H as well as revealed abyssomicin H (+OH) as previously described
44

 (Figures 4C 

and S11, Supporting Information). Nodes for abyssomicins C, D, and L were also 

present in the network, but these nodes originated from standards and were not present 

in the sample. Similarily, the node corresponding to proximicin B, previously 

determined to be produced by Verrucosispora sp. SRM7, was present in the network 

but did not match or connect to any experimental SRM7 node.
48

 

Molecular networking analysis of data-independent nanoDESI-MS/MS of 

Pseudomonas aeruginosa PAO1 and PA14
19

 with five reference spectra – 

hydroxyphenazine, methoxyphenazine, N-methylphenazine, Pseudomonas quinolone 

signal (PQS), and pyocyanin – resulted in dereplication of methoxyphenazine,
19

 

pyocyanin, PQS, a reduced pyocyanin analog, phenazine, and 2-heptyl-4-quinolone 

(HHQ). Pyocyanin (m/z 211 [M+H]
+
 calc.) was immediately linked to a putative 

analog 2 amu higher, corresponding to a reduced analog. PQS exhibited a perfect 

match between experimental and reference data, resulting in an overlapping node. 

Although when manually inspected, methoxyphenazine and N-methylphenazine 

appeared to fragment differently from phenazine (Figure S10, Supporting 
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Information), their nodes were still found in the same region of the network, indicating 

an underlying fragmentation similarity between these compounds (Figure 4B). 

Molecular networking dereplicated prodigiosin from Serratia marcescens sp. 

Environmental Strain 129 (Lab Environmental Strain Collection), without a “seed” 

spectrum or a full characterization of the organism. S. marcescens sp. ES129 was 

isolated from soil, produced a red pigment, and was sampled directly via nanoDESI.
18

 

S. marcescens strains are known to produce the red-pigmented antibiotic prodigiosin 

(323.1997 calc.), a tripyrrole alkaloid, which has a published MS/MS spectrum. 

Comparison of the sample MS/MS spectrum to the published verified that the 

fragmentation patterns matched. Thus, m/z 324 from S. marcescens sp. ES129 matches 

to prodigiosin.  

Nodes from Dietzia sp. FI-1026 extracts clustered with nodes from B. subtilis 

and surfactin MS/MS datasets in two clusters that were assigned to singly charged and 

doubly charged surfactin (Figure 4E and F, respectively). The consensus nodes (dark 

green squares) in both clusters contained MS/MS spectra from all three sources, and 

contained protonated as well as sodium and potassium adducts of surfactin C13-15. The 

cluster for singly charged surfactin (Figure 4E) revealed nodes with a precursor mass 

m/z 994.6, a difference of 14 amu less than surfactin-C13, suggesting the presence of a 

surfactin-C12. 



95 

 

3.5 Discussion 

Mass spectrometry-based molecular networking is a useful tool when applied 

to cyanobacterial and bacterial MS/MS datasets. In the current study it was used to 

dereplicate 58 molecules including analogs. Three advantages of molecular 

networking as a dereplication strategy are highlighted here. First, it allows for the 

simultaneous identification of known NPs and analogs from complex mixtures. 

Second, molecular networking is compatible with any mass spectrometry ionization 

platform. And lastly, molecular networking is easily incorporated into standard NP 

discovery workflows. 

 Molecular networking based dereplication can be used to match identical as 

well as related molecules, an asset that was quite apparent with the cyanobacterial 

examples. The carmabin A consensus node clustered tightly with 4 other nodes 

(Figures 2 and 3A). The carmabin A node was found in one Moorea sp. sample. This 

node strongly clustered with m/z 705.1 and 645.0, found in the same cyanobacterial 

sample; m/z 705.1 was also found in a collection of Schizothrix sp. After examination 

of the MS/MS spectra and comparison to the seed NP, these compounds were 

dereplicated as carmabin B and dragomabin, respectively. Thus, one identical match in 

the network resulted in the dereplication of two additional NPs. 

 In the case of carmaphycin, the network contained a node for carmaphycin B 

from a collection of Schizothrix sp. when both A and B were used as seeds. Moreover, 

there were nodes for previously uncharacterized carmaphycin analogs of m/z 499.9 

and 511.0. Inspection of the MS/MS spectra revealed an intact b ion for both analogs 
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suggesting the valine and lipid chain were intact. For m/z 499.0, the mass difference 

and corresponding y ion suggested the presence of a non-oxidized methionine residue, 

while the modification for m/z 511.0 is uncertain and would require a full structure 

elucidation via NMR to identify the location and modified moiety.  

 Tumonoic acid I was dereplicated from a mixed Schizothrix sp. and Lyngbya 

sp. collection by retention time comparison with a verified standard in addition to 

examination of the MS/MS spectra. Novel tumonoic acid analogs were present in the 

collection as well as the seed sample. EICs for the seed suggested that the analogs 

were present in low titer, as their UV signal/s were not detected in the chromatogram. 

This result highlights the exceptional sensitivity of mass spectrometry and molecular 

networking which thus allows for the identification of even very low abundance NPs. 

Any mass spectrometry ionization platform is compatible with molecular 

networking at multiple stages of the workflow (Figure 5), as long as MS/MS spectra 

are acquired. Advances in ionization, including ambient ionization, methods in mass 

spectrometry remove the time and labor for sample work-up, allowing for molecular 

networking to be implemented at early-stages of natural product discovery and can be 

used for networking. For example, a variety of ionization sources, such as ESI, 

nanoDESI, and direct infusion nanoESI, were used to generate the MS/MS spectra that 

were networked together in the current study. The utility of molecular networking 

extends to low molecular weight molecules, such as less than m/z 400 as exemplified 

by the phenazines and quinolones produced by Pseudomonas aeruginosa (Fig. 4A and 

B). These NPs have been implicated in virulence and competitive fitness.
49
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Figure 3.5 Molecular networking can be easily implemented in traditional 

natural product workflows. 
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Molecular networking was used to dereplicate abyssomicins B and H, two 

members of a newer class of polyketide antibiotics. There was no node for 

abyssomicin J; the proposed structure of abyssomicin J consists of a dimer of 

abyssomicin K connected by a thioether. Abyssomicins C, D, and L nodes were 

present as seed nodes only. Abyssomicin C is one of a handful of new potential 

antibiotics with activity against gram-positive bacteria such as methicillin-resistant 

Staphylococcus aureus (MRSA) and vancomycin-resistant S. aureus (VRSA) through 

inhibition of p-aminobenzoate (pABA) biosynthesis.
42

 Thus, identification of analogs 

via molecular networking may lead to more candidate antibiotics. 

It is important to note that the incorporation of seed spectra is not necessary for 

molecular networking to be highly useful. For example, in the cyanobacterial network, 

there were no seed spectra for the lyngbyabellins or apratoxins, yet these two well-

known compound families formed two distinct clusters and were easily identified. 

Detection of new analogs in these compound families will be helpful for developing 

an understanding of structure-activity relationships (SAR) in the future.  

 Molecular networking can be easily integrated into existing NP workflows to 

provide useful guidance in the discovery of new bioactive substances. To highlight 

one example, fractionated extracts of Dietzia sp. FI-1026 isolated from fish intestines
50

 

were previously screened against 15 bacterial strains via BioMAP analysis.
8
 The 

BioMAP profile clustered to valinomycin and cytological profiling using HeLa cells 

showed cell death (Supporting Information). The MS/MS spectra of these extracts 

were included in the bacterial network and clustered with surfactin and B. subtilis 
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(Figure 4D and E). The presence of FI-1026 nodes in both the singly charged and 

doubly charged surfactin clusters increased confidence that the bioactive component 

of the FI-1026 samples was surfactin. Because this is a well-studied molecule, it was 

likely introduced as a contaminant during the preparation of the sample. Hence, the 

fractions from this particular experiment were eliminated from further analysis.  

At a cosine score cutoff of 0.65, the bacterial and database network (Figure 4) 

contained 1948 total nodes, of which 296 (15.2%) were database MS/MS nodes or 

overlapping nodes with a database MS/MS spectrum. Most of these database nodes 

were less than m/z 400 and were located in the condensed cluster, the portion of the 

network concentrated with nodes and edges. A majority of these nodes 276 (14.2%) 

were nodes with MS/MS spectra from databases only, three were nodes (0.15%) for 

consensus between a database and standard, and 17 (0.87%) were nodes for consensus 

between a database and a bacterial sample.  Of the 17 consensus nodes of interest, 

none were able to be dereplicated, highlighting the need for an integrated use of 

relevant MS/MS libraries, databases, and de novo structure elucidations. 

Developing relevant MS/MS libraries for microorganisms will significantly 

benefit NP drug discovery efforts by improving the results of the dereplication 

strategy presented herein. In the next few years, we aim to create an open access 

database of MS/MS spectra of known molecules, with data repository and search 

functionality for public use. Once data are collected and deposited, there will be less 

need for others to repeat data collection for that sample, saving time and resources. As 

this collection grows, the database will become ever more useful, and may transform 
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first pass natural product analysis in a fashion similar to that of gene annotations in 

Genbank.
51,52

 

There are many conceivable creative applications of molecular networking, 

such as taxomonic dereplication of mixed samples in parallel to metagenomics 

studies,
53

 inclusion of geneology to successfully dereplicate molecules, SAR and 

biosynthetic pathway prediction studies, and the creation of an all-encompassing 

database for metabolomics studies of host-pathogen systems as diagnostic tools for 

human health. 

In conclusion, molecular MS/MS networking is an alternative approach that 

can be used for dereplication. The workflow can be incorporated at any stage of a 

natural product discovery program. Additionally, it is compatible with workflows 

currently in use in many natural product laboratories that use MS to characterize their 

samples simply by acquiring MS/MS at the same time. This will be useful to capture a 

wide range of structural classes and analogues even when the retention times are very 

different or if different ionization platforms are used; the only requirement is to obtain 

MS/MS. Molecular networking should find utility in efficiently dereplicating mixtures 

and pure compounds alike, especially for finding related analogs in our efforts to gain 

insight into the functional roles of these fascinating specialized metabolites. 
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3.7 Supporting Information 

3.7.1 Cyanobacterial collection information. 

3.7.1.1 Collection that contained tumonoic acid I. 

An assemblage of Moorea producens (previously Lyngbya sp.) and Schizothrix 

(PNG-22/APR/06-2) was collected in April 2006 at a depth of 10-30 ft near Nuakata 

Island in Dudawali Bay in the Commonwealth realm of Papua New Guinea with GPS 

coordinates of 10° 17‟ 274‟‟ S and 151° 00‟ 390‟‟ E. The sample, measuring 2 L in 

total biomass, was preserved in a 1:1 mixture of isopropanol and seawater, transported 

to San Diego, and stored at -20 °C until extraction. A small sample of the 

cyanobacterial biomass was also preserved in RNAlater (Qiagen) for subsequent 16S 

rRNA sequencing and analysis. A voucher sample is in our laboratory at Scripps 

(PNG-22/APR/06-2). 

3.7.1.2 Collection that contained carmabin A. 

A red-colored sample of Moorea producens was collected in Portobelo 

(Cacique) in Panama. The sample (750 mL) was preserved in a 1:1 isopropanol-

seawater solution and stored at -20°C. A small sample of cyanobacterial biomass was 

also preserved in RNAlater (Qiagen) for subsequent 16S rRNA sequencing and 

analysis. A voucher sample is in our laboratory at Scripps (PAP-25/Jun/12-2). 

3.7.1.3 Collection containing barbamide. 

The sample of red filamentous cyanobacteria (PAP-24/Mar/12-1) was 

collected in March 2012 at a depth of 8-12 feet by scuba diving in Tres Hermanas, 

Portobelo, Panama. The sample (500 mL) was preserved in 1:1 isopropanol:seawater 
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and stored at -20°C until extraction. A voucher sample is in our laboratory at Scripps 

(PAP-24/Mar/12-1). 

3.7.1.4 Collection that contained carmaphycin B. 

Growing as small colonies (1-2 cm) with a yellow-green base and puffy red 

tips, this sample was collected in June 2012 from coral at various shallow water 

depths. It was found in three different sites (#1 Isla Mamae, 20-54 ft; #2 Cacique, 20-

55 ft; #3 Island across from Bananas Resort, 20-40 ft) near Portobelo (Panama). The 

sample was field identified as Schizothrix sp. A 500 mL sample was preserved in a 1:1 

isopropanol:seawater solution, transported to San Diego, and stored at -20°C until it 

was extracted. A small sample of cyanobacterial biomass was also preserved in 

RNAlater (Qiagen) for subsequent 16S rRNA sequencing and analysis. A voucher 

sample is in our laboratory at Scripps (PAP-25/JUN/12-1). 

3.7.1.5 Collection of Moorea bouillonii. 

Moorea bouillonii PNG05-198
T
 was originally collected off of the island of 

New Ireland, Papua New Guinea and since then has been grown in culture in the 

Gerwick laboratory. It was defined as the type strain of this species in prior work to 

describe the genus Moorea.
1
 Work presented in this manuscript was conducted with 

extractions of the cultured material. The Genbank codes for the 16s rRNA sequencing 

and analysis for this strain are FJ041298/9. 

3.7.2 Bacterial strain-specific culture conditions. 

Strain MS100128 was isolated using oatmeal agar from a sediment sample 

collected in April 2010 from the South China Sea (20° 9.795ʹ N, 118° 18.124ʹ E) at 
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2733 m below sea level and was identified as a Verrucosispora sp. using 16S rRNA 

gene sequence analysis (GenBank accession no. JQ724543). The strain has been 

preserved at the China General Microbiological Culture Collection Center (accession 

no. 5847). Strain MS100128 was cultivated on VER01 agar plate (starch 1%, glucose 

1%, glycerol 1%, corn steep powder (Sigma) 0.25%, peptone (Difco) 0.5%, yeast 

extract 0.2%, NaCl 0.1%, CaCO3 0.3%, agar 2%; pH 7.0) at 28°C for 7 days.  

The strain SRM7 was isolated using oatmeal agar from a sediment sample 

collected in the South China Sea at 20°9.795ʹ N and 118°18.124ʹ E, 2733m below sea 

level in April 2010. Spore morphology and ornamentation were determined by 

scanning electron microscopy. The organism forms a well-developed, branched, red 

colored substrate mycelium, which carries single spores, which have a warty 

ornamentation. It was identified as Verrucosispora sp. using 16S rRNA gene sequence 

analysis. The bacteria has been assigned the accession number SRM7 in the culture 

collection at the Institute of Microbiology, Chinese Academy of Sciences, Beijing. 

SRM7 was cultivated under the same conditions and procedure as MS100128. 

Purified FI-1026, which was identified as a Dietzia sp. by 16S rDNA analysis 

(GenBank accession no. JQ691548), bacterial colonies were grown in 1 L of modified 

SYP broth (1 L MilliQ water, 32.1 g Instant Ocean, 10 g starch, 4 g peptone, 2 g 

yeast) with 20 g of Amberlite XAD-16 resin for 10 days at 27C. Culture broth and 

resin slurries were filtered through glass microfiber filters, washed with water (3 x 200 

mL) and the cells, resin, and filter paper extracted with 1:1 methanol/dichloromethane 

(250 mL). Organic fractions were dried in vacuo and subjected to solid phase 

extraction (SPE) using Supelco-Discovery C18 cartridges (5 g) eluting with a step 
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gradient of 40 mL of MeOH/H2O solvent mixtures (10% MeOH, 20% MeOH, 40% 

MeOH, 60% MeOH, 80% MeOH, 100% MeOH) and finally with EtOAc to afford 

seven fractions. 

Pseudomonas aeruginosa PAO1
2
 and  PA14

2
 were first streaked on LB agar 

plates from frozen glycerol stocks. Single colonies were picked and used to inoculate 

LB liquid medium at 37C. Then 1 mL inoculum was applied to ISP2 agar plates that 

were incubated at 37C. 

Serratia marcescens sp. ES129 (Lab Environmental Strain Collection) and 

Bacillus subtilis 3610  and PY79
2,3

  each was streaked on ISP2 agar plates from frozen 

glycerol stocks. One colony of each was grown in 2 mL of ISP2 at 28C under aerobic 

conditions. One mL inoculum (OD600~0.1) of each bacteria strain was applied to ISP2 

agar media and incubated at 30C for 48 h. 
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Figure S3.1 BioMAP
4
 and cytological profiles

5
 (CPs) of known antibiotics and 

Dietzia sp. FI-1026 extracts. In BioMAP, the extract clusters closely with 

valinomycin, indicative of the structure being a large cyclic peptide. In CP the extract 

causes death for HeLa cells. 
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Figure S3.1 BioMAP and cytological profiles, continued 
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Figure S3.2 Annotation of carmabin MS/MS spectra. Manual inspection of the 

carmabin A cluster showed that the crude Moorea sp. fraction and the carmabin A 

seed have similar retention times (within five milliseconds). 

  



115 

 

 

Figure S3.3 Annotation of lyngbyabellin MS/MS spectra and isotopic distribution 

of precursor ions. Two clusters from Moorea bouillonii, known to produce 

lyngbyabellins and apratoxins, did not contain seed compounds. The MS/MS 

fragmentation, precursor masses, and isotopic pattern for one cluster were highly 

suggestive of the known metabolite lyngbyabellin A.
6
 This cluster suggested novel 

analogs, including a rare monochlorinated species, a dehydroxylated species, a 

demethylated species, a demethylated and dehydroxylated species, and a methylated 

species. Additionally, the precursor masses for these analogs had complex chlorine 

isotopic patterns (M+2), which were highly suggestive of their presence in this 

cyanobacterial sample.  
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Figure S3.4 Annotation of tumonoic acid I MS/MS spectra and EIC of precursor 

masses found to cluster with the seed. Tumonoic acid I was found in a mixed 

collection of two cyanobacteria, Lyngbya sp. and Schizothrix sp., from Papua New 

Guinea.
7
 Interestingly, within the seed LC-MS/MS run, there appeared to be other 

analogs of tumonoic acid I as well as the known compound. Inspection of the 

extracted ion chromatogram (EIC) of these precursor ions as well as the UV signal 

indicated the seed as the most abundant compound. Based on the EIC, the retention 

times of the other analogs were consistent with the analogs identified from 

networking. However, the analogs were in very low titer, as illustrated by the absence 

of their UV signals. For example, based on networking, there appeared to be an analog 

that contained two extra methyl groups (m/z 526).This analog eluted 4 minutes after 

tumonoic acid I indicating it was more non-polar than the seed, consistent with the 

presence of two extra methyl groups.  
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Figure S3.4 Annotation of tumonoic acid I, continued  
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Figure S3.5 Annotation of barbamide MS/MS spectra. Barbamide was found in 

multiple collections of cyanobacteria.
8
 In addition to this seed, the chlorine isotope 

was detected as well the recently described 4-O-demethylbarbamide and its complex 

chlorine isotopic pattern.
9
 While this analog was not used as a seed, the fragmentation 

pattern agreed well with 4-O-demethylbarbamide since the y ion was intact. 

Additionally, there was a compound seen in two of the cyanobacterial collections, 

which displayed high similarity to the spectrum of the barbamide seed. The mass 

difference and precursor isotopic pattern was consistent with dechlorobarbamide and 

verified by the presence of y and b ions.
10
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Figure S3.6 Annotation of carmaphycin A and B MS/MS spectra. Carmaphycin A 

and B were used as seeds and only carmaphycin B was found in a one collection of 

cyanobacteria from Panama.
11

 Through networking and comparison of retention times, 

the presence of carmaphycin B was confirmed in the crude sample. Additionally, there 

were two nodes suggestive of novel carmaphycin analogs. One node was suggestive of 

non-oxidized methionine analog, with y and b ions shown which agreed with this 

modification, and an analog at m/z 511, which has an intact b ion that matched 

carmaphycin B. A full structure elucidation would be required to identify this 

modification. 
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Figure S3.7 Annotation of apratoxin MS/MS spectra. Two clusters from Moorea 

bouillonii, known to produce lyngbyabellins and apratoxins, did not contain seed 

compounds. The other cluster was large and likely contained apratoxins A and B as 

well as masses suggesting the analog structures of apratoxins D, E, F, and G.
12-17

 

However, molecular formulas of these compounds could not be assigned definitively 

because ppm error values were too high, and without standards available to compare 

to these assignments were as such not definitive. 
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Figure S3.8 Annotation of precursor mass m/z 694 MS/MS spectra and EIC.  
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Figure S3.9 MS/MS spectra corresponding to phenazine and quinolone nodes. 

Molecular networking analysis of data-independent nanoDESI-MS/MS of 

Pseudomonas aeruginosa PAO1 and PA14
2
 with six reference spectra – 

hydroxyphenazine, methoxyphenazine, N-methylphenazine, phenazine, Pseudomonas 

quinolone signal (PQS), and pyocyanin – yielded 3 perfect matches to 

methoxyphenazine, pyocyanin, PQS, and phenazine. Pyocyanin (211.0866 [M+H]
+
 

calc.) was immediately linked to a putative analog 2 m/z higher, corresponding to a 

reduced analog. Methoxyphenazine was recently identified by our lab as a fungal 

transformation product of a Pseudomonas metabolite, and hence, was not expected in 

our sample. However, methoxyphenazine did cluster to the expected molecular 

precursor.
18

 Our reference spectrum for phenazine did not cluster with the other 

phenazines, but it did cluster in the same general region of the condensed cluster. PQS 

exhibited a perfect match between experimental and reference data, resulting in an 

overlapping node. Due to the displayed similarity in the molecular networking 

approach, one analog 2-heptyl-4-quinolone (HHQ) could readily be identified. 

A microbe isolated from soil, Environmental Strain 129 (Lab Environmental 

Strain Collection), produced a red pigment and claded with Serratia marscesensvia 

16S rRNA. Known Serratia marcescens strains produce the red-pigmented antibiotic 

prodigiosin (323.1997 calc.), a tripyrrole alkaloid. In the bacteria network, there was a 

node with a precursor mass that matches prodigiosin, but there was no 

standard/purified compound “seed” MS/MS spectrum. Examination of the 

experimental MS/MS spectrum and comparison to published MS/MS,
19

 confirms that 

the fragmentation patterns match. This was sufficient to rule out the molecule as a new 

structure and in traditional natural product discovery workflows, efforts can then be 

directed elsewhere. If absolute dereplication is desired, purification and isolation is 

required.
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Figure S3.10 MS/MS spectra corresponding to abyssomicin nodes. The bacteria 

network included MS/MS spectra directly collected from a Verrucosispora sp. 

MS100128 colony grown on agar media, which is known to produce abyssomicins. 

The MS/MS spectra for each of the NMR-pure standards were not parsed out from the 

data files, and hence the network included MS/MS spectra for impurities present in the 

standard samples. This, in turn, increased the number of nodes corresponding to the 

standards. The abyssomicin standards contained impurities, as indicated per the nodes 

containing spectra from multiple abyssomicin samples. This was also the case for 

proximicin B. The uncharacterized strain SRM7 is known to produce proximicin B 

(data not shown). Within the network, the node corresponding to the proximicin B 

standard was present (zoomed data not shown) but did not match or connect to any 

experimental SRM7 node. Molecular networking does not distinguish between 

polarities. Database nodes from negative polarity [M-H]
- 
spectra are incorporated into 

the network. Database nodes correspond to molecular structures that are not related to 

the abyssomicins or to proximicin. 
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Figure S3.11 MS/MS spectra corresponding to nodes in the 1+ surfactin cluster. 

A noticeable computational limitation meriting further development was multiple 

nodes for precursor masses that are within 0.5 Da, as seen by multiple nodes for 

1008.6597, 1022.6753, and 1036.6910 [M+H]+ calc. (Fig 4D). 994.827 / 994.648 is -

14 from surfactin-C13 [M+H]
+
. These nodes do not merge into consensus spectra, 

despite meeting the precursor mass tolerance set at 0.5 Da. However, the presence of 

dual nodes in one cluster in the network verified the presence of each of the surfactins 

and respective analogs. 
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Figure S3.12 Annotation of surfactin-C13 [M+H]
+
 MS/MS. 
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Figure S3.13 MS/MS spectra corresponding to nodes in the 2+ surfactin cluster.
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CHAPTER IV 

Future directions: mass spectrometry based networking of honey bee colony 

collapse disorder 
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4.1 Abstract (Project Summary) 

 Colony collapse disorder (CCD) has been responsible for the annual loss of 

approximately one-third of the honey bee population since 2006, threatening 

commercial pollination of crops worldwide. CCD is characterized by the unexplained 

disappearance of adult worker bees, the presence of sufficient food, unhatched brood, 

and an abandoned queen. Despite many implicated causes, which include extended 

exposure to insecticides, parasitic mites, and viruses, studies have focused on one 

culprit at a time. More recent metagenomic and transcriptomic studies have identified 

associated microbes and the corresponding transcribed genes, which have provided 

valuable insight into the genes potentially involved in CCD. However, physiology is 

dictated and affected by small molecules. Surprisingly, there have been little to no 

metabolomics studies of CCD. In this study, we aim to use metabolomics approach in 

conjunction with mass spectrometry based molecular networking to uncover the 

chemical differences of healthy and CCD hives. In parallel, we aim to use 

metagenomics to investigate the microbiota present. Microbiota has been shown to 

have a role in modulating host health and disease. Through the combination of these 

data, we hope to guide future studies of CCD to improve honey bee survival. In 

addition, this study will establish a workflow, to identify chemical differences and 

associated microbiota, adaptable to any host-microbiota system.  
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4.2 Background and Significance 

The total honey bee population has decreased by approximately one-third each 

year since 2006, affecting the commercial pollination of $15 billion in crop value in 

the US
1-4

 as well as food crops worldwide.
5
 This decline is attributed to colony 

collapse disorder (CCD), which describes the abrupt disappearance of adult bees from 

hives, oftentimes with adequate food supplies, capped or an unhatched brood, and a 

queen left behind. There are a number of proposed causes – pathogens, mites, fungi, 

pesticides, antibiotics, stress due to the environment or long-distance transport, and 

nutrition – or a combination thereof has been implicated in immunodeficiencies 

related to CCD.
6-15

 However, the causes of CCD remain elusive.
16-18

 

Since the publication of the honey bee (Apis mellifera) genome,
19, 20

 the focus 

has shifted from the exposure to sub-lethal levels of neonicotinoid insecticides
13, 21-24

 

to metagenomics
14, 25

 and transcriptomics.
12, 26

 These „omics‟ analyses have shown 

that pesticides may not have as large a role in CCD as previously thought, and instead 

implicated an increased pathogenic or viral load.
9, 25, 26

 In addition, the metagenomic 

profiles included 81 distinct fungi, bacteria not previously found in bees, and a shift in 

healthy honey bee gut microbiota
27

 associated with disease.
14, 25

 Interestingly, there 

has been little emphasis on proteomics
15, 18, 28

 or metabolomics
11

 of colonies suffering 

from CCD. 

Honey bees and their microbiota are exposed to many insecticides, pathogens, 

and stresses, all which affect honey bees on a molecular or metabolic level. We 

hypothesize that there are chemical differences between healthy and CCD 
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affected colonies and that these differences are a direct result of the associated 

microbiota. These chemical differences (the effects), once identified, will implicate or 

preclude (the cause/s), especially with metagenomic analysis in parallel, thereby 

contributing to a deeper understanding of CCD. 

To address this hypothesis, we propose to directly compare the metabolomic 

profiles of healthy and abandoned CCD hives and corresponding bees, when possible, 

utilizing mass spectrometry based molecular networking.
29, 30

 We expect to identify 

the chemical differences and similarities with mass spectrometry based tools and 

associate them with the microbial communities identified by metagenomics. These 

molecules and the associated microbial profiles may facilitate the implementation of 

preventative measures to improve honey bee colony survivorship. 
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4.3 Specific Aims 

 We seek to identify important molecules associated with CCD by comparing 

healthy and CCD samples in order to begin understanding the chemical differences 

and the significance of these chemical cues in honey bee hive health. These 

differences, when combined with the metagenomic microbial profiles, may implicate 

or eliminate proposed causes of CCD. The three specific aims of this proposal are: 

Aim 1: Establish the chemical differences and similarities present in healthy and 

CCD hives and bees. 

1a. Samples from healthy and diseased hives and bees will be collected, 

prepared, and subjected to tandem mass spectrometry based metabolomics 

analysis. 

1b. The data generated in Aim 1a will be used to generate MS/MS-based 

molecular networks that enable simultaneous visualization of multiple 

chemical differences. 

Aim 2: Establish the microorganisms present in healthy and CCD hives and bees.  

2a. In parallel to Aim 1, samples will be collected, prepared, and subjected to 

metagenomics sequencing. 

2b. Results from Aim 2a will be analyzed to reveal the differences in 

microbiota of healthy versus CCD samples. 
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Aim 3: Identify and verify the molecules and correlate them to the microbial 

source. Based on the results from Aim 1, we will select molecules of interest, 

characterize them, and correlate them to the microbial differences from Aim 2. 

3a. Identify and characterize the molecules that differ between healthy and 

CCD affected samples. 

3b. Generate a model for the microbial contribution to honey bee health. 
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4.4 Research Strategy 

 Approach Summary. The goal of this proposal is to identify molecules 

associated with CCD. There are three key steps in this investigation. First, 

metabolomics and MS/MS based molecular networking analysis will be used to reveal 

the molecules that differ between healthy and CCD hives and bees. Second, 

metagenomics will be used to identify the microbes present. Both metabolomic and 

genomic data will be collected in parallel, to associate the molecules with the 

microbes. Third, with the data from steps 1 and 2, candidate molecules of interest will 

be isolated, characterized, and correlated to microbial differences. 

Aim 1: Establish the chemical differences and similarities present in 

healthy and CCD hives and bees. Within this aim, we will recruit beekeepers from 

multiple locations within the United States who manage hives that are both healthy 

and showing signs of CCD. Power calculations will dictate the sample size, or number 

of bees per group, required to achieve statistical significance. Metadata, such as 

location, climate conditions, colony status, etc., will be reported by the beekeepers. 

Samples will be subjected to solvent extraction, LC-MS/MS, and mass spectrometry 

based molecular networking to identify the molecules unique to healthy or CCD 

samples. These patterns will also be compared between different locations. 

1a. Determine the molecular differences. Samples from healthy and diseased 

hives and bees will be collected, immediately prepared, and subjected to LC-MS/MS 

analysis. Guts may be isolated as a part of the preparation, in order to partition out the 

molecules from the gut microbiota. Samples will be ground up and treated with 
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chemical solvents to extract metabolites of differing polarities. These extracts will be 

dried and re-dissolved in mass spectrometry-compatible solvents, and injected onto a 

reverse phase HPLC system coupled to a high-resolution mass spectrometer capable of 

tandem mass spectrometry. Data will be acquired using data dependent fragmentation. 

1b. Generate and analyze MS/MS-based molecular networks. Results from 

Aim 1a will be incorporated into a molecular network, which enables visualization of 

molecular similarity based on MS/MS fragmentation patterns. This approach allows 

for the cross correlation of multiple, large datasets. Similar molecules will cluster or 

overlap within the network; dissimilar molecules will be located away from each other 

within the network. Dissimilar molecules will be easily identified, decreasing the time 

to determine which candidate molecules to focus upon. 

Expected results. Within this specific aim, we expect to address an important 

issue for which our current understanding is incomplete, the chemical differences 

between healthy and CCD hives and bees. The results from Aim 1 will define the key 

metabolites associated with health and CCD and would provide a foundation for the 

investigation of metabolic pathways, gene expression, or microbiota within honey 

bees. If, perchance, there are no explicit differences detected within the molecular 

network, we will utilize iterations of XCMS software
31, 32

 to determine relative 

quantities of molecules present. 

Aim 2: Establish the microorganisms present in healthy and CCD hives 

and bees. Microbes interact via metabolic exchange and also play a role in host 

health.
33-39

 Previous metagenomics studies implicated an increased viral load, but also 
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identified fungi and a shift in the gut microbiota of CCD honey bees.
14

 Differences in 

microbiota of healthy versus CCD samples may explain the chemical differences 

resultant from Aim 1. 

2a. Metagenomic sequencing will reveal the microbes associated with 

honey bees and hives. In parallel to Aim 1, each sample will be processed and 

subjected to 16s rDNA sequencing to determine the microbes present. 

2b. Comparison of microbes associated with health versus CCD. Results 

from Aim 2a will be analyzed to reveal the differences in microbial profiles between 

healthy versus CCD samples. 

Expected results. The results of this aim, at the very least, will corroborate the 

findings of the previous study.
14

 Multiple datasets will enable the correlation of 

differences in microbiota to chemical differences determined in Aim 1. This will 

provide insight into what may cause CCD. 

Aim 3: Identify and verify the molecules and correlate them to the 

microbial source. Within this aim, we will attempt to identify and verify the 

molecules of interest determined from Aim 1 and incorporate the microbial differences 

from Aim 2 to generate a model for the microbial contribution to honey bee health. 

3a. Identify and characterize the molecules that differ between healthy 

and CCD samples. Literature and database searches of known insecticides, 

metabolites resulting from insecticides, parasitic mites, fungicides, and nutrient 

sources will be utilized in matching the unknown molecules to an identity. These will 
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then be cataloged into a „honey bee‟ database, which can be accessed for future 

studies. Manual inspection and annotation of MS/MS spectra may provide additional 

structural information about the molecules of interest, as will MS
n
 follow-up 

experiments. If the molecule is present in sufficient quantities, purification and 

subsequent NMR structure elucidation studies will be conducted. 

3b. Generate a model. We will combine data from Aims 1 and 2 to generate a 

working model for the microbial contribution to honey bee health. Addition of all 

other data generated will assist in pointing to the causes of CCD. 

 Expected results. Through identification of the molecules and microbes 

associated with CCD, we will be set up to propose a model for the possible causes of 

CCD. There is the possibility that the differences in microbiota of healthy and CCD 

are an effect of the actual cause. These results will help researchers retrace one more 

step back from chemical and microbial differences in order to more fully understand 

CCD. 
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4.5 Future Directions 

The long-term goal of this study is to help prevent or decrease the incidence of 

honey bee losses due to CCD by determining the contributing chemical and microbial 

factors. In order to begin to identify the causes contributing to CCD, we first seek to 

determine the chemical differences between healthy and CCD honey bee colonies by 

identifying small molecules present in the different hive states. We will collaborate 

with experts in metagenomics in order to identify the microbes, such as fungi, 

bacteria, and viruses, present in these samples, and consult with statisticians to 

evaluate the relevance of the correlations between the molecules and microbiota. Then 

we will incorporate the data and knowledge from CCD-related studies of the past 

seven years to generate a CCD model in the attempt to determine the potential cause/s 

of CCD. We hope that this model will assist in the implementation of the appropriate 

preventative measures, perhaps a probiotic-type approach, to improve honey bee 

colony survivorship. This approach can be applied to other host-microbiota 

communities, biofilm communities, and potentially multi-factorial epidemics. 
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