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ABSTRACT 

 Plant-specialized metabolites have long been utilized as medicines, cosmetics, 

flavours, and industrial raw materials.  To explore the biosynthesis of a specialized metabolite 

in a non-model system and utilize the biosynthetic genes for future application, genomics-

informed research typically flows through three phases: i) development of genomic or 

transcriptomic resources, ii) discovery and characterization of biosynthetic genes, and iii) 

application of the genes and enzymes for improved production of the specialized metabolite.  

This thesis describes hypothesis-driven research along these three phases in two different plant 

species and two different metabolic systems. 

  My research with Crocosmia x crocosmiiflora focused on resource development and 

discovery of biosynthetic genes of a specialized metabolite of interest, montbretin A (MbA).  

I developed new resources for this system including metabolite-profiles and transcriptome 

sequences and annotations. This work resulted in insight into the spatial and temporal patterns 

of MbA accumulation in C. x crocosmiiflora and a first reference transcriptome with 

annotation for this species.  Using these resources, I functionally characterized four UDP-

xylose synthases and five UDP-rhamnose synthases. I discuss the application of these genes 

for possible use in an improved MbA production system and provide a proof of concept for 

using these genes to enable characterization of downstream MbA biosynthetic genes.  I also 

identified 14 UDP-glycosyltransferases as candidate MbA biosynthetic genes through a guilt-

by-association analysis; however, their functional characterization did not support a role in 

MbA biosynthesis.   

In the second biological system, Sitka spruce (Picea sitchensis), I performed a detailed 

characterization of a set of monoterpene synthases involved in the biosynthesis of the (+)-3-

carene.  Using domain swapping and site-directed mutagenesis, I demonstrated the catalytic 

plasticity of monoterpene synthases across a family of (+)-3-carene synthase-like genes 

associated with P. sitchensis resistance against the white pine weevil (Pissodes strobi).  This 

work identified a single amino acid as most critical in determining both product profile and 

enzyme kinetics. Furthermore, I described mechanisms by which this amino acid directs 

product profiles through differential stabilization of the reaction intermediate.  The work 

presented highlights the inherent plasticity and potential for evolution of alternative product 

profiles of these monoterpene synthases of conifer defense against pests. 
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LAY SUMMARY  

 Plant-specialized metabolites are valuable resources employed by humans.  This thesis 

explores metabolites in two plant species, showcasing the research pipeline used to explore 

such systems.  Research on Crocosmia x crocosmiiflora focused on identifying the genes 

involved in biosynthesis of montbretin A (MbA), a specialized metabolite of interest.  This 

thesis established the first ever set of biological resources for C. x crocosmiiflora.  Building 

off these resources, members of the UDP-xylose synthase and UDP-rhamnose synthase gene 

families were functionally characterized.  While attempts to identify UDP-glycosyltransferases 

involved in biosynthesis were unsuccessful, results provided useful insight for future attempts.  

Research on Sitka spruce focused on exploring the plasticity of a family of (+)-3-carene 

synthase-like genes.  Results showed the effect a single amino acid can have on altering the 

functioning of an enzyme.  This work highlights the inherent plasticity and potential for 

evolution of these monoterpene synthases of conifer defense against pests. 
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Figure 1.8: Proposed in planta biosynthesis of montbretin A.  Within proposed pathway, 

sections A, B, and C correspond to the ñEarly Biosynthetic Pathwayò while section D 

corresponds to the ñLate Biosynthetic Pathwaysòéééééé.é.é.éééééééé 16 

 

Figure 1.9: Basic UDP-glycosyltransferase catalytic mechanism for family 1 

glycosyltransferases.  Family 1 Glycosyltransferases (GT1 UGTs) follow a classic SN2-like 

mechanism resulting in a inversion of anomeric stereochemistry upon glycosylation.  An 

oxocarbenium-ion transition state (square brackets) forms with the help of a catalytic base 

usually provided by an active-site amino acid side chain.  This base abstracts a proton from the 

hydroxyl group of the acceptor, facilitating nucleophilic attack at the sugar anomeric C1 

carbon, forming a glyosidic bond between the sugar donor and the acceptor.  The resulting 

negative charge on the phosphate group is typically stabilized by a positive amino acid side 

chain or helix dipole.  ñBò represents the catalytic base within the GT1 UGT while the ñ+ò 

represents the positive amino acid side chain or helix dipole.éééééééééééé. 19 

 

Figure 1.10: UDP-xylose synthase catalytic mechanism.  UDP-xylose synthase 

decarboxylates UDP-GlcA in the presence of NAD+ to produce the UDP-4-keto-pentose 
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intermediate and NADH.  UDP-4-keto-pentose in the presence of NADH is then converted to 

UDP-xylose and NAD+.ééééééééééééééééééééééé.ééé.. 21 

 

Figure 1.11: UDP-rhamnose synthase catalytic mechanism.  In the N-terminus of RHM and 
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Figure 1.12: The MVA and MEP pathways. (A) The MVA Pathway.  Abbreviations: AACT, 

acetyl-CoA acetyltransferase; HMGS, hydroxymethylglutaryl-CoA synthase; HMGR, 

hydroxymethylglutaryl-CoA reductase; MK, mevalonate kinase; PMK, phosphomevalonate 

kinase; PMD, phosphomevalonate decarboxylase; IDI, isopentenyl diphosphate isomerase. (B) 

The MEP Pathway.  Abbreviations: DXS, 1-deoxyxylulose-5-phosphate synthase; DXR, 1-

deoxy-D-xylulose-5-phosphate reductoisomerase; CMS, 4-diphosphocytidyl-2-C-methyl-D-
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Figure 1.13: Biosynthesis of terpene precursors.  Abbreviations: GPPS, geranyl diphosphate 
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Figure 1.14: Monoterpene Synthase Catalytic Mechanism.  The reaction mechanisms of all 

monoterpene synthases start with the ionization of the geranyl diphosphate substrate (green 

box).  The resulting carbocation can undergo a range of cyclizations, hydride shifts and 

rearrangements before reaction is terminated by deprotonation or water capture.  The formation 

of acyclic monoterpenes can proceed either through the geranyl cation or the linalyl cation.  

The formation of cyclic monoterpenes requires the preliminary isomerization of the geranyl 

cation to a linalyl intermediate capable of cyclization.  The production of the initial cyclic 

species, the Ŭ-terpinyl cation, can then undergo further interactions between the monoterpene 

synthase and additional substrates, such as H2O, to result in a series of hydride shifts, 

cyclizations, and/or hydroxylations to form the suite of potential products..é.ééééé 28 
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Figure 2.1: Temporal analysis of montbretin A accumulation within C. x crocosmiiflora.  

Pictures below the x-axis are of one of the biological replicates harvested at the corresponding 

time.  White bar in each picture represents 30 cm. Larger versions of plant pictures can be seen 

in Supplemental Fig. S2.2.  Results are shown as the average of three biological replicates.  

Error bars represent standard error.  ñ*ò denotes organ was not available for sampling at this 

time point.  P-value and F-value were calculated using a single factor ANOVA in data analysis 

function of Excel.  F-values reported were based on an Ŭ = 0.05.  ñTotal dfò = total degrees of 

freedom.éééééééééé.éé.éééééééééééé.ééééééé... 41 
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Figure 2.2: Anatomy of C. x crocosmiiflora corm.  (a) Underground C. x crocosmiiflora 

organs including stolon (arrow), root (arrowhead), and corm (asterisk).  Scale bar = 3 cm.  (b) 

Individual corm stripped of stem, stolon, and root tissue.  Leaf scars (arrows) and stolon 

outgrowth nodes (arrowhead) can be seen.  Scale bar = 1 cm.  (c) Unstained transverse section 

of corm.  The areas encompassed within the white boxes correspond to areas visualized in this 

figure: box ñ1ò corresponds to figure e, box ñ2ò corresponds to figure f, box ñ3ò corresponds 

to figure g, and box ñ4ò corresponds to figure h.  Scale bar = 1 cm.  (d)  Phloroglucinol-

HCl/toluidine blue stained transverse section of corm oriented at the central vascular cylinder.  

Lignified elements are stained pink and nucleic acids dark blue.  The circular endoderm can be 

seen unstained (arrow).  Scale bar = 500 ɛM.  (e-g) Transverse sections of corm stained with 

berberine/aniline blue identify lignin and suberin.  Samples are examined under ultraviolet 

light with epifluorescence optics.  (e) Outermost layers of the cortex.  Exterior to the compactly 

arranged hypodermis (hy) with little intercellular space and the single cell layer epidermis (ep), 

the cuticle is revealed by staining (arrow).  Scale bar = 50 ɛM.  (f) Innermost layers of the 

cortex.  Staining reveals the presence of the single cell layer endodermis (arrow) with typical 

thickened cell wall through lignification.  Within the central vascular cylinder, staining 

highlights horizontally oriented lignified xylem elements (x) in the axial concentric amphivasal 

vascular bundles where a ring of xylem surrounds the phloem (ph).  Scale bar = 250 ɛM.  (g) 

Close-up view of xylem (x) and phloem (ph) elements within a vascular cylinder.   Scale-bar 

= 50 ɛM.  (h) Transverse section of corm stained with Lugol solution.  Dark staining indicates 

the presence of starch in the storage parenchyma cells of the cortex (co) and the central vascular 

cylinder (cvc).  The epidermis (arrowhead) and endodermis (arrow) can be seen unstained.  
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Figure 2.3: MALDI imaging of montbretin A accumulation patterns within corm 

segments.  C. x crocosmiiflora corms were cut along the transverse and longitudinal planes 

into segments.  Segments were analyzed by MALDI-FT-ICR.  MALDI images were 

reconstructed from extracted ion chromatogram (XIC) at m/z 1227.32 corresponding to 

negative ionization of MbA.  (a-b) optical images of transverse and longitudinal corm 

segments, respectively.  Central vascular cylinder is indicated by the black arrow.  (c-d) 

MALDI images of transverse and longitudinal corm segments respectively.  White bars in 

pictures represent 3 cmééééééééééééééééééé.ééé...éééé 44 

 
Figure 2.4: In -depth spatial analysis of montbretin A accumulation within corm 

segments.  Corms were cut along the transverse plane into individual segments(i).  Segments 

were then cut into seven sections with cork borers(ii).  The picture just below x-axis of 

histogram show examples of sections used for analysis.  White bars in pictures represent 3 cm.  

Results are shown as the average of eight biological replicates.  Error bars represent standard 

error.  P-value and F-value were calculated using a single factor ANOVA in data analysis 

function of Excelééééééééééééééééééé.ééé.éééééé... 45 
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Figure 2.7: Gene Ontology classification of unigenes.  Results are grouped into three high-

level categories: cellular process, molecular function, and biological process.éééé...é 49 

 

Figure 2.8: KOG functional classification of unigene dataset.  All unigenes were aligned to 

KOGs database at NCBI to predict and categorize possible functions.ééé..ééé.éé 50 

 

Figure 2.9: Identified and cloned putative genes likely involved in the montbretin A Early 
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Figure 3.1: Biosynthesis of UDP-xylose from UDP-glucuronic acid.  In the presence of 

NAD+, UDP-GlcA is oxidized to UDP-4K-GlcA and NADH, followed by a decarboxylation 

to form UDP-4KP.  After subsequent C-5 protonation, the still bound NADH is used to 

protonate the C-4 keto to form UDP-Xyl and regenerate 

NAD+éééééé.ééééééééééééééééééé.éééééééé. 62 

 

Figure 3.2: Biosynthesis of UDP-rhamnose from UDP-glucose.  In the presence of NAD+, 

UDP-Glc is oxidized to UDP-4K6DG.  UDP-4K6DG then leaves the N-terminal active site 

and enters the C-terminal site.  After subsequent isomerization of UDP-4K6DG, NADPH is 

used to reduce the C-4 keto to form UDP-

Rhaéééééééé.ééééé.éééééééééééééééé.ééé..é. 63 

 

Figure 3.3: Amino acid sequence alignment of the C. x crocosmiiflora UXSs.  The 

alignment includes protein sequences of the CxcUXS family as well as AtUXS2 and AtUXS3 

(Harper and Bar-Peled, 2002).  Amino acids highlighted with blue background are those 

identified as different from the consensus.  The conserved GXXGXXG motif, YXXXK motif, 

and catalytic serine are identified by the green, blue, and orange boxes, respectivelyééé 70 

 

Figure 3.4: Phylogenetic analysis of C. x crocosmiiflora UDP-xylose synthases. The 

maximum-likelihood tree was produced with the CxcUXS family as well as characterized and 

putative plant UXS obtained from the NCBI nr database using the MEGA 7.0 program 

(bootstrap value set at 1,000).  Bootstrap values over 50% are indicated at the nodes.  The black 

bar represents 0.1 amino acid substitutions per site.  Sequences and alignment used in 

production of this tree can be found in Table S3.2 and Fig. S3.2, respectivelyéééé..é 71 

 

Figure 3.5: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of CxcUXS2 ï CxcUXS5 enzyme assays.  (a) Purified protein 

derived from E. coli expressing a control vector, CxcUXS2(ȹ1ï89), CxcUXS2(ȹ1ï98), 

CxcUXS3, CxcUXS4, and CxcUXS5 were incubated overnight with 1 mM UDP-glucose and 

1 mM NAD+.  Orange and blue traces represent extracted ion chromatograms for m/z of 579.0 

[M-H](superscript -) and 535.0 [M-H](superscript -), respectively.  Based on comparison of 

retention times and mass spectra against analytical standards, the peaks identified in orange 

and blue traces were confirmed to be UDP-glucuronic acid and UDP-xylose, respectively.  (b) 

Mass spectra of enzyme assay products.  The spectra presented in ñ1ò and ñ2ò are the 

background subtracted mass spectra for chromatographic peaks corresponding to UDP-

glucuronic acid and UDP-xylose (theoretical molecular weight of each is 579.28 and 535.28), 
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respectively.  Within reach spectra, the ion with m/z of 403.0 [M-H](superscript -) corresponds 

to UDPéé..ééééé.éééééé.éééééééééééééé..é.éé.é. 73 

 

Figure 3.6: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of CxcUXS1 enzyme assays.  (a) Purified protein derived from 

E. coli expressing a control vector, CxcUXS1(ȹ1ï69), and CxcUXS1(ȹ1ï69; E252G) were 

incubated overnight with 1 mM UDP-glucuronic acid and 1 mM NAD+.  Orange, red, and blue 

traces represent extracted ion chromatograms for m/z of 579.0 [M-H](superscript -), 551.0 [M-

H](superscript -), and 535.0 [M-H](superscript -), respectively.  Based on comparison of 

retention time and mass spectra against analytical standards, the peaks identified in orange of 

blue traces were confirmed to be UDP-glucuronic acid and UDP-xylose, respectively.  Based 

on MS/MS analysis (Fig. S3.3) and observations from Gu et al. (2010), the red peak likely 

correlates to UDP-4-keto-pentose.  (b) Mass spectra of enzyme assay products.  The spectra 

presented in ñ1ò, ñ2ò, and ñ3ò are the background subtracted mass spectra for chromatographic 

peaks corresponding to UDP-glucuronic acid, a putative UDP-gem-diol pentose, and UDP-

xylose (theoretical molecular weight of each is 579.28, 552.27, and 535.28), respectively.  

Within reach spectra, the ion with m/z of 403.0 [M-H](superscript -) corresponds to UDP. 75 

 

Figure 3.7: Temperature optimum of CxcUXS activity in vitro.  The activity of the 

recombinant CxcUXSs was analyzed at different temperatures.  Assays were performed with 

5 replicates for each enzyme and each of the seven different temperatures.  Results are shown 

as the calculated mean value with error bars representing standard error. 100% relative activity 

corresponds to the level of activity observed at the optimum tested temperature for a given 

enzymeéééééééééééééééééééé.ééé.éééé.éé.ééé 76 

 

Figure 3.8: pH optimum of CxcUXS activity in vitro. The activity of the recombinant 

CxcUXSs was analyzed at different pHs. Assays were performed with 5 replicates for each 

enzyme and each of the eight different pH conditions.  Results are shown as the calculated 

mean value with error bars representing standard error. 100% relative activity corresponds to 

the level of activity observed at the optimum tested pH for a given enzymeéééé..éé. 77 

 

Figure 3.9: Amino acid sequence alignment of the C. x crocosmiiflora RHM and UER.  

The alignment includes protein sequences of the CxcRHM and CxcUER1, as well as the 

AtRHM2 (Oka et al., 2007).  (a) Conserved sequences of the N-terminal dehydratase domain.  

(b) Conserved sequences of the C-terminal epimerase/reductase domain.  Amino acids 

highlighted with blue background colour are those different from the consensus.  The green 

boxes in each domain identify the conserved GXXGXX(G/A), which are involved in binding 

the NAD+ cofactor.  The blue and orange box in each domain identify residues critical for 

enzymatic reactions; blue boxes correspond to the YXXXK motif while the orange box 

identifies the TDE motif.ééé.ééééééééééééééééééé.é.éé.. 80 

 

Figure 3.10: Phylogenetic analyses of C. x crocosmiiflora RHM. The maximum-likelihood 

tree was produced with five CxcRHM with other characterized and putative plant RHM 

obtained from the NCBI nr database using the MEGA 7.0 program (bootstrap value set at 

1,000).  Bootstrap values over 50% are indicated at the nodes.  The black bar represents 0.06 
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amino acid substitutions per site.  Protein alignment and sequences are given in Fig. S3.6 and 

Table S3.4éééé.ééé.éééé.éééééééé.éééééééééééé 81 

 

Figure 3.11: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of CxcRHM1 ï  CxcRHM5 enzyme assays.  (a) Purified 

protein derived from E. coli expressing a control vector, CxcRHM1, CxcRHM2, CxcRHM3, 

CxcRHM4, and CxcRHM5 were incubated overnight with 1 mM UDP-glucose, 1 mM NAD+, 

and 1 mM NADPH.  Green, black, and purple traces represent extracted ion chromatograms 

for m/z of 565.0 [M-H](superscript -), 547.0 [M-H](superscript -), and 549.0 [M-

H](superscript -), respectively.  Based on comparison of retention times and mass spectra 

against analytical standards, the peaks identified in green traces were confirmed to be UDP-

glucose.  Based on previously reported NMR analysis, peaks in the black and purple traces 

correspond to UDP-4-keto-6-deoxy-glucose and UDP-rhamnose, respectively (Oka et al., 

2007).  (b) Mass spectra of enzyme assay products.  The spectra presented in ñ1ò, ñ2ò, and ñ3ò 

are the background subtracted mass spectra for chromatographic peaks corresponding to UDP-

glucose, UDP-4-keto-6-deoxy-glucose, and UDP-rhamnose (the theoretical molecular weight 

of each is 565.30, 547.29, and 549.30), respectively.  UDP-4-keto-6-deoxy-glucose is 

predicted to exist as both a keto and gem-diol pentose in aqueous solution, as is suggested by 

the presence of an ion with m/z of 565.0 [M-H](superscript -).  Within reach spectra, the ion 

with m/z of 403.0 [M-H](superscript -) corresponds to UDP.éé...éééééééé..... 83 

 

Figure 3.12: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of CxcUER enzyme assays.  (a) Purified protein derived from 

E. coli expressing a control vector, AtRHM2-N alone (Oka and Jigami, 2007), or AtRHM2-N 

combined with CxcUER1 were incubated overnight with 1 mM UDP-glucose, 1 mM NAD+, 

and 1 mM NADPH.  Green, black, and purple traces represent extracted ion chromatograms 

for m/z of 565.0 [M-H](superscript -), 547.0 [M-H](superscript -), and 549.0 [M-

H](superscript -), respectively.  Based on comparison of retention times and mass spectra 

against analytical standards, the peaks identified in green traces were confirmed to be UDP-

glucose.  Based on previously reported NMR analysis, peaks in the black and purple traces 

correspond to UDP-4-keto-6-deoxy-glucose and UDP-rhamnose, respectively (Oka et al., 

2007).  (b) Mass spectra of enzyme assay products.  The spectra presented in ñ1ò, ñ2ò, and ñ3ò 

are the background subtracted mass spectra for chromatographic peaks corresponding to UDP-

glucose, UDP-4-keto-6-deoxy-glucose, and UDP-rhamnose (the theoretical molecular weight 

of each is 565.30, 547.29, and 549.30), respectively.  UDP-4-keto-6-deoxy-glucose is 

predicted to exist as both a keto and gem-diol pentose in aqueous solution, as is suggested by 

the presence of an ion with m/z of 565.0 [M-H](superscript -).  Within reach spectra, the ion 

with m/z of 403.0 [M-H](superscript -) corresponds to 
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Figure 3.13: Temperature optimum of CxcUXS activity in vitro.  The activity of the 

recombinant CxcRHMs was analyzed at different temperatures.  Assays were performed with 

5 replicates for each enzyme and each of the seven different temperatures.  Results are shown 

as the calculated mean value with error bars representing standard error. 100% relative activity 

corresponds to the level of activity observed at the optimum tested temperature for a given 

enzymeééééééééééééééééééééééééééééééééé 85 
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Figure 3.14: pH optimum of CxcRHM activity in vitro. The activity of the recombinant 

CxcRHMs was analyzed at different pHs. Assays were performed with 5 replicates for each 

enzyme and each of the eight different pH conditions.  Results are shown as the calculated 

mean value with error bars representing standard error. 100% relative activity corresponds to 

the level of activity observed at the optimum tested pH for a given enzymeéé.éé.éé 86 

 

Figure 3.15: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of products formed in enzyme assays of CxcUXS4 coupled 

with CxcUGT7.  (a) Protein derived from E. coli expressing both empty pET28b(+) and 

pASK-IBA37plus control vectors, CxcUXS4, and CxcUGT7 were incubated overnight with 1 

mM UDP-glucuronic acid, 1 mM NAD+, and 100 ɛM myricetin.  Orange, blue, gold, and red 

traces represent extracted ion chromatograms for m/z of 579.0 [M-H](superscript -), 535.0 [M-

H](superscript -), 449.0 [M-H](superscript -), and 317.0 [M-H](superscript -), respectively.  

Based on comparison of retention times and mass spectra against analytical standards, the 

peaks identified in orange, blue, and red traces were confirmed to be UDP-glucuronic acid, 

UDP-xylose, and myricetin, respectively.  (b) Mass spectra of enzyme assay products.  The 

spectra presented in ñ1ò and ñ2ò are the background subtracted mass spectra for 

chromatographic peaks corresponding to myricetin and an unknown myricetin xyloside 

(theoretical molecular weight of each is 317.24 and 450.35).  (c)  Representative structure of a 

myricetin xyloside.  The exact xylosylation position of myricetin in the reaction product shown 

in (a) and (b) remains to be determined.éé.éééééééé...é..éééééé.éé 88 

 

Figure 3.16: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of products formed in enzyme assays of CxcRHM 1 coupled 

with AtUGT78D1.  (a) Protein derived from E. coli expressing both empty pET28b(+) and 

pASK-IBA37plus control vectors, CxcRHM1, and AtUGT78D1 were incubated overnight 

with 1 mM UDP-glucose, 1 mM NAD+, 1 mM NADPH, and 100 ɛM myricetin.  Green, purple, 

pink, and red traces represent extracted ion chromatograms for m/z of 565.0 [M-H](superscript 

-), 549.0 [M-H](superscript -), 463.0 [M-H](superscript -), and 317.0 [M-H](superscript -), 

respectively.  Based on comparison of retention times and mass spectra against analytical 

standards, the peaks identified in green, pink, and red traces were confirmed to be UDP-

glucose, myricetin-3-O-rhamnoside, and myricetin, respectively.  (b) Mass spectra of enzyme 

assay products.  The spectra presented in ñ1ò and ñ2ò are the background subtracted mass 

spectra for chromatographic peaks corresponding to myricetin and myricetin-3-O-rhamnoside 

(theoretical molecular weight of each is 317.24 and 463.34).  (c)  Structure of myricetin-3-O-

rhamnosideééééééééééééééééééééééééééé.éééé. 90 

 

Figure 4.1: Theoretical routes of montbretin A biosynthesis.  Considering all potential steps 

needed to form montbretin A starting with myricetin, and without prior knowledge of the in 

planta intermediates of the pathway, the biosynthetic pathway is represented here by as multi-

dimensional matrix.  Circled numbers are used as denotations for potential individual steps in 

the biosynthesis of MbAééééééééééééééééééééééééé.é. 98 

 

Figure 4.2: Phylogenetic analysis of GT1 UGTs from C. x crocosmiiflora.  The maximum-

likelihood tree was produced using the MEGA 7.0 program (bootstrap value set at 1,000) with 
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sequences of 160 C. x crocosmiiflora, 15 Arabidopsis thaliana, 17 Zea mays, and 2 Oryza 

sativa GT1 UGT.  Bootstrap values over 50% are indicated above the nodes.  The black bar 

represents 0.6 amino acid substitutions per site.  The GT1 UGTs identified through the 

Haystack analysis (section 2.3.5) as putatively involved in MbA biosynthesis are indicated on 

tree.  The remaining sequences are numbered 1 ï 180 and correspond to the legend found in 

Table S4.3)éééééééééééééé..éé.é.ééé.é.éé..ééé..é..é. 105 

 

Figure 4.3: Hypothetical montbretin A intermediates produced by enzymatic and 

chemical degradation of MbA.ééééééééé.éé.é.éééééééééé. 106 

 

Figure 4.4: Representative regions of extracted ion LC-MS chromatograph and 

corresponding mass spectra of MbA and hypothetical MbA intermediates produced by 

degradation of MbA.  (a) Extracted ion chromatographs of purified metabolites derived from 

enzymatic or cleavage reactions of MbA.  Blue, green, purple, orange, red, and black traces 

represent extracted ion chromatographs for m/z of 1227.5 [M-H](superscript -), 1065.5 [M-

H](superscript -), 1081.5 [M-H](superscript -), 949.3 [M-H](superscript -), 919.3 [M-

H](superscript -), 787.3 [M-H](superscript -), respectively.  Based on previously reported 

NMR analysis, peaks in the blue, green, and purple traces correspond to MbA, MbA-Gǋ, and 

MbA-Rǋ, respectively (Tarling et al., 2008; Williams et al., 2015).  (b) Mass spectra of MbA 

and hypothetical MbA intermediates produced by MbA degradation.  The spectra presented in 

ñ1ò, ñ2ò, ñ3ò, ñ4ò, ñ5ò, and ñ6ò are the background subtracted mass spectra for 

chromatographic peaks corresponding to MbA, MbA-Gǋ, MbA-Rǋ, MbA-XRǋ, MbA-CRǋ, and 

MbA-CXRǋ (theoretical molecular weight of each is 1229.05, 1066.92, 1082.92, 950.81, 

920.78, and 788.66), respectivelyééééééééééééé..éé.é.é.éééé. 108 

 

Figure 4.5: Select regions of extracted ion LC-MS chromatograph and corresponding 

mass spectra for C. x crocosmiiflora GT1 UGT enzyme assays.  (a) Protein derived from E. 

coli expressing a control vector and CxcUGT1 ï CxcUGT14 were incubated overnight with 1 

mM UDP-glucose, 1 mM NAD+, 1 mM NADPH, 5 ɛM purified CxcRHM1, and 100 ɛM 

myricetin and assessed for their ability to form myricetin rhamnoside (theoretical molecular 

weight of 464.38).  Trace shown for each sample is the extracted ion chromatograph for m/z 

of 463.0 [M-H](superscript -).  (b) Mass spectral analysis of myricetin-3-O-rhamnose standard 

and myricetin rhamnoside enzyme assay products.  Numbers next to chromatograph peaks 

correspond to mass spectra with associated number in the top right-hand corneré.é.é.... 110 

 

Figure 4.6: Select regions of extracted ion LC-MS chromatograph and corresponding 

mass spectra for C. x crocosmiiflora GT1 UGT enzyme assays.  (a) Protein derived from E. 
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CHAPTER 1: INTRODUCTION  

 

1.1 HUMAN USE OF SPECIALIZED METABOLITES  

1.1.1 Specialized Metabolism in Plants 

As sessile organisms, plants have the challenge of not only surviving but thriving under 

constantly changing environmental conditions over lifespans of several weeks to hundreds of 

years.  They must maintain essential processes such as growth, development, and reproduction, 

while also responding to many different forms of biotic and abiotic stresses.  To cope with 

biotic and abiotic stresses, plants have evolved complex systems of specialized metabolism 

traditionally referred to as secondary metabolism.  Specialized metabolites take form as small 

molecules, which possess an enormous structural diversity based on thousands of skeletal 

structures and many functional modifications thereof, and have functions in the interactions of 

plants with their environments (Pichersky and Lewinsohn, 2011).  It is currently estimated that 

plants produce 200,000 ï 300,000 different specialized metabolites (Dixon and Strack, 2003; 

Lawrence, 1964).  However, the hypothesis that these numbers are probably an 

underestimation is supported by three observations: i) the large diversity of specialized 

metabolism genes among plant species with available genomic data, ii) the large number of 

specialized metabolites detected in individual species, and iii) the vast number of species that 

have not had their metabolomes and genomes explored (Yonekura-Sakakibara and Saito, 

2009).  Within the myriad of plant-specialized metabolites, certain patterns emerge for how 

plant use these compounds.  For example, many terpenoids serve as defense compounds 

through actions as antimicrobials, insecticidals, attractants to predators of herbivores, and 

physical barriers (Keeling and Bohlmann, 2006b; Martin et al., 2003; Phillips and Croteau, 

1999).  Alkaloids serve as feeding deterrents due to their liver- and neuro-toxic effects on 

vertebrates and mutagenic effects on insects (Frei et al., 1992; Mattocks, 1986; Schmeller et 

al., 1997).  Phenolics serve as protection against ultraviolet light, antioxidants, and colour and 

sensory characteristics (Alasalvar et al., 2001; Balasundram et al., 2006; Cuvelier et al., 1996). 

Since humans started exploring plants for use thousands of years ago, one of the biggest 

boons has been through harnessing their bioproducts.  Currently, plant-specialized metabolites 

are so ubiquitous in everyday life, most individuals are not aware of all the ways we employ 

them; from cosmetics to flavours to health products. 



2 

 

In this thesis, I will use the term ñplant-specialized metabolitesò in place of the classical 

terms ñplant secondary metabolitesò or ñplant natural productsò.  This change in nomenclature 

follows a trend in the academic field which emphasizes moving away from using terms which 

could suggest, from human and research perspectives, that one branch of plant metabolism is 

more important than another (i.e. primary vs. secondary).  Throughout this thesis any reference 

to ñspecialized metabolismò should be considered a reference to ñplant-specialized 

metabolismò. 

 
Figure 1.1: Examples of plant-specialized metabolites. (a) Humulene found in Humulus 

lupulus.  (b) Salicylic acid found in Salix alba.  (c) Caffeine found in Coffea arabica.  (d) 

Artemisinin found in Artemisia annua.  (e) Paclitaxel found in Taxus brevifolia. 

 

1.1.2 Human Application of Specialized Metabolites 

In addition to their role in plants, specialized metabolites have played a large role in 

human history.  For thousands of years, humans have utilized botanical extractions as food 
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preservatives, medicines, pigments, and weapons.  Modern uses of specialized metabolites 

include sources of new pharmaceuticals, chemicals and biomaterials and many of the most 

economically valuable molecules within a given market are specialized metabolites (Facchini 

et al., 2012).  With high-throughput genomic, transcriptomic, metabolomic, and proteomic 

technologies, our ability to identify and characterize both specialized metabolites with 

potential use for human application, and their biosynthetic pathways continue to grow 

(Borevitz and Ecker, 2004). With the onset of this ñ-omics ageò, we have developed the means 

to collect large amounts of heterogeneous biological information about an organism; from 

metabolome data to proteome, transcriptome, or genome sequence.  These tools empower us 

with the ability to explore how a biological system functions.  However, even with these 

technologies, harnessing a specialized metabolite for sustained human use is still a daunting 

task.  With this goal in mind, research typically flows through the following three phases (Fig. 

1.2): 

1) Development of resources to provide a foundation for studying a specialized 

metabolite system. 

2) Characterization of the genes involved in the specialized metabolite system 

3) Utilizing the functions of the specialized metabolite system for human applications. 

 The body of work presented in this thesis investigates questions in each of these three 

areas with an overall emphasis on improving our understanding of a specialized metabolic 

system. 
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Figure 1.2: Research process for studying plant-specialized metabolism system. 

 

1.1.3 Examples of Employing Plant-Specialized Metabolite Systems 

Two well-known examples of this three-phase approach can be seen in the exploration 

of the specialized metabolites paclitaxel and artemisinin. 

 Paclitaxel is a high-value pharmaceutical originally isolated from bark of the conifer 

Taxus brevifolia used to treat breast, lung, and non-small cell cancers (Cragg, 1998).  Due to 

the prohibitively difficult and expensive chemical synthesis and low levels obtained from 

natural harvest, obtaining sufficient amounts to meet demand has proved challenging (Holton 

et al., 1994; Malik et al., 2011; Nicolaou et al., 1994; Wani et al., 1971).  To establish a 

sustainable production system, the paclitaxel biosynthetic pathway was explored in T. 

brevifolia and other Taxus species.  Development of initial key resources included T. brevifolia 

cell culture lines capable of producing paclitaxel (Christen et al., 1991; Stierle et al., 1993) and 

cDNA sequence collections (Jennewein et al., 2004).  Using a hypothesized biosynthetic 
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pathway and observed putative intermediates, a combination of PCR based cloning and 

functional screening approaches lead to the characterization of a first set of eight genes of the 

biosynthetic pathway (Hefner et al., 1996; Jennewein et al., 2004; Long et al., 2008; Menhard 

and Zenk, 1999; Schoendorf et al., 2001; Walker et al., 2000; Walker and Croteau, 2000; 

Wildung and Croteau, 1996).  Building on this knowledge, extensive research was untaken to 

establish a sustainable production system using cultured Taxus cells and metabolically 

engineered microbial hosts (DeJong et al., 2006; Li et al., 2009; Meng et al., 2011; Wei et al., 

2012; Zhao et al., 2008). While this work has yielded industrial scale semi-synthetic 

production systems, despite close to 30 years of work, full pathway elucidation has yet to be 

completed. 

Artemisinin is a high-value antimalarial pharmaceutical produced in Artemisia annua, 

(Paddon and Keasling, 2014). The A. annua artemisinin biosynthetic pathway was explored to 

establish additional and alternative production systems for artemisinin.  Development of 

resources included metabolite profiling of A. annua leaf and gland secretory cell extracts for 

likely biosynthetic intermediates (Bertea et al., 2005), and the use of A. annua transcriptome 

data in combination with genomic data from other Asteraceae plants to guide gene discovery 

(Wang et al., 2009a).  Using these resources, four genes of the biosynthetic pathway, which 

produce artemisinic acid from the sesquiterpene precursor farnesyl diphosphate (FPP) were 

characterized (Mercke et al., 2000; Paddon et al., 2013; Ro et al., 2006; Teoh et al., 2009).  

Based on this extensive research, microbial systems capable of producing artemisinin 

precursors were developed.  Building on previous knowledge about the mevalonate pathway 

(MVA), initially an Escherichia coli system was used to optimize MVA pathway gene 

expression and growth conditions to improve yields of the artemisinin precursor amorphadiene 

(Newman et al., 2006; Tsuruta et al., 2009).  Subsequently metabolic engineering of 

Saccharomyces cerevisiae was employed to produce artemisinic acid (Ro et al., 2006; Teoh et 

al., 2009). Artemisinic acid is then chemically converted to artemisinin (Brown, 2010).   
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1.1.4 Plant Specialized Metabolite Production Using Recombinant Production 

Platforms 

Similar to artemisinin and paclitaxel, the development of sustainable production 

systems for high-value plant specialized metabolites (Facchini et al., 2012).  Sustainable 

production of these metabolites is often challenging due to low in planta availability and low 

extraction yields, or due to inefficient chemical synthesis resulting from complex chemical 

structures and inability to separate the metabolite from isomers and epimers that compromise 

the biological activity of the products (Mora-Pale et al., 2013).  While development of an in 

planta system able to produce high enough levels of the target metabolite is an ideal solution, 

metabolic engineering of microbial or plant cell systems has become a commonly used 

method to address these economic and sustainability issues.  Conventional metabolic 

engineering strategies employ two separate phases.  The first focuses on de novo pathway 

engineering of the specialized metaboliteôs biosynthetic pathway coupled with protein 

engineering and mutagenesis.  The second optimizes production through overexpression of 

rate-limiting steps and deletion of precursor competing-pathways to redirect carbon flux, and 

the use of cheap precursors to promote direct synthesis (Xu and Koffas, 2010).  These 

approaches have resulted in great success towards the development of microbial systems able 

to produce a range of specialized metabolites including terpenoids (Leonarda et al. 2010, 

Ajikumar et al., 2010), flavonoids (Lim et al., 2011, Xua et al., 2011), alkaloids (Nakagawa 

et al., 2011), polyketides (Boghigian et al., 2011) and fatty acids (Zhang et al., 2011).  

However, even with the advent of the omics-era and the plethora of biological data available, 

only a handful of metabolically engineered production systems have resulted in 

commercially viable systems.  Continued work identifying new specialized metabolite 
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biosynthetic genes of interest, employing new tools allowing more efficient rewiring of the 

cellôs native metabolism, and optimizing gene expression to alleviate the toxicity displayed 

by many of the target specialized metabolites or their intermediates will continue to improve 

our ability to utilize these expression systems (Mora-Pale et al., 2013) 

 

1.2 MONTBRETI N A AND CROCOSMIA x CROCOSMIIFLORA 

1.2.1 Diabetes mellitus 

Type 2 diabetes (T2D) is a chronic endocrine disease state characterized by 

hyperglycemia, hyperlipidemia, relative hypoinsulinemia, and increased micro- and macro-

vascular disease (Fowler, 2008).  The prevalence of the disease has been persistently rising the 

past few decades and is predicted to be the seventh leading cause of health-related death 

worldwide (Mathers and Loncar, 2006).  Effective management of T2D focuses on improving 

insulin sensitivity and slowing the release of glucose from a meal or body storage.  Because of 

the high correlation between T2D and certain dietary and lifestyle factors, most noticeably 

obesity and physical inactivity, the first treatment method most often prescribed is the adoption 

of a healthier lifestyle (Crandall et al., 2008).  This is often coupled with pharmaceutical 

treatment for proper blood glucose level (BGL) management.  Currently, there are several 

classifications of drugs used in the treatment of T2D, including sulfonylureas, biguanides, 

thiazolidinedione, glinides, dipeptidyl peptidase inhibitors, and Ŭ-glucosidase inhibitors; each 

acting to lower BGL through a variety of mechanisms (Nathan et al., 2009; van de Laar, 2008). 

The common pharmaceutical treatment used to slow the release of glucose after a meal 

is inhibition of Ŭ-amylase or Ŭ-glucosidase, enzymes responsible for digesting starch into 

oligosaccharides and oligosaccharides into monosaccharides, respectively (Crandall et al., 

2008).  While Ŭ-glucosidase inhibitors such as Acarbose©, Miglitol©, and Voglibose© are 

currently available, activity results in natural colon flora having access to higher than normal 

levels of small- to medium-size oligosaccharides for digestion through anaerobic respiration 

as well as osmotic changes arising from the high concentration of oligosaccharides (Aoki et 

al., 2010).  This often results in side effects that include flatulence, diarrhea, and abdominal 

discomfort, which can lead to patient non-compliance.  Because this flora digest starch at a 

much slower rate than smaller oligosaccharides, a selective inhibitor targeting Ŭ-amylase 
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activity and not Ŭ-glucosidase would be preferable due to its ability to decrease BGLs and 

minimize these factors leading to patient non-compliance. 

 

1.2.2 Montbretin A as an HPA Inhibitor  

Tarling et al. (2008) screened 30,000 National Cancer Institute terrestrial plant extracts 

looking specifically for human pancreatic amylase (HPA) inhibitors.  Of these, the strongest 

inhibitors identified were a family of glycosylated acyl flavonols, montbretin A ï C, found in 

extracts from Crocosmia x crocosmiiflora.  Of the three, montbretin A (MbA) showed the 

highest inhibitory kinetics with a Ki of 8.1 nM.  MbA contains a flavonol core, myricetin, 

which is glycosylated on the 3 and 4ǋ positions (Fig. 1.3).  The 3-hydroxyl carries the Ŭ-linked, 

linear trisaccharide D-glucopyranosyl-(ɓ1Ÿ2)-D-glucopyranosyl-(ɓ1Ÿ2)-L-

rhamnopyranose.  Attached to the central glucosyl sugar motif is a 6-O-caffeic ester.  The 4ǋ-

hydroxyl carries the ɓ-linked, linear disaccharide L-rhamnopyranosyl-(ɓ1Ÿ4)-D-

xylopyranose. 

 
Figure 1.3: Structure of montbretin A.  

 

Analysis of MbAôs ability to inhibit sugar degradation enzymes showed activity 

specific for HPA and not intestinal wall Ŭ-glucosidases (Tarling et al., 2008).  Kinetic analysis 

of HPA inhibition identified the myricetin core as a competitive inhibitor with Ki of 110 ɛM 

and the caffeic acid motif as a non-competitive inhibitor with Ki of 1.3 mM (Tarling et al., 

2008).  Structural binding studies with HPA and MbA degradation products identified the 

myricetin and caffeic acid moieties linked by the D-glucopyranosyl-(ɓ1Ÿ2)-D-

glucopyranosyl disaccharide component as the essential, high-affinity core structure (Williams 
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et al., 2015).  X-ray structure binding analysis identified that MbA inhibits HPA through 

internal ˊ-stacking interactions between the myricetin and caffeic acid, which organize their 

ring hydroxyls for optimal hydrogen bonding around HPAôs catalytic residues (Williams et 

al., 2015). 

To assess MbAôs potential as an oral T2D therapeutic, MbA was administered to 

Zucker diabetic fatty rats, an animal model of type 2 diabetes (Yuen et al., 2016).  When 

compared to animals receiving either Acarbose©, a common Ŭ-glucosidase inhibitor, or no 

treatment, chronic oral administration of MbA was found to be effective at decreasing BGL.  

Moreover, this study also showed that MbA improved the oxidative status of the fatty diabetic 

animals as well as lowered the levels of markers for increased risk of cardiovascular 

complications associated with diabetes.  Overall, these results demonstrated that MbA is a 

strong candidate for further research as a T2D therapeutic for humans. 

 

1.2.3 Flavonoids in Human Health 

As a flavonoid, MbA is part of one of the largest and most diverse groups of specialized 

metabolites, estimated to contain 9,000 different structures (Ferrer et al., 2008; Tohge et al., 

2013).  With the exceptions of aurones, flavonoids have a common diphenylpropane (C6-C3-

C6) backbone, which consists of two aromatic rings (A and B) connected by a central 

heterocyclic ring (C) (Fig. 1.4).  Biosynthesized from phenylpropanoid and acetate-derived 

precursors, flavonoids are grouped into ten subgroups: anthocyanins, aurones, chalcones, 

condensed tannins, flavanones, flavones, flavonols, isoflavonoids, leucoanthocyanidins, and 

phlobaphenes (Ferrer et al., 2008; Winkel-Shirley, 2001).  While flavonoids play critical roles 

within plants, they also have various beneficial health activities as anti-inflammatory, anti-

oncogenic, cardiovascular, and disease prevention agents in humans.  

 
Figure 1.4: Backbone structure of flavonoids.   
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 As anti-inflammatory agents, flavonoids reduce inflammation by preventing the ROS-

based activation of transcription factors and cytokines important in triggering inflammation 

(Schreck et al., 1991).  While inflammation is a normal part of an immune response, prevention 

of chronic inflammation can reduce the risk for several degenerative diseases such as arthritis, 

atherosclerosis heart disease, or Alzheimerôs disease (Brod, 2000; O'Byrne and Dalgleish, 

2001).  As anti-oncogenic agents, flavonoids play roles in both cancer prevention and 

inhibiting cancerous growth by interfering with a large number of regulatory pathways 

including those of growth, energy metabolism, apoptosis, cell division, transcription, and stress 

response (Gu et al., 2005; Sarkar and Li, 2004).  Through these actions, flavonoids have been 

able to affect signalling transduction pathways to prevent expression of tumor promoting 

factors (Atalay et al., 2003) and exert cytostatic effects by activating proteins involved in 

programmed cell death (Richter et al., 1999).  As a cardiovascular agent, flavonoids reduce 

atherosclerosis and prevent arterial plaque build up (Frankel et al., 1993; Tikkanen et al., 

1998).  These activities are achieved, respectively, by promoting arterial muscle relaxation 

through stimulating release of muscle relaxants and inhibiting intracellular Ca2+ release needed 

for contraction (Ajay et al., 2003; Carrón et al., 2010), and preventing platelets and other lipids 

from sticking to lipoproteins through lipoprotein oxidation (Diaz et al., 1997). As disease 

prevention agents, flavonoids play roles as immune modulators and anti-microbials.  As 

immune system modulators, flavonoids have been observed to activate immune system cells, 

such as lymphocytes and macrophages, by stimulating their signalling cascades (Middleton Jr, 

1998).  As antimicrobials, flavonoids have been observed to act against both bacterial and viral 

organisms.  While there is a current lack of understanding of the mechanism of action, it is 

believed that flavonoids play a role in inhibition of microbial polymerases or binding and 

inhibiting proper function of nucleic acid, membrane proteins, and capsid proteins (Cushnie 

and Lamb, 2005; Selway, 1986). 

  

 1.2.4 Flavonoid Backbone Biosynthesis 

Flavonoids are derived from the aromatic amino acids phenylalanine and tyrosine, 

which come from the shikimate pathway (Knaggs, 2003).  To convert either of these amino 

acids into flavonoids, they must first flow through the early steps of the phenylpropanoid 
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pathway (Fig. 1.4) (Tohge et al., 2013; Winkel-Shirley, 2001).  The first step of this is the 

elimination of ammonia in phenylalanine by phenylalanine ammonia lyase (PAL; EC 4.3.1.24) 

or tyrosine by tyrosine ammonia lyase (TAL; EC 4.3.1.23) to produce cinnamic acid and p-

coumaric acid, respectively (Young and Neish, 1966).  p-Coumaric acid may also be derived 

from the oxidation of cinnamic acid by cinnamic 4-hydroxylase (C4H; EC 1.14.13.11) (Russell 

and Conn, 1967).  An additional oxidation of cinnamic acid by p-coumarate 3-hydroxylase 

(C3H; EC 1.14.13.-) yields caffeic acid (Kojima and Takeuchi, 1989).  These three acids can 

then become ñactivatedò by 4-coumarate-CoA ligase (4CL; EC 6.2.1.12) through the 

attachment of the coenzyme A (CoA) group (Gross and Zenk, 1974).  These activated 

compounds can then be used to form a variety of phenolic-based metabolites such as lignins, 

lignans, coumarins, and stilbenoids, or continue in the biosynthesis of flavonoids. 

 
Figure 1.5: Biosynthesis of cinnamoyl-CoA, p-coumaroyl-CoA, or caffeoyl-CoA from 

phenylalanine and tyrosine.  Abbreviations: PAL, phenylalanine ammonia lyase; TAL, 

tyrosine ammonia lyase; 4CL, 4-coumarate-CoA ligase; C4H, cinnamate 4-hydroxylase; C3H, 

coumarate 3-hydroxylase. 

 

The polyketide chain extension of p-coumaroyl-CoA with three units of malonyl-CoA 

by chalcone synthase (CHS; EC 2.3.1.74) is the first dedicated step of the flavonoid 

biosynthesis pathway (Fig. 1.5) (Heller and Hahlbrock, 1980).  The result is a chalcone, a 

polyketide that can be folded to generate the different flavonoids (Tohge et al., 2013; Winkel-

Shirley, 2001).  This chalcone can then be converted into an aurone by aureusidin synthase 

(AS; EC 1.21.3.6) (Nakayama et al., 2000) or undergo an isomerization catalyzed by chalcone 
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isomerase (CHI; EC 5.5.1.6), the next step in the biosynthetic pathway shared by the remaining 

flavonoids (Moustafa and Wong, 1967).  This isomerization reaction involves a stereospecific 

ring closure of chalcones into their corresponding flavanones through an intermolecular 

nucleophilic attack of one of the phenolic hydroxyl groups onto the unsaturated ketone.  This 

links the two aromatic rings through the formation of the C-ring which produces the flavanone 

naringenin (Jez and Noel, 2002).  The flavanones represent one of the most important 

branching points in flavonoid metabolism.  At this point, flavanones can go into one of five 

different branches of flavonoid biosynthesis to form the seven remaining types of flavonoids. 

 
Figure 1.6: Biosynthesis of flavonoids from of p-coumaroyl-CoA and malonyl-CoA.  

Abbreviations: CHS, chalcone synthase; AS, Aureusidin synthase; CHI, chalcone isomerase; 

IFS, isoflavone synthase; IFD, 2-hydroxyisoflavanone dehydratase; DFR, dihydroflavonol 4-

reductase; FNS, flavone synthase; F3H, flavanone 3-hydroxylase; ANS, anthocyanin 

reductase; LCR, leucoanthocyanidins reductase; FLS, flavonol synthase; F3ǋH, flavonoid 3ǋ-

hydroxylase; F3ǋ5ǋH, flavonoid 3ǋ5ǋ-hydroxylase. 

 

In the first branch, isoflavonoids are produced by a C2-C3 aryl migration and 

hydroxylation reaction on the flavanones catalyzed by isoflavone synthase (IFS; EC 

1.14.13.136) (Steele et al., 1999).  This reaction is followed by a dehydration reaction of the 
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2-hydroxyisoflavanones catalyzed by 2-hydroxyisoflavanone dehydratase (IFD; EC 4.2.1.105) 

to form isoflavonoids (Hakamatsuka et al., 1998).  At this point, multiple additional enzymes 

can act on the metabolite to form a suite of isoflavonoids.  In the second branch, flavanones 

undergo a dehydration reaction at the C2-C3 position catalyzed by flavone synthase (FNS; EC 

1.14.11.22) to yield flavones (Martens et al., 2001).  In the third branch, a stereospecific C3 

hydroxylation of naringenin by flavanone-3-hydroxylase (F3H; EC 1.14.11.9) produces 

dihydroflavonols (Forkmann et al., 1980).  These dihydroflavonols can undergo hydroxylation 

at the 3ǋ and 5ǋ position of the B-ring by flavonoid 3ǋ-hydroxylase (F3´H; EC 1.14.13.21) or 

flavonoid 3ǋ, 5ǋ-hydroxylase (F3´5´H; EC 1.14.13.88) (Forkmann et al., 1980; Menting et al., 

1994).  Here, the pathway diverges into flavonols and anthocyanins.  These dihydroflavonols 

can then undergo a C2-C3 reduction catalyzed by flavonol synthase (FLS; EC 1.14.11.23) to 

produce flavonols (Lukaļin et al., 2003).  Alternatively, the dihydroflavonols can be reduced 

at the C4 position by dihydroflavonol 4-reductase (DFR; EC 1.1.1.219) to produce 

leucoanthocyanidins (Fischer et al., 1988).  These can then be converted into anthocyanins by 

the enzyme anthocyanin reductase (ANS; EC 1.14.11.19) (Saito et al., 1999).  In the fourth 

branch, a C4 reduction of leucoanthocyanidins by leucoanthocyanidins reductase (LCR; EC 

1.17.1.3) produces flavan-3-ols (Tanner and Kristiansen, 1993).  These flavan-3-ols then 

undergo a polymerization to form condensed tannins.  However, it is not clear whether 

polymerization occurs enzymatically or non-enzymatically (Vogt, 2010).  In the fifth branch, 

a C4 reduction of flavanones by DFR produces flavan-4-ols.  Similar to condensed tannins, the 

polymerization process which produces phlobaphenes from flavan-4-ols is unclear. 

 

1.2.5 Crocosmia x crocosmiiflora 

Crocosmia spp. is a popular ornamental plant widely found in North America and 

Europe.  A genus of perennial plants in the family Iridaceae, Crocosmia spp. is native to the 

South African grasslands (Fig. 1.7).  Due to its growth versatility and attractive flowers, 

Crocosmia spp. is primarily cultivated for horticultural purposes.  Crocosmia spp. typically 

has long (up to one meter), erect, sword-shaped leaves with distinct parallel veining and 

pleating.  During flowering season (June ï September in the Northern hemisphere), tall arching 

stems display funnel-shaped flowers in bright shades of brown, yellow, orange, or red 

(Manning and Goldblatt, 2008).  This foliage grows from swollen underground modified stem 
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structures called corms that serve as storage organs and helps plants survive conditions such 

as drought, summer heat, or winter (Dominy et al., 2008).  These corms grow in vertical chains 

with younger corms forming atop older ones.  The vertical chain of corms is fragile and can be 

separated into individual corms, each one able to form a new plant.  Corms have contractile 

roots, which act to drag the corm deeper into the ground in response to temperature and light 

until it reaches uniform conditions (Kostelijk, 1984).  Within this genus, the hybrid Crocosmia 

x crocosmiiflora, also known as montbretia, is one of the most commonly found members.  

Cultivation and cross breeding have resulted in over 300 different cultivars (Goldblatt et al., 

2004). 

 
Figure 1.7: Examples of Crocosmia x crocosmiiflora cultivars.  (a) Emily McKenzie 

cultivar.  (b) Lucifer cultivar.  (c) Emberglow cultivar. 

 

In the past three decades, a number of specialized metabolites have been isolated and 

identified from the corms of different members of Crocosmia spp.  Nagamoto et al. (1988) 

observed metabolites from water extracts of Crocosmia x crocosmiiflora corms possessing 

strong antitumor capabilities in mice with transplanted carcinomas (Nagamoto et al., 1988).  

Although follow-up by Asada et al. to identify the compounds responsible for the noted 

antitumor activity identified the saponins crocosmiosides A ï I (Asada et al., 1989; Asada et 

al., 1990) and montbretin A and B (Asada et al., 1988), as well as masonosides A ï C from the 

species Crocosmia masonorum (Asada et al., 1994), none of these compounds were reported 

to display antitumor activity.  Corms of a close relative of Crocosmia, Tritonia 

crocosmaeflora, were found to contain a napthazarin derivative, tricrozarin A, possessing 

broad-spectrum antimicrobial activity against gram-positive bacteria, yeast, and fungi (Masuda 

et al., 1987).  The same extraction also yielded another napthazarin derivative, tricrozarin B, 
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which showed antitumor capabilities against human and murine-based cancer cell lines 

(Masuda et al., 1987). 

Overall, these findings demonstrate that MbA is a strong candidate for further 

development as a T2D therapeutic for humans.  To this end, one of the most significant 

problems is establishing a sustainable, economical source of montbretin A.  Chemical synthesis 

of the natural product would be challenging due to the sheer size and complexity of the 

glycosylation pattern.  Current available data reports that corms possess approximately 800 mg 

of MbA per kg of fresh weight (Andersen et al., 2009).  Based on estimates of an average 

patient needing up to 180 mg MbA/kg body weight per day (Andersen et al., 2009) and that 

the plant must be killed to extract the majority of the MbA, natural harvest of Crocosmia can 

not currently be employed as a method for sustainable production.  A solution to the production 

problem could be to harness the biosynthetic mechanism employed by Crocosmia to either 

produce a Crocosmia x crocosmiiflora system with heightened levels of MbA or an engineered 

microorganism capable of producing MbA.  With little public data available on MbA or 

Crocosmia spp., this approach requires extensive and laborious exploration and 

characterization of the MbA biosynthetic pathway. 

 

1.2.6 Hypothesized Montbretin A Biosynthesis Pathway 

 To develop an MbA production system, its biosynthetic pathway in C. x crocosmiiflora 

must be characterized.  Based on the chemical structure of MbA, I propose that the MbA 

biosynthetic pathway is composed of two subpathways: the early biosynthesis pathway (EPB) 

and late biosynthesis pathway (LBP). 
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Figure 1.8: Proposed in planta biosynthesis of montbretin A.   Within proposed pathway, 

sections A, B, and C correspond to the ñEarly Biosynthetic Pathwayò while section D 

corresponds to the ñLate Biosynthetic Pathwaysò.  

 

The proposed MbA EBP employs activity of the phenylpropanoid, flavonoid, and 

nucleotide sugar metabolism pathways towards the production of the individual components 

of MbA: myricetin, glucose, rhamnose, xylose, and caffeic acid (Fig. 1.8).  Produced from 

phenylalanine or tyrosine in the phenylpropanoid pathway, caffeoyl-CoA or p-coumaroyl-CoA 

can enter the flavonoid pathway where they can be used to form the flavonol myricetin.  In the 

nucleotide sugar pathway, glucose obtained from photosynthesis, sugar recycling, or storage 

is converted to uridine 5ǋ-diphosphate-glucose (UDP-Glc).  UDP-Glc can then be converted to 

UDP-rhamnose (UDP-Rha) or UDP-xylose (UDP-Xyl).  

The hypothesized MbA LBP involves the assembly of the individual components of 

MbA (Fig. 1.8).  In the LBP, myricetin is decorated with five monosaccharides through the 

activity of five glycosyltransferases (GTs), and the caffeic ester moiety is added through the 

activity of either an acyltransferase or a serine carboxypeptidase-like enzyme. 
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 Of the enzymes proposed to be employed in the biosynthesis of MbA, those in the 

phenylpropanoid and flavonoid pathways are well characterized in several plant systems.  

Additionally, the EBP-specific end products, caffeoyl-CoA and myricetin, are readily 

accessible.  While most of the nucleotide sugar pathway enzymes have been well characterized, 

UDP-xylose synthase (UXS) and UDP-rhamnose synthase (RHM) have only been 

characterized in a small number of plant systems.  Additionally, due to patents on these genes 

(Bao et al., 2014; Oka and Jigami, 2007) and complications with chemical synthesis, UDP-

Xyl and UDP-Rha are prohibitively expensive.  While genes performing 3-O- and 4ǋ-O-

glycosylations similar to those involved in the first steps of the LBP have been functionally 

characterized in other plant species, few genes have been characterized to perform reactions 

similar to the needed secondary glycosylation, tertiary glycosylations, and acylation reactions 

(DôAuria et al., 2007; Hong et al., 2007; Ko et al., 2008; Moraga et al., 2009; Trapero et al., 

2012; Yonekura Sakakibara et al., 2012).  With the goal of studying MbA biosynthesis in C. 

x crocosmiiflora to establish a sustainable production system, emphasis will be put on 

identifying the UXS, RHM, and GTs involved in MbA biosynthesis. 

 

1.2.7 UDP-Glycosyltransferases 

 Glycosylation reactions appear to be ubiquitous in nature (Bowles et al., 2005; Bowles 

et al., 2006).  These reactions have a large range of effects on their aglyconeôs physicochemical 

properties such as altering solubility and stability, facilitating storage and compartment 

localization, molecular recognition, chemical defense, cellular homeostasis, and energy 

storage (Bowles et al., 2005; Liang et al., 2015).  This, in turn, has important effects on a 

compoundôs functioning.  Because of the importance which glycosylation modifications have 

on plant life and the large diversity of glycosylated compounds within species, most plants 

contain hundreds of glycosyltransferases (EC: 2.4.-.-), the enzymes responsible for performing 

these reactions.  These enzymes have been classified into one of 94 families based on sequence 

similarity to genes in the Carbohydrate Active Enzyme database (CAZy, www.cazy.org) 

(Campbell et al., 1997; Coutinho et al., 2003; Lombard et al., 2014).  Within the 

glycosyltransferase enzyme class, family 1 glycosyltransferases (GT1) or uridine diphosphate 

glycosyltransferases (UGTs) (EC: 2.4.1.-) are the main players in the glycosylation of small 

molecules (Bowles et al., 2005).  While plants contain multiple glycosyltransferase families, 

http://www.cazy.org/
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within a species the family 1 GT sub-class typically contains the most members (Caputi et al., 

2012).  To date, hundreds of GT1 UGTs from various plants have been reported to glycosylate 

flavonoids, phenylpropanoids, terpenoids, benzoates, plant hormones, and many other 

metabolites (Caputi et al., 2008; Lanot et al., 2006; Lim et al., 2002; Lim et al., 2004; 

Poppenberger et al., 2005).  Current estimates from species with characterized genomes 

suggest that an average of 0.5% of hypothesized genes are GT1 UGTs (Caputi et al., 2012). 

 

1.2.7.1 UDP-Glycosyltransferase Structures 

To date, x-ray crystal structures for eight plant GT1 UGTs have been reported (Brazier-

Hicks et al., 2007; Hiromoto et al., 2015; Li et al., 2007; Modolo et al., 2009; Offen et al., 

2006; Shao et al., 2005; Thompson et al., 2017; Wetterhorn et al., 2016).  These structures all 

have the GT-B fold, which is characterized by N- and C-terminal domains that possess similar 

Rossmann-like folds, a unique structural motif found in many nucleotide-binding proteins.  

Comparison of the crystal structures shows that plant GT1 UGTs have a high degree of 

structural similarity, especially at the C-terminal domain which binds the sugar donor (Wang, 

2009).  Each Rossmann-like fold contains a central ɓ-sheet þanked by Ŭ-helices on either side.  

These two domains are separated by a linker region, which is compacted to form an inter-

domain cleft and the enzyme active site.  When bound, the nucleotide sugar donor mainly 

interacts with the C-terminal domain while the acceptor mainly binds to the N-terminal 

domain.   

In general, plant GT1 UGTs are between 400 ï 550 amino acids long.  A key signature 

characteristic of plant GT1 UGTs is the conserved 44 amino acid signature ñplant secondary 

product glycosyltransferaseò (PSPG) motif (Campbell et al., 1997).  The conserved amino 

acids of this motif are involved in hydrogen bond interactions with the nucleotide sugar donor.  

It has been seen that variations are more common in the N-terminal domain, particularly in the 

loops and helices of the active site (Wang, 2009).  These are predicted to accommodate the 

diversity of potential acceptor substrates.  During the reaction, binding of the sugar donor 

triggers a change from open to closed conformation, causing the acceptor and donor sugar to 

interact with both N- and C-terminal domains and undergo the transfer reaction. 
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1.2.7.2 UDP-Glycosyltransferases Catalytic Mechanism 

Plant GT1 UGTs catalyze the transfer of sugar moieties from a donor by following a 

direct displacement SN2-like reaction mechanism (Fig. 1.9) (Lairson et al., 2008).  Within the 

N-terminal domain, a conserved active site catalytic base (usually Asp, Glu, or His) acts on the 

target hydroxyl group of the acceptor molecule to remove a proton during glycoside bond 

formation.  A nearby conserved aspartic acid interacts with the catalytic base by forming a 

hydrogen bond and balances its charge after deprotonating the acceptor.  Concurrently, the 

acceptor attacks the C1 carbon atom of the sugar moiety of the UDP-sugar, resulting in the 

direct displacement of the UDP moiety and formation of the glycoside (Wang, 2009).  

Glycosylation reactions usually follow a sequential ñbi-bi mechanismò in which the acceptor 

and donor are bound sequentially, followed by the sugar transfer, release of the newly 

glycosylated product, and finally release of the nucleotide moiety. 

 
Figure 1.9: Basic UDP-glycosyltransferase catalytic mechanism for family 1 

glycosyltransferases.  Family 1 Glycosyltransferases (GT1 UGTs) follow a classic SN2-like 

mechanism resulting in a inversion of anomeric stereochemistry upon glycosylation.  An 

oxocarbenium-ion transition state (square brackets) forms with the help of a catalytic base 

usually provided by an active-site amino acid side chain.  This base abstracts a proton from the 

hydroxyl group of the acceptor, facilitating nucleophilic attack at the sugar anomeric C1 

carbon, forming a glyosidic bond between the sugar donor and the acceptor.  The resulting 

negative charge on the phosphate group is typically stabilized by a positive amino acid side 

chain or helix dipole.  ñBò represents the catalytic base within the GT1 UGT while the ñ+ò 

represents the positive amino acid side chain or helix dipole. 

 

1.2.8 Nucleotide Sugar Interconversion Enzymes 

 Nucleotide sugar interconversion enzymes (NSE) are responsible for producing the 

majority of activated NDP-sugars with minor levels being formed from sugar salvage pathways 

and the promiscuous sugar phosphorylase SLOPPY (Bar-Peled and O'Neill, 2011; Kotake et 

al., 2004).  These sugars serve as donors for glycosyltransferases and provide critical substrates 
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needed to form the diverse set of glycan-specialized metabolites.  Of the multiple small gene 

families that make up the NSE family, UXS and RHM are of interest for their value in the 

elucidation of the MbA biosynthetic pathway. 

 

1.2.8.1 UDP-Xylose Synthase Structure 

To date, only one x-ray crystal structure for UXS has been characterized (Eixelsberger 

et al., 2012).  The structural analysis showed UXS could be split into two domains.  The N-

terminal NAD+-binding domain is a modified version of the classic Rossmann fold, built of a 

seven-stranded parallel ɓ-sheet in between two arrays of Ŭ-helices.  The C-terminal UDP-

glucuronic acid (UDP-GlcA) binding domain is composed of two, two-stranded ɓ-sheets and 

a three Ŭ-helix bundle.  The cavity formed in between these two domains forms the enzyme 

active site. 

In general, plant UXS are between approximately 350 ï 450 amino acids in length.  

They contain two conserved motifs in the C-terminus: GXXGXXG and YXXXK.  The 

GXXGXXG motif is characteristic of dinucleotide binding proteins and helps position and 

stabilize the substrate in the active site (Rossmann and Argos, 1978).  The YXXXK motif 

contains most of the serine-tyrosine-lysine catalytic triad needed for enzyme activity (Duax et 

al., 2000).  Additionally, some UXS have been predicted to contain an N-terminal 

transmembrane domain (Harper and Bar-Peled, 2002).  

 

1.2.8.2 UDP-Xylose Synthase Catalytic Mechanism 

UDP-Xyl is synthesized from UDP-GlcA acid by UXS (EC 4.1.1.35) (Harper and Bar-

Peled, 2002) (Fig. 1.10).  Once the substrate and NAD+ cofactor are bound, a catalytic tyrosine 

deprotonates the C4 hydroxyl of UDP-GlcA while the NAD+ oxidizes the C4 carbon.  These 

actions promote the formation of a C4 keto bond and produce the UDP-4-keto-hexauronic acid 

intermediate.  The keto bond promotes stabilization of the carbanion upon decarboxylation, 

which is then followed by an NADH-facilitated reduction of the C4 carbon and proton return 

to the C4 hydroxyl group by the catalytic tyrosine. 
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Figure 1.10: UDP-xylose synthase catalytic mechanism.  UDP-xylose synthase 

decarboxylates UDP-GlcA in the presence of NAD+ to produce the UDP-4-keto-pentose 

intermediate and NADH.  UDP-4-keto-pentose in the presence of NADH is then converted to 

UDP-xylose and NAD+. 

 

1.2.8.3 UDP-Rhamnose Synthase Structure 

 RHM is predicted to have two main domains; an N-terminal domain which performs 

the dehydration reaction and a C-terminal domain which performs the epimerization and 

reduction reactions (Oka et al., 2007; Watt et al., 2004).  As of writing, a single x-ray crystal 

structure of the C-terminal domain of RHM has been characterized (Han et al., 2015).  Similar 

to the characterized UXS, the C-terminal domain of RHM shows two distinct sub-domains.  

The first sub-domain, which plays a role in binding the NADPH and NADH cofactors, 

possesses a Rossmann-like fold.  This fold possesses a central core composed of four parallel 

ɓ-strands flanked by four Ŭ-helices.  The second sub-domain is formed by five Ŭ-helices 

connected by two ɓ-strands and several loops.  A deep cleft is formed in between these two 

sub-domains and is surrounded by a bundle of helices and loops.  The uncharacterized N-

terminal domain is predicted to have a similar structure with two sub-domains and its active 

site in the cleft forming between them.  

In general, plant RHM are between approximately 650 ï 700 amino acids in length.  

Both the N- and C-terminus domains contain two conserved motifs: the GXXGXXG and 

YXXXK.  The GXXGXXG motif is characteristic of dinucleotide binding proteins and helps 

position and stabilize the substrate in the active site (Rossmann and Argos, 1978).  The 
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YXXXK motif contains most of the serine/threonine-tyrosine-lysine catalytic triad needed for 

enzyme activity (Duax et al., 2000). 

 

1.2.8.4 UDP-Rhamnose Synthase Catalytic Mechanism 

In plants, UDP-Rha is synthesized from UDP-Glc by the single enzyme, RHM, through 

sequential dehydratase, epimerase, and reductase reactions (EC 4.2.1.76, EC 5.1.3.-, and EC 

1.1.1.- respectively) (Fig. 1.11) (Kamsteeg et al., 1978; Watt et al., 2004).  Once the substrate 

and NAD+ cofactor are bound in the N-terminal active site, a catalytic tyrosine deprotonates 

the C4 hydroxyl of UDP-Glc while the NAD+ oxidizes the C4 carbon.  These actions promote 

the formation of a C4 keto bond and elimination of the hydroxyl, followed by addition of 

hydride to C6 to produce the UDP-4-keto-6-deoxy-Ŭ-D-glucose intermediate.  This 

intermediate then leaves the N-terminal and enters the C-terminal active site. 

 Once the intermediate and the NADPH co-factor are in the C-terminus active site, 

epimerization at the C3 and C5 are predicted to proceed through an enediol/enolate 

intermediate (Liu and Thorson, 1994).  In the epimerization, a general acid transiently 

protonates the C4 oxygen and stabilizes the enediol/enolate intermediate.  A general base 

compliments this, removing a proton from C3 or C5 of the intermediate.  Subsequently, 

reprotonation of the C3 and C5 occur from the opposite face of the sugar ring.  Protonation of 

the C4 oxygen by the general base then completes the reaction.  The NADPH-dependent 

reduction catalyzed at C4 of the 4-keto, 6-deoxy mannose ring is performed by the conserved 

Ser/ThrïTyrïLys catalytic triad.  Here, these three residues play an analogous role to the 

dehydrogenase reaction where the lysine helps stabilize the co-factor so it can facilitate 

reduction of the C4 carbon and the catalytic tyrosine can facilitate proton transfer to the C4 

hydroxyl group, resulting in UDP-Rha. 
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Figure 1.11: UDP-rhamnose synthase catalytic mechanism.  In the N-terminus of RHM and 

in the presence of NAD+, UDP-Glc has its C4 hydroxyl group oxidized and is dehydrated then 

reduced to form the UDP-4-keto-6-deoxy-glucose intermediate.  After moving to the C-

terminus of RHM, this intermediate then undergoes sequential epimerization reactions, to form 

the UDP-4-keto-rhamnose intermediate, and reduction by NADPH, to form UDP-rhamnose. 

 

1.2.9 Pathway Elucidation Using Guilt-By-Association 

The lack of information available for de novo systems such as C. x crocosmiiflora 

presents a large challenge for the elucidation of biosynthetic genes involved in a metabolic 

pathway.  The integration of deep transcript and targeted metabolite profiles from 

corresponding plant tissues is a key component in establishing an integrated platform to select 

biosynthetic gene candidates involved in specialized metabolism (Facchini et al., 2012; Saito 

et al., 2008) The guilt-by-association principle proposes that a set of genes involved in a 

biological process are co-regulated and thus co-expressed under control of a shared regulatory 

system (Saito et al., 2008).  When extended to metabolite accumulation, this principle can be 

applied as a strategy for prioritization of genes putatively involved in metabolite biosynthesis.  

Although the assumed correlation between gene expression and metabolite accumulation has 

been shown to be acceptable (Urbanczyk-Wochniak et al., 2003), their relationship can be non-

linear or ambiguous (Gibon et al., 2006).  While the majority of successful applications of the 

guilt-by-association principle to elucidate target metabolite biosynthetic genes have been 

through pathway modulation through mutation or stress, success has also been achieved 

through comparison of different organs of the plant (Saito et al., 2008). 
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1.3 (+)-3-CARENE SYNTHASE-LIKE FAMILY AND SITKA SPRUCE  

1.3.1 Terpenoids in conifers 

With estimates of 25,000 ï 50,000 identified members, terpenoids constitute one of the 

most abundant and structurally diverse groups of specialized metabolite (Cheng et al., 2007).  

In conifers, terpenes in the form of oleoresin play a critical role for defense against herbivores 

and pathogens.  Oleoresin is a complex mixture of mostly monoterpenes (C10), sesquiterpenes 

(C15), and diterpene resin acids (C20) (Keeling and Bohlmann, 2006a; Phillips and Croteau, 

1999; Trapp and Croteau, 2001). Several oleoresin terpenoids have been shown to act against 

such diverse orgnaisms as bacteria (Himejima et al., 1992), fungi (Kopper et al., 2005; Paine 

and Hanlon, 1994), insects such as various bark beetles (Paine et al., 1997) and weevils (Alfaro 

et al., 2002; Tomlin et al., 1996), or mammals (Phillips et al., 1999).  Terpenes act as direct as 

physical or chemical defenses when conifers are challenged by insects or pathogens.  In 

addition to these direct effects, volatile terpenoids facilitate indirect tritrophic defense 

interactions with predatory or parasitic organisms of the aggressing pest (Keeling and 

Bohlmann, 2006b).  Predatory and parasitic insects may use the terpenoids induced or 

constitutively produced by conifers to locate their herbivorous host (Pettersson, 2001; Raffa 

and Klepzig, 1989; Hilker et al., 2002; Mumm and Hilker, 2005; Grégoire et al., 1991; 

Grégoire et al., 1992). 

 

1.3.2 Terpenoid Backbone Biosynthesis 

Terpenoids are derived from the 5-carbon building blocks isopentyl diphosphate (IPP) 

and dimethylallyl diphosphate (DMAPP), which are produced in plants by two different 

pathways: the mevalonate (MVA) pathway and the 2-C-methyl-D-erythritol phosphate 5 

(MEP) pathway (Fig. 1.12) (Gershenzon and Kreis, 1999). In plants, the MVA pathway is 

primarily responsible for the production of precursors for cytosolic terpenoids or isoprenoids, 

while the MEP pathway is primarily responsible for plastidial terpenoid or isoprenoid 

biosynthesis (Lichtenthaler, 1998).   

The different prenyl diphosphate substrates that are used by terpene synthases to 

produce the array of terpenoids are produced by condensation reactions of DMADP with one, 

two or three units of IPP carried out by prenyltransferases (Ramos-Valdivia et al., 1997).  
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These condensation reactions produce the acyclic prenyl diphosphates geranyl diphosphate 

(GPP), FPP, and geranylgeranyl diphosphate, (GGPP) (Ogura and Koyama, 1998; Ramos-

Valdivia et al., 1997) (Fig. 1.13).  GPP is the substrate for plastidial monoterpene biosynthesis 

in conifers and other plants, where GPP is converted by monoterpene synthases (mono-TPS) 

into various acyclic and cyclic monoterpenes olefins or alcohols. 

 
Figure 1.12: The MVA and MEP pathways. (A) The MVA Pathway.  Abbreviations: AACT, 

acetyl-CoA acetyltransferase; HMGS, hydroxymethylglutaryl-CoA synthase; HMGR, 

hydroxymethylglutaryl-CoA reductase; MK, mevalonate kinase; PMK, phosphomevalonate 

kinase; PMD, phosphomevalonate decarboxylase; IDI, isopentenyl diphosphate isomerase. (B) 

The MEP Pathway.  Abbreviations: DXS, 1-deoxyxylulose-5-phosphate synthase; DXR, 1-

deoxy-D-xylulose-5-phosphate reductoisomerase; CMS, 4-diphosphocytidyl-2-C-methyl-D-

erythritol synthase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; MCS, 2-

methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS, 1-hydroxyl-2-methyl-2-(E)-butenyl 

4-diphosphate synthase; HDR, hydroxymethylbutenyl diphosphate reductase. 
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Figure 1.13: Biosynthesis of terpene precursors.  Abbreviations: GPPS, geranyl diphosphate 

synthase; FPPS, farnesyl diphosphate synthase; GGPPS, geranylgeranyl diphosphate synthase; 

TPS, terpene synthase. 

 

1.3.3 Monoterpene Synthases 

Mono-TPS produce a variety of acyclic, monocyclic, and bicyclic structures from GPP 

(Davis and Croteau, 2000). Mono-TPS are primarily found in the TPS-b subfamily 

(angiosperm mono-TPS), the TPS-d subfamily (gymnosperm mono-TPS), the TPS-e/f 

subfamily (vascular plants), and the TPS-g subfamily (angiosperm mono-TPS) of the large 

plant TPS gene family  (Chen et al., 2011).  Mono-TPS typically require a Mg2+ or Mn2+ as a 

co-factor (Croteau and Karp, 1979; Croteau et al., 1980).  

Plant mono-TPS are between approximately 600 ï 650 amino acids in length 

(Bohlmann et al., 1997; Colby et al., 1993; Martin et al., 2004).  Mono-TPS contain three 

highly conserved motifs: the RRX8W, DDXXD, and NSE/DTE motifs.  Found in the N-

terminus, the RRX8W motif contains the tandem arginine pair thought to assist the initial 

diphosphate migration step of GPP cyclization.  Found in the C-terminus, the DDXXD 

(Lesburg et al., 1997; Tarshis et al., 1994) and NSE/DTE (Caruthers et al., 2000) motifs are 

critical in the bindings and positioning of the three metal ions needed for catalytic activity.  In 
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addition to these, most mono-TPS contain a plastid-targeting sequence in the N-terminus 

(Whittington et al., 2002).  

To date, x-ray crystal structures of three different plant mono-TPS have been published: 

A Salvia officinalis (+)-bornyl diphosphate synthase (Whittington et al., 2002), a Salvia 

fruticosa 1,8-cineole synthase (Hyatt et al., 2007), and a Mentha spicata (4S)-limonene 

synthase (Kampranis et al., 2007).  Despite their low sequence similarity, these enzymes share 

a similar ɓŬ-didomain structure comprised entirely of Ŭ-helices and short connecting loops, 

suggesting the existence of a general monoterpene synthase fold (Lesburg et al., 1997).  Within 

this fold, the active site is found in a hydrophobic pocket of the Ŭ-domain and is composed of 

several Ŭ-helix loop regions.  Upon binding the GPP substrate, these unstructured loops 

become ordered and form a protective cap over the active site, preventing premature quenching 

of carbocation reaction intermediates.  While few functional elements have been found in the 

ɓ-domain, mutational analysis has indicated this region might act as a scaffold to facilitate 

proper folding of the Ŭ-domain upon substrate binding (Kollner et al., 2004). 

The mechanism of mono-TPS follows a conserved core process (Fig. 1.14) (Cane et 

al., 1982; Croteau and Felton, 1981; Croteau et al., 1985a; Croteau et al., 1985b; Croteau et 

al., 1989; Wise et al., 2001).  For a mono-TPS to produce a cyclic monoterpene, it must first 

overcome the impediment to direct cyclisation caused by the geometry of the GPP C2-C3 

double bond.  This is achieved by initial ionization and isomerization of GPP to form linalyl 

diphosphate (LPP).  C1-C6 ring closure is then achieved by an SNǋ reaction and associated 

diphosphate departure to form the Ŭ-terpinyl cation (Cane et al., 1995).  Debate on what helps 

stabilize this carbocation still exists; current data suggests either the ionized diphosphate group 

or ˊ-cation interactions facilitated by aromatic side-chains in the active site (Christianson, 

2006).  Further interactions between the cation intermediate, the mono-TPS, and additional 

substrates such as H2O result in a series of hydride shifts, cyclizations, and/or hydroxylations 

to form the suite of potential products.  For acyclic products, the reactions end through mono-

TPS mediated deprotonation or water capture of either the geranyl cation or linalyl cation. 
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Figure 1.14: Monoterpene Synthase Catalytic Mechanism.  The reaction mechanisms of all 

monoterpene synthases start with the ionization of the geranyl diphosphate substrate (green 

box).  The resulting carbocation can undergo a range of cyclizations, hydride shifts and 

rearrangements before reaction is terminated by deprotonation or water capture.  The formation 

of acyclic monoterpenes can proceed either through the geranyl cation or the linalyl cation.  

The formation of cyclic monoterpenes requires the preliminary isomerization of the geranyl 

cation to a linalyl intermediate capable of cyclization.  The production of the initial cyclic 

species, the Ŭ-terpinyl cation, can then undergo further interactions between the monoterpene 

synthase and additional substrates, such as H2O, to result in a series of hydride shifts, 

cyclizations, and/or hydroxylations to form the suite of potential products. 
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1.3.4 Monoterpene Synthases in Spruce and Insect Resistance  

Conifers, and in particular species of spruce, are the most economically and 

ecologically dominant trees of the Canadian forest landscape.  The white pine weevil (Pissodes 

strobi) is one of the most devastating pests of several spruce species (King et al., 2004) (Fig. 

1.15).  Attack from weevils results in killing of the apical shoot tip, stem deformation, overall 

growth loss, and possible death of trees due to out-competition by surrounding vegetation.   

 
Figure 1.15: Examples of white pine weevil damage to Sitka spruce. 

 

The problem of weevil infestation is most severe with Sitka spruce (Picea sitchensis) 

in Western Canada.  While most genotypes of Sitka spruce are susceptible to weevil attack, 

resistant trees have been identified and clonally replicated in field trials (King et al., 2004; 

King and Alfaro, 2009).  From these trials, the genotype H898 was identified as almost 

completely resistant.  Conversely, the genotype Q903, originating from the Haida Gwaii Island 

of BC, was identified as highly susceptible to attack.  In large replicated field trial, the levels 

of the diterpenoid resin acid dehydroabietic acid and the monoterpenes (+)-3-carene and 

terpinolene had a strong positive correlation with resistance to weevil attack (Robert et al., 

2010). Hall et al. (2011) used a combination of genomic, proteomic, and biochemical 

approaches to investigate the basis of variation of (+)-3-carene levels in two contrasting H898 

and Q903 genotypes.  This work identified that genotype-specific variations of gene copy 

number, transcript and protein expression, and catalytic efficiencies of members of a small 

family of (+)-3-carene synthase-like mono-TPS genes, containing the three (+)-3-carene 

synthases PsTPS-3car1, PsTPS-3car2, PsTPS-3car3, and the (ï)-sabinene synthase PsTPS-

sab, were responsible for the difference in (+)-3-carene levels (Hall et al., 2011).  Specifically, 
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the genomic presence, transcript and protein expression, and enzyme activity of the PsTPS-

3car2 gene accounted for much of the high levels of (+)-3-carene in the resistant genotype.  

 

1.3.5 Terpene Synthase Evolution 

Numerous structural and biochemical studies have showcased the ability of a protein 

to evolve novel activities or functions with only a small number of amino acid alterations 

(Aharoni et al., 2005; Gerlt et al., 2005; Khersonsky et al., 2006).  These residues associated 

with directing enzyme specificity are termed ñplasticity residuesò (Yoshikuni et al., 2006) and 

are more often prevalent in or around enzyme active sites (Aharoni et al., 2005; Aharoni et al., 

2004).  This process of proteins developing promiscuous functions is believed to be a major 

driver of organisms developing new enzyme activity and specificity through divergent 

evolution (James and Tawfik, 2003).  A unique aspect of TPS is that despite having a highly 

conserved active site scaffold composed largely of inert residues, most show promiscuous 

function.  Catalytic specificity in TPS appears to be governed by the positioning of the 

polypeptide backbone and amino acid side chains on the active site surface, with supporting 

layers of surrounding residues playing a role in active site contour and dynamics (Greenhagen 

et al., 2006).  For this reason, TPS enzymes have been good candidates to investigate how 

plasticity residues contribute to divergent molecular evolution.  The high sequence similarity, 

yet different product profiles of the different members of the Sitka spruce (+)-3-carene 

synthase-like family makes it an attractive target for investigating how plasticity and functional 

evolution can lead to an expansion of a speciesô specialized metabolism.  

 

1.4 SCOPE OF THESIS 

The central theme of this thesis is the elucidation and characterization of genes involved 

in specialized metabolism using two non-model plant systems.  The first part of my thesis deals 

with MbA biosynthesis in Crocosmia x crocosmiiflora, a plant system with no prior supporting 

body of research on metabolism.  This part of my thesis work will present examples of the 

three aforementioned phases of exploring how to harness specialized metabolism for human 

use (Fig. 1.2) in a new system. The second part of my thesis is dealing with elucidation of 

unique aspects of specialized metabolism of 3-carene biosynthesis Sitka spruce. 
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Chapter 2 presents an example of developing resources for a new plant system with the 

purpose of studying specialized metabolite biosynthesis.  This chapter details work towards 

the development of C. x crocosmiiflora metabolite profile-, histological-, and transcriptome-

based resources for exploring MbA biosynthesis. Chapters 3 and 4 present work characterizing 

part of the biosynthetic pathways of the MbA metabolite system.  These chapters detail work 

towards the identification and characterization of candidate genes involved in the MbA 

biosynthetic pathway. Using the Sitka spruce system in Chapter 5, this work explores the 

amino acids critical for specific product profiles of a family of (+)-3-carene synthase-like 

enzymes to gain insight into the plasticity and functional evolution of this mono-TPS family. 

Overall, the research presented in this thesis acts to highlights opportunities, challenges, 

approaches and novel insights from non-model system research into specialized metabolite 

systems. 
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CHAPTER 2: DEVELOPMENT OF CROCOSMIA RESOURCES FOR THE 

ELUCIDATION OF THE MONTBRETIN A BIOSYNTHESIS PATHWAY  

 

 As part of the initial strategy to identify and characterize the biosynthetic pathways of 

montbretin A in Crocosmia x crocosmiiflora, I developed a series of biological, metabolite 

profiling, and transcriptome resources for this previously unstudied system.  Metabolite 

profiling of montbretin A accumulation within C. x crocosmiiflora identified that montbretin 

A primarily accumulates in the corm, the below ground storage and overwintering organ, with 

minor accumulation in the flower, stem, and stolon organs.  Matrix-assisted laser desorption 

ionization and additional metabolite profiling analyses showed that within the corm, 

montbretin A is primarily found in the peripheral tissues with levels significantly higher than 

in tissues of the central vascular cylinder.  I used 16 organ-specific C. x crocosmiiflora samples 

to generate a first assembly of the C. x crocosmiiflora transcriptome containing 77,894 

unigenes.  In silico annotation revealed a lack of high-quality gene annotations of closely 

related species in the public database.  Employing a homology-based search approach, I 

identified candidate genes for each step in the proposed montbretin A early biosynthetic 

pathway.  Integrating montbretin A accumulation and gene expression data resulted in the 

identification of 14 genes for the proposed montbretin A late biosynthetic pathway.  To the 

best of my knowledge, this is the first report of omics-based resource development for the 

Crocosmia genus. 

 

2.1 INTRODUCTION  

Historically, establishing the molecular and biochemical basis of specialized metabolite 

biosynthesis in plants often required enzyme purification and testing for specific enzymatic 

activity as a starting point for gene discovery.  While resources for gene discovery in model 

organisms have proliferated in recent years, many specalized metabolites have a narrow 

taxonomical distribution (Sumner et al., 2015).  As such, elucidation of target biosynthetic 

pathways genes and enzymes in non-model systems usually cannot solely rely on a homology-

based approach employing model systems.  In these situations, a critical first step is the 

development of species-specific resources (Facchini et al., 2012; Saito et al., 2008). 
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The Crocosmia genus is an excellent example of a non-model plant system.  At the 

beginning of this work, the majority of published research in this system was of a horticultural 

nature with only six non-horticultural papers available, all of which reported on new 

specialized metabolites or their functions (Asada et al., 1989; Asada et al., 1990; Asada et al., 

1994; Masuda et al., 1987; Nagamoto et al., 1988; Tarling et al., 2008).  From these papers, it 

was known that montbretin A (MbA) can be isolated from Crocosmia corms.  However, it was 

unknown which organ(s) or tissue(s) produce MbA, if MbA is being transported to site(s) not 

involved in biosynthesis, or if MbA biosynthesis is constitutive or occurs under specific 

inducing conditions.  A search of the public domain showed only nine reported Crocosmia 

nucleotide sequences, all of which are plastidial genes (Schaefer et al., 2011; Souza-Chies et 

al., 1997).  Currently, few species closely related to Crocosmia have public, high-quality 

genomic data available.  The closest genera with an available genome is the orchid 

Phalaenopsis equestris, which is a member of the Asparagales order with Crocosmia (Cai et 

al., 2015) (Fig. S2.1).  More distantly related, multiple grasses within the Commelinids order, 

such as oryza, sorghum, brachypodium, and mays, have genomes available (Goff et al., 2002; 

Paterson et al., 2009; Schnable et al., 2009; Vogel et al., 2010).  The closest genera with 

comprehensive transcriptomic data available are Crocus (Baba et al., 2015; Jain et al., 2016) 

and Iris (Ballerini et al., 2013), both members of the Iridaceae family with Crocosmia.  This 

lack of scientific information about the Crocosmia genus or MbA makes the goal of elucidating 

genes involved in the biosynthetic pathway of MbA especially challenging. 

Recent advances in the fields of genomics, transcriptomics, and metabolomics provide 

improved processes for establishing a pool of candidate genes of a novel biosynthetic process 

(Facchini et al., 2012).  The two strategies most commonly employed for identifying such 

candidates are homology to genes with similar functions and correlating metabolite abundance 

with transcript expression profiles.  Multiple studies have shown these approaches can be used 

effectively for the identification of specific pathway genes in the investigation of specialized 

metabolite biosynthesis (Attia et al., 2012; Keeling et al., 2011; Liscombe et al., 2009; Xiao 

et al., 2013; Zerbe et al., 2013).  

The biosynthesis of MbA is proposed to occur in two parts: the early biosynthesis 

pathway (EBP) and the late biosynthesis pathway (LBP) (Fig. 1.8).  The EBP employs genes 

of the phenylpropanoid, flavonoid, and nucleotide sugar metabolism pathways and results in 
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the formation of the individual building blocks and enzyme substrates of MbA: myricetin, 

UDP-glucose, UDP-rhamnose, UDP-xylose, and caffeoyl-CoA.  Because genes with functions 

involved in the EPB are well characterized in other systems, it is hypothesized that 

identification of candidate genes through a homology-based approach will be an efficient 

method.  The LBP involves the assembly of these individual components into MbA.  Because 

most of the predicted functions of the LBP have not been reported in characterized genes from 

other species, it is proposed that the integration of transcript and targeted metabolite profiles 

will be an efficient method for identification of candidate genes.  Employing these two 

approaches for identifying candidate MbA biosynthesis genes requires the development of 

Crocosmia-specific resources. 

Metabolite profiling and transcriptome sequencing (RNA-seq) are two of the most 

commonly employed techniques for the identification of novel biosynthetic pathway genes.  

Metabolite profiling plays two major roles in the elucidation of specialized metabolite 

biosynthesis: (i) identification of spatial and temporal distribution patterns as effected, for 

example, by plant development and environmental cues, and (ii) identification of potential 

intermediates of the biosynthetic process.  Complementary to this profiling, an understanding 

of the morphology of the plant can provide valuable information on the location of metabolite 

biosynthesis as well as the in planta biological function.  Next-generation sequencing (NGS) 

technologies have revolutionized biological research by providing rapid and reliable sequence 

data.  Of the many tools in the NGS portfolio, RNA-seq has proven particularly useful for non-

model organisms lacking a reference genome (Wang et al., 2009b).  Not requiring prior 

knowledge of gene sequences, RNA-seq coupled with sequence assembly algorithms can be a 

powerful tool for the discovery of novel transcripts and in silico estimation of gene expression.   

The goal of this chapter is to develop and characterize the first set of biological, 

metabolite profile, and transcriptome resources for Crocosmia to serve as a foundation for 

research into the MbA biosynthetic pathway.  A combination of liquid chromatography- mass 

spectrometry (LC-MS), matrix-assisted laser desorption ionization (MALDI ), and histological 

analyses were used to explore spatial and temporal MbA accumulation levels within C. x 

crocosmiiflora.  RNA-seq was used to develop the first C. x crocosmiiflora draft transcriptome.  

Extensive manual annotation of the transcriptome and the integration with metabolite profiling 

resources was used to identify a pool of candidate genes involved in MbA biosynthesis.  To 
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the best of my knowledge, this is the first report of omics-based resources developed for the 

Crocosmia genus. 

 

2.2 EXPERIMENTAL  

2.2.1 Plant Material 

 To start the C. x crocosmiiflora colonies, starter plants were obtained from the garden 

of Dr. Gary Brayer in Richmond, British Columbia, Canada on July 9th, 2010.  The variety of 

the obtained C. x crocosmiiflora was identified by Dr. Gary Brayer as ñEmily McKenzieò by 

comparing phenotype to (i) horticultural references (Goldblatt et al., 2004; Kostelijk et al., 

1984) and (ii) against varieties of C. x crocosmiiflora commercially available.  Individual 

corms were separated and potted in 4L planting pots with perennial soil at least 4 inches deep.  

Plants were grown in shaded areas of the University of British Columbia Horticulture 

Greenhouse (6394 Stores Road V6T 1Z4) outdoor patio year round.  A sample has been 

submitted to the UBC Herbarium (http://www.biodiversity.ubc.ca/museum/herbarium/) under 

accession numbers V244885a and V244885b.  Each November, the decaying above-ground 

tissues were cut approximately one inch above the soil.  During the winter months (November 

ï February), plants would be left outside with a layer of mulch on top of planter pots to act as 

insulators and prevent frost from reaching corms.  Every second year in January, plants were 

removed from pots and repotted so each would contain only a single corm.   

 

2.2.2 Metabolite Analysis 

For temporal and spatial analysis of MbA levels in different parts of the plant (section 

2.3.1), samples were collected at 17 time points between May 29th, 2012 and May 1st, 2013.  At 

each time point, whole plants were dug up, soil was removed, and plants were separated into 

six organs: flower, stem, leaf, corm, stolon, and root (Fig. S2.2).  Flower samples were cut at 

the base of the pedicel.  Leaf samples were cut 2.5 cm away from the stem.  Stem samples 

were cut 2.5 cm away from the corm and inflorescence and had all leaf tissue coating the stem 

removed.  Stolon and root samples were cut one inch away from the corm.  Corm samples had 

the remaining stem cut off as well as the tunic, basal plate, lateral growth tissue, and remaining 

stolon and root tissue removed.  Once collected, samples were immediately frozen in liquid 

http://www.biodiversity.ubc.ca/museum/herbarium/
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nitrogen and stored at -80oC.  Analyses were done with three biological replicates.  Statistical 

analysis was performed using the Single Variable ANOVA data analysis in EXCEL. 

For spatial analysis of MbA within corms, samples were collected on April 18th 2016.  

Corms were harvested as above, cut along the same plane into three segments.  One segment 

was used for metabolite analysis while the other two were used for in situ and histological 

analyses (see sections 2.2.3 and 2.2.4).  The segment was further divided into seven concentric 

sections using Boekel cork borers (http://www.boekelsci.com/) (Fig. 2.4).  The first section 

was always the central vascular cylinder with the endodermis removed.  Subsequent sections 

were produced using borers with a 3 mm increase in diameter.  Once collected, samples were 

immediate frozen in liquid nitrogen and stored at -80oC.   

Metabolites were extracted from homogenized tissue with 50% methanol (5 mL/g 

tissue) for 24 hours at 40oC.  Samples were passed through a 0.22 ɛm hydrophilic 

polypropylene membrane filter (http://www.pall.com/).  Metabolites were identified by liquid 

chromatography (LC) (Agilent 1100 Series)/mass spectrometry detector (MSD) Trap 

(XCTplus) by comparison of retention times and mass spectra with authentic standards.  An 

Agilent ZORBAX SB-C18 column (4.6 mm internal diameter, 50 mm length, 1.8 ɛM pore 

size) was used with a temperature of 50°C and flow rate 0.8 mL min-1.  The mobile phase used 

was a combination of two solvents: solvent A (H20 + 0.2% formic acid) and solvent B 

(acetonitrile + 0.2% formic acid).  The mobile phase run was 95% solvent A by 0.5 min, 80% 

solvent A by 5 min, 10% solvent A by 7 min, and 95% solvent A by 7.10 min, and held for 2.9 

min, giving a total run time 10 min.  Diode array detector (DAD) monitored wavelengths at 

266 nm and 326 nm.  The mass spectrometer mode was negative electrospray with nebulizer 

pressure 60 psi, dried gas rate 12 L min-1, dry temp 350oC, and a m/z scanning range between 

50 ï 2000.  Quantification of MbA levels was based on external standard curves using purified 

MbA obtained from Dr. Stephen Withers. 

 

2.2.3 Matrix-Assisted Laser Desorption Ionization (MALDI) Analysis 

Using corm segments produced on April 18th, 2016 (section 2.2.2), MALDI imaging 

was performed at the University of Victoria Genome BC Proteomic Centre 

(http://www.proteincentre.com/).  Samples were cut into 40 ɛm thick sections with a Microm 

HM500 at -20oC cryostat and thaw-mounted onto indium-tin oxide (ITO)-coated microscopic 

http://www.boekelsci.com/
http://www.pall.com/
http://www.proteincentre.com/
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glass slides.  The matrix solution containing 2-mercaptobenzothiazole (2-MBT) was prepared 

at 10 mg/mL in 80% aqueous methanol containing 2% formic acid.  Corm sections were spray 

coated using a Bruker Daltonics ImagePrep electronic matrix sprayer, with the application of 

MCAEF (Wang et al., 2015).  MALDI -mass spectrometry data was acquired in negative ion 

(-) mode on a Bruker Apex-Qe 12-Tesla hybrid quadrupole-fourier transform-ion cyclotron 

resonance instrument equipped with a 355-nm smartbeam UV laser.  For tissue imaging, a 

laser raster step size of 300 ɛm and laser beam size of ca. 200 ɛm was used.  Mass spectral 

datasets were processed with Bruker DataAnalysis, and the MS ion images were constructed 

with Bruker FlexImaging. 

 

2.2.4 Corm Histology Analysis 

Corm segments produced on April 18th, 2016 (section 2.2.2) were placed into Formalin-

Acetic Acid-Alcohol fixative at 4oC for three weeks.  Samples were submitted to the Wax-It 

Service Laboratory (Wax-it Histology Services Inc., http://www.waxitinc.com/) for 

dehydration in an ethanol series and paraffin embedding.  Paraffin-embedded samples were 

thin-sectioned (20 ɛm) and stained with three different methods.  Sections were stained for the 

presence of lignin and suberin by staining in 0.1% (w/v) berberine hemisulphate (Sigma-

Aldrich Co., http://www.sigmaaldrich.com/) in distilled water (dH2O) for 1 hour and rinsed in 

dH2O for 30 min.  Sections were then counterstained by immersion in 0.5% (w/v) aniline blue 

(Sigma-Aldrich Co., http://www.sigmaaldrich.com/) in dH2O for 30 min, rinsed in dH2O for 

30 min, and mounted on slides in 0.1% (w/v) FeCl3 in 50% glycerol (Cholewa and Griffith, 

2004).  Sections were stained for the presence of starch granules by staining in 10% Lugolôs 

Solution (Sigma-Aldrich Co., http://www.sigmaaldrich.com/) for 5 minutes and rinsed in 

dH2O for 30 min (Gurr, 1965).  Sections were stained for the presence of lignin in the sclerified 

cells by staining with phloroglucinol in 20% HCl for 5 minutes and rinsed in dH2O for 30 min 

(Jensen, 1962).  Microscopy was performed using a Zeiss Axioplan 2 (Carl Zeiss, Ontario, 

Canada) equipped with an X-Cite Series 120 Q light source (Excelitas Technologies Corp., 

Massachusetts, USA) for epifluorescence.  Sections were viewed with white and ultraviolet 

light.  The ultraviolet filter set consisted of the BP365 exciter filter, the FT395 chromatic beam 

splitter, and the 397-barrier filter.  Images were captured on Hamamatsu Orca Flash 4.0 LT 

camera (Hamamatsu, Shizuoka Pref., Japan) 

http://www.waxitinc.com/
http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/
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2.2.5 RNA Isolation 

 Samples for RNA-sequencing were collected on July 29th, 2013 as described in section 

2.2.2, immediately frozen in liquid nitrogen, and stored at -80oC until RNA was extracted.  

Total RNA was extracted as described (Mageroy et al., 2015) and stored at -80oC.  Total RNA 

concentration was determined using a NanoDrop 1000 (Thermo Scientific, 

http://www.thermoscientific.com/) and RNA Integrity Number (RIN) was assessed as a quality 

control with an Agilent 2100 Bioanalyzer and Agilent RNA 6000 Nano Kit LabChips (Agilent 

Technologies Inc., http://www.agilent.com/).  Sixteen RNA samples (three each for flowers, 

leaves, stems, and stolons and four for corms) with RIN greater than 8.00 were sent to the 

McGill University and Génome Québec Innovation Centre (http://gqinnovationcenter.com) to 

generate approximately 75 gigabases (Gbp) of sequencing data using the Illumina HiSeq2000 

platform with 150bp paired-end sequencing. 

 

2.2.6 De Novo Transcriptome Assembly 

16 paired-end RNA-Seq libraries from five different C. x crocosmiiflora organs were 

generated with the Illumina HiSeq2500 platform.  Raw Illumina reads were cleaned using 

Trimmomatic (Bolger et al., 2014) to remove the 15 bp adapter sequence at front ends of 

sequences and tested for quality using FastQC 

(www.bioinformatics.babraham.ac.uk/projects/fastqc/).  The raw sequences were then filter 

for plastidial sequences using Bowtie.  bbMerge, from the software suite BBMap 

(https://sourceforge.net/projects/bbmap/files/), was used to pre-assemble overlapping paired-

end reads to generate longer, single end read for improved assembly contiguity.  Merged 

single-end reads and un-merged paired-end reads of all tissues were then pooled together and 

assembled de novo by Trinity assembler version 2.1(Grabherr et al., 2011).  Predicted peptides 

were established by TransDecoder (Haas et al., 2013).  Coding sequences (CDS) at 98% 

nucleotide similarity or greater were deemed to be allelic variants and were clustered, by Cd-

hit, for downstream differential expression analysis (Li and Godzik, 2006). 

 

 

 

http://www.thermoscientific.com/
http://www.agilent.com/
http://gqinnovationcenter.com/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://sourceforge.net/projects/bbmap/files/
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2.2.7 Assessment of Crocosmia x crocosmiiflora Unigene Dataset 

The Core Eukaryotic Gene Mapping Approach (CEGMA) dataset (Parra et al., 2007) 

and the Benchmarking Universal Single-Copy Orthologs (BUSCO) dataset (Simao et al., 

2015) were used to quantitatively estimate the completion of C. x crocosmiiflora unigene 

dataset.  C. x crocosmiiflora orthologs of the 248 and 956 highly conserved ortholog sets, 

respectively, were identified by performing a BLASTx of these datasets against the unigene 

set with an e-value threshold of 1e-20. 

 

2.2.8 Annotation and Classification of Unigenes Dataset 

 The unigene dataset was annotated against the NCBI Non-Redundant (NR) and Cluster 

of Orthologous Group for eukaryotic complete genomes (KOG) (Koonin et al., 2004) 

databases using a BLASTx search with an e-value threshold of 1e-10.  Additionally, Gene 

Ontology (GO) terms were assigned based on the best BLAST search hits against the NR 

database using the Blast2GO program (https://www.blast2go.com/) (Conesa et al., 2005) with 

an e-value threshold of 1e-10.  Unigenes were assigned to the ñbiological processò, ñmolecular 

functionsò, and ñcellular componentsò ontologies.  The distribution of those unigenesô 

functional category was summarized using WEGO software (Ye et al., 2006).  To analyze 

specialized metabolism pathways active in the C. x crocosmiiflora samples, gene annotations 

of unigene set were compared to the reference canonical pathways in KEGG. 

 

2.2.9 cDNA Cloning of Early Biosynthetic Pathway Genes 

Using the isolated RNA that was submitted for RNA sequencing (Section 2.2.5), cDNA 

was synthesized using a Maxima First Strand cDNA Synthesis Kit (ThermoFisher, 

https://www.thermofisher.com) and quantified using a NanoDrop 1000 (Thermo Scientific, 

http://www.thermoscientific.com/).  Genes of interest were amplified and cloned into pJet1.2 

vectors (Fermentas, http://www.fermentas.com/) from cDNA using primers found in Table 

S2.1.  Sequences and gene insertion orientation were verified by Sanger sequencing. 

 

2.2.10 Haystack Analysis 

Identiýcation of unigenes with expression pattern correlating to MbA accumulation 

patterns was performed using the Haystack program (http://haystack.mocklerlab.org/) 

https://www.blast2go.com/
https://www.thermofisher.com/
http://www.thermoscientific.com/
http://www.fermentas.com/
http://haystack.mocklerlab.org/
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(Michael et al., 2008; Michael et al., 2008; Mockler et al., 2007).  MbA accumulation levels 

within each of the 16 samples submitted for sequencing was analyzed as outlined in in section 

2.2.2 and used as the model file.  The reads per kilobase of transcript per million mapped reads 

(RPKM) for each unigene within each of the 16 samples was used as the corresponding data 

file.  Parameters were as follows: correlation cut-off of 0.8, fold cut-off of 2, P-value cut-off 

of 0.05, and background cut-off of 1. 

 

2.3 RESULTS 

2.3.1 Temporal Accumulation Patterns of Montbretin A within C. x crocosmiiflora 

 Previous work reported corms as the predominant site of MbA accumulation in plants 

of the genus Crocosmia (Andersen et al., 2009).  To confirm this and explore how MbA 

accumulation patterns change within C. x crocosmiiflora over the course of one year, 

accumulation levels within six of the major organs were profiled every three weeks for twelve 

months (Fig. 2.1; Table S2.2).  Results showed that throughout the year, MbA primarily 

accumulated in the corms with levels ranging between 1.85 ï 4.31 mg/g fresh tissue (FT).  The 

only other organ containing notable levels of MbA was the flowers with levels ranging between 

0.027 ï 0.145 mg/g FT (0.75% ï 4.48% of corm levels).  The stem and stolon contained only 

trace amounts of MbA with between 0.003 ï 0.047 mg and 0.002 ï 0.013 mg/g FT (0.75% ï 

1.45% and 0.06% ï 0.44% of corm levels, respectively).  No MbA was detected in the leaf or 

root.  Single factor ANOVA analyses identified that levels of MbA were not statistically 

different between the corm and stolon organs.  The same analysis on the stem and flower 

organs identified a statistical difference in MbA levels throughout the year.  These results 

confirmed that despite high levels of biological variation, corms are the primary site of MbA 

storage in C. x crocosmiiflora. 
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Figure 2.1: Temporal analysis of montbretin A accumulation within C. x crocosmiiflora.  

Pictures below the x-axis are of one of the biological replicates harvested at the corresponding 

time.  White bar in each picture represents 30 cm. Larger versions of plant pictures can be seen 

in Supplemental Fig. S2.2.  Results are shown as the average of three biological replicates.  

Error bars represent standard error.  ñ*ò denotes organ was not available for sampling at this 

time point.  P-value and F-value were calculated using a single factor ANOVA in data analysis 

function of Excel.  F-values reported were based on an Ŭ = 0.05.  ñTotal dfò = total degrees of 

freedom. 
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2.3.2 MbA Accumulation Patterns in Crocosmia x crocosmiiflora Corms 

Corms were shown to be the predominant site of MbA accumulation in C. x 

crocosmiiflora.  However, it was not known whether MbA is uniformly distributed throughout 

the corm or if its accumulation is localized to specific regions.  To investigate this, a triad of 

histological, MALDI, and MbA profiling analyses were performed on three segments 

originating from the same corm. 

To better understand corm histology, above-ground plant material was removed and 

corms were extracted from soil (Fig. 2.2.a).  Remaining leaves as well as roots and stolons 

were carefully removed from the extracted corms.  These corms represented a below-ground 

part of the stem, as is apparent from spiral pattern of leaf scars (Fig. 2.2.b), specialized for 

storage of nutrient reserves, overwintering and vegetative propagation.  The major tissue types 

observed after sectioning and staining included the epidermis, cortex, endodermis, and central 

vascular cylinder (Fig. 2.2.c-g).  The outermost cell layer of the corms consisted of the 

epidermis (Fig. 2.2.e), which is covered by a thick cuticle.  While cuticles are not composed 

of lignin or suberin, one of their major chemical component, cutin, shares certain chemical 

similarities with suberin (Kolattukudy, 1980; Ma et al., 2004) and showed a positive reaction 

when stained with berberine-aniline blue.  The tissue underneath the cuticle represents the 

epidermis and hypodermis (Fig. 2.2.e).  In contrast to the very regular shape of cells that form 

the epidermis, hypodermis cells are more irregular shaped as is commonly observed in 

monocots (Evert, 2006).  The following inner tissue layers of the corm show characteristic 

features of a differentiated cortex, endodermis, and central vascular cylinder.  The endodermis 

was identified by the typical, lignified thickened cell walls (Fig. 2.2.f) separating the cortex 

from the central vascular cylinder.  The central vascular cylinder contains numerous concentric 

amphivasal vascular bundles, each of which was composed of phloem surrounded by a ring of 

lignified xylem (Fig. 2.2.f-g) (Evert, 2006).  When stained with Lugolôs solution, the 

parenchyma cells within the cortex and the central vascular cylinder (CVC) appeared to store 

substantial amounts of starch (Fig. 2.2.h). 
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Figure 2.2: Anatomy of C. x crocosmiiflora corm.  (a) Underground C. x crocosmiiflora 

organs including stolon (arrow), root (arrowhead), and corm (asterisk).  Scale bar = 3 cm.  (b) 

Individual corm stripped of stem, stolon, and root tissue.  Leaf scars (arrows) and stolon 

outgrowth nodes (arrowhead) can be seen.  Scale bar = 1 cm.  (c) Unstained transverse section 

of corm.  The areas encompassed within the white boxes correspond to areas visualized in this 

figure: box ñ1ò corresponds to figure e, box ñ2ò corresponds to figure f, box ñ3ò corresponds 
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to figure g, and box ñ4ò corresponds to figure h.  Scale bar = 1 cm.  (d)  Phloroglucinol-

HCl/toluidine blue stained transverse section of corm oriented at the central vascular cylinder.  

Lignified elements are stained pink and nucleic acids dark blue.  The circular endoderm can be 

seen unstained (arrow).  Scale bar = 500 ɛM.  (e-g) Transverse sections of corm stained with 

berberine/aniline blue identify lignin and suberin.  Samples are examined under ultraviolet 

light with epifluorescence optics.  (e) Outermost layers of the cortex.  Exterior to the compactly 

arranged hypodermis (hy) with little intercellular space and the single cell layer epidermis (ep), 

the cuticle is revealed by staining (arrow).  Scale bar = 50 ɛM.  (f) Innermost layers of the 

cortex.  Staining reveals the presence of the single cell layer endodermis (arrow) with typical 

thickened cell wall through lignification.  Within the central vascular cylinder, staining 

highlights horizontally oriented lignified xylem elements (x) in the axial concentric amphivasal 

vascular bundles where a ring of xylem surrounds the phloem (ph).  Scale bar = 250 ɛM.  (g) 

Close-up view of xylem (x) and phloem (ph) elements within a vascular cylinder.   Scale-bar 

= 50 ɛM.  (h) Transverse section of corm stained with Lugol solution.  Dark staining indicates 

the presence of starch in the storage parenchyma cells of the cortex (co) and the central vascular 

cylinder (cvc).  The epidermis (arrowhead) and endodermis (arrow) can be seen unstained.  

Scale bar = 2 mm. 

 

MALDI imaging analysis showed MbA accumulation levels were lowest in the tissues 

of the CVC.  Exterior the CVC, MbA accumulation showed a general trend of increasing 

towards the periphery of the corm section (Fig. 2.3). 

 
Figure 2.3: MALDI imaging of montbretin A accumulation patterns within corm 

segments.  C. x crocosmiiflora corms were cut along the transverse and longitudinal planes 

into segments.  Segments were analyzed by MALDI-FT-ICR.  MALDI images were 

reconstructed from extracted ion chromatogram (XIC) at m/z 1227.32 corresponding to 

negative ionization of MbA.  (a-b) optical images of transverse and longitudinal corm 

segments, respectively.  Central vascular cylinder is indicated by the black arrow.  (c-d) 

MALDI images of transverse and longitudinal corm segments respectively.  White bars in 

pictures represent 3 cm. 
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These findings were supported by MbA profiling analysis of seven different sections 

of corm segments (Fig. 2.4; Table S2.3).  In the CVC (section 1), MbA levels were significantly 

lower compared to the other six sections with an average of 0.30 mg/g FT.  MbA levels of 

those segments outside the CVC (sections 2-7) had averages between 2.374 ï 3.863 mg/g FT 

with the average level increasing towards the outermost section (Fig. 2.4).   

 
Figure 2.4: In -depth spatial analysis of montbretin A accumulation within corm 

segments.  Corms were cut along the transverse plane into individual segments(i).  Segments 

were then cut into seven sections with cork borers(ii).  The picture just below x-axis of 

histogram show examples of sections used for analysis.  White bars in pictures represent 3 cm.  

Results are shown as the average of eight biological replicates.  Error bars represent standard 

error.  P-value and F-value were calculated using a single factor ANOVA in data analysis 

function of Excel.  

 

Collectively, these results suggest that MbA is tightly restricted to a specific region 

within the corm, but is primarily stored outside of the CVC with average levels highest towards 

the peripheral tissue. 

 

2.3.3 Transcriptome Sequencing and Assembly 

To generate a robust transcriptome resource for C. x crocosmiiflora, normalized cDNA 

libraries constructed from RNA isolated from multiple organs and biological replicates were 
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used to generate paired-end sequences with the Illumina HiSeq2000 platform.  After quality 

check for and if needed, subsequent removal, of low quality sequences, low complexity reads, 

or contaminations, sequencing of 16 cDNA libraries resulted in 263,941,221 high-quality 150 

bp paired-end reads (Table 2.1).  Reads had their 15 bp adaptor sequence trimmed, and 

assembled into 470,118 contigs with an average length of 556 bp and an N50 of 655 bp.  After 

further gap-filling, a unigene set was produced by extracting the coding sequences and 

removing redundant sequences as defined by greater than 98% sequence identity.  This set 

contained 77,894 unigenes with an average length of 710 bp, an N50 of 891 bp, and a normally 

observed length distribution pattern (Table 2.1, Fig. 2.5). 

Table 2.1: Sequencing and assembly results for Crocosmia x crocosmiiflora flower, leaf, 

stem, stolon, and corm organ. 

Organ 
# of Raw 

Reads 

# of High-

Quality 

Reads 

Total Base-Pairs 

(High Quality) Libraries from 

All Organs 

were Pooled 

and 

Redundancies 

Removed 

# of 

Unigenes 

Avg. Read 

Length 
N50 

Flower 53,613,896 51,285,139 15,385,554,300 

77,894 710 bp 891 bp 

Leaf 83,751,469 49,701,603 14,910,561,000 

Stem 71,973,353 53,304,715 15,991,429,200 

Stolon 51,588,144 50,343,863 15,103,171,200 

Corm 59,624,047 59,305,901 17,791,786,800 
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Figure 2.5: Length distribution of unigenes. 

 

Two separate approaches were used to assess the completeness of the C. x 

crocosmiiflora unigene set: The Core Eukaryotic Gene Mapping Approach (CEGMA) (Parra 

et al., 2007) and the Benchmarking Universal Single-Copy Orthologs (BUSCO) set (Simao et 

al., 2015).  Using a BLASTx search of the CEMGA dataset of 248 conserved core eukaryotic 

genes from Arabidopsis thaliana, representing an unbiased set of proteins conserved in 

eukaryotes, against the C. x crocosmiiflora unigene set identified 274 (59.8%) full-length 

orthologs, 167 (36.5%) partial-length orthologs and 17 (3.7%) orthologs not identified.  Using 

a BLASTx search of the BUSCO dataset of 956 conserved genes from plant genomes, 

representing a set of near universally distributed single-copy genes, against the C. x 

crocosmiiflora unigene set identified 547 (57.2%) full-length orthologs, 397 (41.5%) partial-

length orthologs and 12 (1.3%) orthologs not identified. 

 Collectively, these results suggest that the transcriptome resource developed has a 

typical average read length for a plant transcriptome and covers a good representation of both 

core eukaryotic genes and highly conserved plant single-copy ortholog genes.  
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2.3.4 Functional Annotation of Unigene Set 

 To enable the investigation into specialized metabolite biosynthesis in C. x 

crocosmiiflora and to contribute genomic information from an underrepresented phylogenetic 

clade to the public repository, in silico functional annotation on the unigene dataset was 

performed.  BLASTx searches against public protein databases were used to annotate the 

unigene dataset.  Searches against the NCBI NR database were successful for 61,094 (78.4%) 

unigenes with an e-value threshold of 1e-10.  While this represented a significant portion of the 

unigene set, 39,279 hits had an e-value less than 1e-100 (Fig. 2.6).  In-depth analysis of the 

BLAST search results showed that the top five hits for most unigenes were to sequences which 

only had a general characterization and provided little or no details towards specific functions. 

 
Figure 2.6: E-value distribution of unigenes. 

 

 Because annotation based on sequence homology to genes in the public database 

proved challenging, orthology-based annotation was used to gain insight into the molecular or 

biochemical functions contained within this unigene set.  Using the Blast2Go software 

(https://www.blast2go.com/), unigenes were assigned GO terms (Conesa et al., 2005).  This 

resulted in 91,612 GO annotations assigned to 30,246 (38.8%) unigenes across three high-level 

categories: ñbiological processò, ñmolecular functionò, and ñcellular componentò (Fig. 2.7).  

The cellular process category consisted of 31,687 GO annotations assigned to 9,798 (12.6%) 

unigenes.  In this category, the most common annotations were ñcellò (9,546 terms; 30.1%), 

https://www.blast2go.com/
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ñcell partò (9,447 terms; 29.8%), and organelle (5,386 terms; 17.0%).  The biological process 

category consisted of 39,404 GO terms assigned to 15,061 (19.3%) unigenes.  In this category, 

the most common annotations were ñmetabolic processò (12,624 terms; 32.0%) and ñcellular 

processò (11,294 terms; 28.7%).  The molecular function category consisted of 22,777 GO 

terms assigned to 15,468 genes (19.9%).  In this category, the most common annotations were 

ñbindingò (9,727 terms; 42.7%) and ñcatalytic activityò (9,646 terms; 42.46%). 

 
Figure 2.7: Gene Ontology classification of unigenes.  Results are grouped into three high-

level categories: cellular process, molecular function, and biological process. 

 

Unigenes were further annotated based on EuKaryotic Orthologous Groups (KOG); a 

phylogenetic classification of the orthologous groups of proteins encoded in complete genomes 

of seven eukaryotes (Tatusov et al., 2001).  Overall, 19,366 unigenes (24.9%) were assigned 

21,452 functional annotations classified over 25 KOG groups (Fig. 2.8).  Among these 25 

groups, most annotations were to ñgeneral function prediction onlyò (4,714; 22.0%), ñsignal 

transduction mechanismsò (2,197; 10.2%), ñposttranslational modifications, protein turnover, 

chaperonesò (1,887; 8.8%), ñcarbohydrate transport and metabolismò (1,291; 6.0%), and 

ñtranscriptionò (1,124; 5.2%). 



50 

 

 
Figure 2.8: KOG functional classification of unigene dataset.  All unigenes were aligned to 

KOGs database at NCBI to predict and categorize possible functions. 

 

Interestingly, a large number of unigenes were assigned the ñmetabolic processesò GO 

term (Fig. 2.7) and the ñsecondary metabolite biosynthesis, transport, and catabolismò KOG 

classification (Q; Fig. 2.8).  With the goal of developing this unigene set as a resource for the 

discovery of specialized metabolism biosynthesis genes, the canonical KEGG pathways were 

used to identify the actively expressed specialized metabolism pathways in the unigene set 

(Table 2.2).  In total, 923 unigenes were found to be involved in the biosynthesis of various 

specialized metabolism pathways.  Of the pathways, the cluster for ñphenylpropanoid 

biosynthesisò [PATH: 00940] represented the largest group with 146 unigenes (15.8%), 

followed by ñphenylalanine, tyrosine, and tryptophan biosynthesisò [PATH: 00400] with 88 

unigenes (9.5%), and ñflavonoid biosynthesisò [PATH: 00941] with 71 unigenes (7.7%). 
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Table 2.2: Summary of expressed unigenes related to specialized metabolites in C. x 

crocosmiiflora unigene set. 

Path Number Gene Pathway Number of Genes 
ec00073 Cutine, suberine and wax biosynthesis 20 
ec00100 Steroid Biosynthesis 63 
ec00130 Ubiquinone and other terpenoid-quinone biosynthesis 58 
ec00140 Steroid Hormone Biosynthesis 31 
ec00232 Caffeine metabolism 3 
ec00400 Phenylalanine, tyrosine and tryptophan biosynthesis 88 
ec00402 Benzoxazinoid biosynthesis 4 
ec00403 Indole diterpene alkaloid biosynthesis 0 
ec00760 Nicotinate and nicotinamide metabolism 23 
ec00900 Terpenoid backbone biosynthesis 82 
ec00901 Indole alkaloid biosynthesis 21 
ec00902 Monoterpenoid biosynthesis 37 
ec00904 Diterpenoid biosynthesis 25 
ec00905 Brassinosteroid biosynthesis 0 
ec00906 Carotenoid biosynthesis 44 
ec00908 Zeatin Biosynthesis 32 
ec00909 Sesquiterpenoid and triterpenoid biosynthesis 21 
ec00940 Phenylpropanoid biosynthesis 146 
ec00941 Flavonoid biosynthesis 71 
ec00942 Anthocyanin biosynthesis 7 
ec00943 Isoflavonoid biosynthesis 58 
ec00944 Flavone and flavonol biosynthesis 2 
ec00945 Stilbenoid, diarylheptanoid and gingerol biosynthesis 0 
ec00950 Isoquinoline alkaloid biosynthesis 37 
ec00960 Tropane, piperidine and pyridine alkaloid biosynthesis 33 
ec00965 Betalain biosynthesis 0 
ec00966 Glucosinolate biosynthesis 17 
ec01058 Acridone alkaloid biosynthesis 0 

 
Total 923 

 

Collectively, these results suggest that in silico functional characterization of the C. x 

crocosmiiflora expressed unigene set is challenging due to the absence of well-characterized 

genes from closely related species within the public domain.  However, annotations based on 

orthology provided insights into the diversity of functions contained within the unigene set and 

identified a substantial set of genes generally annotated with metabolism and specialized 

metabolism. 
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2.3.5 Identification of Montbretin A Biosynthetic Pathway Genes 

Based on its chemical structure, the biosynthesis of MbA was proposed to occur in two 

parts, the EBP and LBP (Fig. 1.8).  Responsible for producing the precursors for MbA, the 

EPB is proposed to be composed of genes from the phenylpropanoid, flavonoid, and nucleotide 

sugar pathways.  The individual building blocks of MbA produced in the EBP are then used 

by enzymes of the LBP to assemble them into the complex MbA molecule.  To establish a pool 

of candidate genes putatively involved in MbA biosynthesis, a homology-based approach was 

used to identify EBP genes and a correlative transcript-metabolite profiling approach was used 

to identify candidate LBP genes. 

A set of customized reference sequence databases containing phenylpropanoid, 

flavonoid, and nucleotide sugar genes were employed in BLASTx searches against the unigene 

set to identify putative EBP genes.  After confirmation of correct annotation by verifying with 

BLASTx searches against the NCBI NR database, 51, 19, and 33 genes were identified as 

putative members of the phenylpropanoid, flavonoid, and nucleotide sugar pathways, 

respectively (Fig. 2.9).  Of these putative genes, 17, 11, and 25 genes respectively appear to be 

full -length.  Focusing on genes useful for developing a sustainable production platform, 13, 7, 

and 15 putative genes of the respective pathways were amplified and cloned into a sequencing 

vector (Fig. 2.9). 



53 

 

 
Figure 2.9: Identified and cloned putative genes likely involved in the montbretin A Early 

Biosynthetic Pathway 

 

Based on the structure of MbA, the LPB likely contains activities of five UDP-

glycosyltransferases (UGTs) which belong to glycosyltransferase family 1.  To identify a 

candidate list of putative LPB UGTs, the program Haystack (http://haystack.mocklerlab.org/) 

(Mockler et al., 2007) was used to identify unigenes whose expression pattern correlated with 

MbA accumulation.  In this approach, MbA levels from each organ used for sequencing were 

determined (Table 2.3) and used as the input model to search against.  As a result, 1,967 

unigenes (2.5% of all unigenes) were identified to have expression patterns with high 

correlation to these MbA accumulation levels.  Using the Plant Secondary Product 

Glycosylation (PSPG) motif, a conserved 44 amino acid motif found in most plant GT1 UGTs 

http://haystack.mocklerlab.org/
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(Vogt and Jones, 2000), a BLASTx search of the 1,967 unigenes identified 14 putative GT1 

UGTs.  Collectively, these results show that the proposed methods for identifying a pool of 

candidate genes of the MbA biosynthesis were successful. 

Table 2.3: Montbretin A accumulation levels in C. x crocosmiiflora organs used for 

sequencing. 

Sample Total Average (mg/g FW) 

flower - 1 0.051 

flower - 2 0.053 

flower - 3 0.047 

leaves - 1 0.000 

leaves - 2 0.000 

leaves - 3 0.000 

stem - 1 0.029 

stem - 2 0.004 

stem - 3 0.032 

corm - 1 1.21 

corm - 2 2.06 

corm - 3 1.50 

corm - 4 0.99 

stolon - 1 0.012 

stolon - 2 0.001 

stolon - 3 0.001 

 

2.4 DISCUSSION 

After establishing a colony of C. x crocosmiiflora, I used histology, metabolite 

profiling, and transcriptome analyses to develop a set of resources to assist in identifying genes 

involved in the biosynthesis of MbA.  Metabolite profiling showed that MbA is primarily 

accumulated within the non-vascular tissues of the corms.  Analysis of these organs over a 

twelve-month period showed that MbA accumulation levels do not change significantly.  

RNA-seq and subsequent analysis produced a high-quality transcriptome.  Employing these 

resources, a homology-based search approach identified multiple putative candidate genes for 

the EPB and an integrated analysis between MbA accumulation levels and gene expression 

identified putative candidate genes for the LBP. 

Metabolite profiling showed that MbA is primarily found in the corm organ with minor 

levels found in the flower, stem, and stolon organs.  While a single variable ANOVA analysis 
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showed profile levels over the 12 months were not statistically different, a large biological 

variation in MbA was observed.  Plant secondary metabolite biosynthesis may be affected by 

multiple factors, such as plant interactions with pests, pathogens, and herbivores (Keeling and 

Bohlmann, 2006b; Miller et al., 2005; Miller et al., 2005; Zulak et al., 2009; Zulak et al., 

2009), growth stages (Liu et al., 1998), light (Binder et al., 2009; Fischbach et al., 1999; 

Fischbach et al., 1999), temperature (Kovács et al., 2010; Kovács et al., 2010; Zhang et al., 

1997), nutrient availability (Bongue-Bartelsman and Phillips, 1995), salinity (Ali and Abbas, 

2003), or water availability (Wang et al., 2010a).  Although the effects of environmental 

factors cannot be fully excluded, because plants were all subject to the same conditions, it is 

likely that MbA variation is due to genetic heterogeneity or age of corms.  With the expansion 

of the originally collected material through propagation, future investigation into these 

unknown factors is a next step towards understanding MbA biosynthesis. 

The histology of C. x crocosmiiflora corms identified them as modified stems 

containing traits of both monocotyledon stems, such as a cuticle, epidermis, and hyperdermis, 

as well as features reminiscent of monocotyledon roots, such as a vascular structure surrounded 

by an endodermis (Fig. 2.2.d-g) (Evert, 2006).  Interestingly, berberine-aniline blue staining 

did not reveal the presence of suberized lamellae or a Casparian band typically indicative of 

an exodermis as normally seen in roots (Evert, 2006) or other monocotyledon corms (Cholewa 

and Griffith, 2004).  The histology of C. x crocosmiiflora corms did not reveal any obvious 

specialized structures, such as idioblasts, which might be associated with biosynthesis or 

accumulation of MbA.  Comparison of corm anatomy and MbA accumulation showed a strong 

correlation between starch storage patterns and MbA accumulation patterns.  The mechanisms 

that lead to this pattern of accumulation may involve localized biosynthesis or transport, but 

are not yet known.  The development of molecular probes specific for MbA biosynthesis will 

enable future studies on the pattern of localized MbA accumulation associated with starch 

storage.  As the corm is the critical storage and overwintering organ from which Crocosmia 

plants regenerate and propagate during the growing season, protecting this organ is vital for 

the plant's asexual reproduction and propagation.  Accumulation of MbA in the peripheral 

tissues of the corms may inhibit the digestion of starch contained in corm material ingested by 

herbivores, preventing or reducing nutrient acquisition.  Herbivores may associate feeding on 

Crocosmia corms with absence of nutrient uptake and select against feeding.  If this can be 
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proven, it would support a chemoecological role of MbA as a defense compound.  Similar 

trends for defense metabolites have been observed such as toxic glycoalkaloids being primarily 

accumulated in the peripheral tissues of potato (Solanum tuberosum) tubers (Ha et al., 2012) 

and hydroxynitrile glucosides, a storage form of cyanide, being predominantly stored in the 

outer cell layers of manioc (Manihot esculenta) tubers (Li  et al., 2013). 

Transcriptome sequencing is often a method of choice at the foundation of gene 

discovery in non-model organisms (Strickler et al., 2012).  However, without reference 

genomic data, producing an accurate assembly able to provide insight into gene sequences and 

associated expression levels needed for downstream application of the transcriptomic data can 

be challenging (Feldmeyer et al., 2011).  A goal of this work was to produce a high-quality, 

comprehensive transcriptomic resource for C. x crocosmiiflora.  Accordingly, ~5 Gbp of 

sequencing for each of the 16 C. x crocosmiiflora samples was performed.  Through de novo 

assembly and subsequent refinement, a unigene set of 77,894 sequences was produced.  When 

compared to a representative sampling of recent de novo transcriptomic studies which used 

similar assembly pipelines (Fu et al., 2013; Lang et al., 2015; Liu et al., 2013; Mudalkar et al., 

2014; Wang et al., 2010b; Wu et al., 2014; Xu et al., 2012; Zhang et al., 2012; Zhou et al., 

2015), the C. x crocosmiiflora unigene set showed an average unigene length in the top quartile 

and a unigene set size that is higher than the number of actively expressed genes found in other 

species.  Selective comparison against recent transcriptomic datasets of the closest relatives 

with data available, Crocus (Baba et al., 2015; Jain et al., 2016) and Iris (Ballerini et al., 2013), 

show similarly large unigene set size and high average read length.  While all three genera are 

members of the Iridaceae family, the Crocus and Iris genera are members of the Iridoideae 

subfamily while Crocosmia is of the Ixiodeae subfamily.  Analysis of approximate genome 

size of genera of these subfamilies show members of Iridoideae contain genomes estiamated 

between approximately 10.66 ï 70.81 Gbps while genera in Ixioideae contain genomes 

estiamted between appromately 1.08 ï 5.28 Gbps (Goldblatt, 1971; Goldblatt et al., 1984).  

While care should be taken in using a genome size to make predictions about estiamated 

transcriptome size, the estimated order of magnitude difference in genome size between the 

Iridoideae and Ixiodeae subfamilies suggest multiple factors could also be causing a higher 

than expected number of unigenes in the C. x crocosmiiflora unigene set.  Total RNA for 

sequencing in this work was assembled from 16 biological samples which could have 
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negatively affected read assembly by increasing false positives and limiting ability to align 

longer reads (Chen et al., 2010; Góngora-Castillo and Buell, 2013; Góngora-Castillo and 

Buell, 2013).  Second, the high dynamic range of transcript expression levels could be 

problematic for comprehensive de novo sequencing and assembly by increasing false positives 

(Adamidi et al., 2011).  Third, depending on frequency, alternative splicing and fusion events 

can restrict the assembly of short sequences into longer ones, resulting in a single gene being 

assembled as multiple small fragments (Asmann et al., 2011; Asmann et al., 2011; Maher et 

al., 2009).  To assess completeness, a CEGMA analysis estimated that approximately 95% of 

the genes expressed in the C. x crocosmiiflora samples are present in the unigene set with 

approximately 60% contained as full-length sequences.  This was further supported through 

identification of putative MbA EBP genes.  Of these 103 genes, 53 (51.4%) were identified as 

full -length transcripts.  Collectively, these results support this unigene set as an initial, high-

quality representation of the genes expressed in C. x crocosmiiflora.  As such, this data can be 

seen as a first draft of the C. x crocosmiiflora transcriptome and is the first genomic resource 

for the Crocosmia genus.  

Without annotated reference sequences from closely related species, gaining functional 

information from even a high-quality transcriptome assembly remains challenging.  To further 

develop the Crocosmia transcriptome into a resource for specialized metabolism gene 

discovery, in silico annotation was performed.  While a BLASTx search of the unigene set 

against the NCBI NR database yielded hits for 61,094 (78.4%) of the unigenes, most 

comparable studies showed a lower percentage (30 ï 60%) under identical parameters (Lang 

et al., 2015; Lang et al., 2015; Liu et al., 2013; Liu et al., 2013; Mudalkar et al., 2014; 

Mudalkar et al., 2014; Wang et al., 2010b; Wang et al., 2010b; Wu et al., 2014; Wu et al., 

2014; Xu et al., 2012; Xu et al., 2012; Zhou et al., 2015; Zhou et al., 2015), specific functional 

annotations proved to be challenging.  Of the successful BLAST search hits, 39,729 showed 

an e-value of less than 1e-100 and many of the top hits against unigenes, regardless of e-values, 

contained annotations that did not provide insight beyond general enzyme class.  Difficulties 

with this homology-based annotation might be due to species-specific sequence divergence 

(Logacheva et al., 2011; Strickler et al., 2012; Strickler et al., 2012).  Additionally, the 

presence of false positive and short sequence transcripts could be contributing to this lack of 

effectivity (Grabherr et al., 2011).  Results from the orthology-based GO and KOG analyses 
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provided a representation of the gene functions contained within the transcriptome.  However, 

they also highlighted the challenge of providing specific gene annotations for C. x 

crocosmiiflora based on in silico comparisons with public domain sequence resources.  For 

example, compared to other transcriptomic studies the KOG annotation ñgeneral function 

prediction onlyò was 5 ï 10% more common in the C. x crocosmiiflora transcriptome than any 

other (Fu et al., 2013; Fu et al., 2013; Lang et al., 2015; Lang et al., 2015; Liu et al., 2013; Liu 

et al., 2013; Mudalkar et al., 2014; Mudalkar et al., 2014; Wang et al., 2010b; Wang et al., 

2010b; Wu et al., 2014; Wu et al., 2014; Xu et al., 2012; Xu et al., 2012).  The public domain 

lacks annotated genomic data from species closely related to the Crocosmia genus and 

showcases the need and value of functionally characterizing C. x crocosmiiflora genes in future 

work. 

The high number of unigene annotations involved in specialized metabolism as well as 

members of the KEGG specialized metabolism pathways suggests the C. x crocosmiiflora 

transcriptome is a suitable resource for the identification and subsequent characterization of 

genes involved in the biosynthesis of MbA.  Interestingly, the ñphenylpropanoid biosynthesisò 

and ñflavonoid biosynthesisò pathways, two of the major ones involved in the EBP of MbA, 

were found to contain high numbers of unigenes in the Crocosmia transcriptome.  Employing 

the sequence homology and integrated metabolite to transcriptome analysis approaches proved 

successful in identifying candidate genes of the MbA biosynthetic pathway.  Through BLAST 

searches, 103 candidates were identified for the 16 genes involved in the MbA EBP.  Similarly, 

the integration of MbA accumulation and unigene expression data resulted in the identification 

of 14 GT1 UGTs as candidate genes in the LBP.  In order to identify these genes as members 

of the MbA biosynthetic process, additional functional characterization work must be 

performed. 

 

2.5 CONCLUSION 

In summary, this work established C. x crocosmiiflora resources for the elucidation of 

the MbA biosynthetic pathway.  Temporal- and spatial-based metabolite profiling of MbA 

showed that MbA is primarily accumulated in corms at levels that do not change significantly 

throughout the year.  MALDI and metabolite profiling identified that within corms, MbA 

primarily accumulates outside of the CVC.  These findings provided first insights into 
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accumulation patterns and potential insights into biosynthesis in the plant.  The accumulation 

in corms may also indicate a function of MbA as a defensive compound protecting the storage 

and overwintering organs of the perennial plant against herbivory.  Transcriptomic sequencing 

and subsequent high-level gene annotation resulted in the first draft transcriptome assembly 

for Crocosmia containing 77,894 unigenes.  In silico functional annotation of this 

transcriptome has proven to be difficult due to the lack of closely related, functionally 

characterized reference sequences.  However, orthology-based annotation highlighted the 

diversity of functions contained within the transcriptome.  Analysis of this transcriptome has 

led to the identification of putative genes for potentially every step of the proposed MbA 

biosynthetic pathway.  In addition, the amplification of a variety of full-length putative EBP 

and LBP genes not only verified the quality of the transcriptome but also laid the foundation 

for future functional characterization of these genes and their encoded enzymes. 
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CHAPTER 3: FUNCTIONAL CHARACTERIZATION OF CROCOSMIA x 

CROCOSMIIFLORA NUCLEOTIDE SUGAR INTERCONVERSION ENZYME S 

INVOLVED IN MONTBRETIN A BIOSYNTHESIS  

 

 Nucleotide 5ǋ-diphosphate sugars (NDP-sugars) are important metabolites used by 

glycosyltransferases in the biosynthesis of glycoconjugates and specialized metabolites.  Of 

the NDP-sugars found in plants, the most common are the uridine 5ǋ-diphosphate sugars (UDP-

sugars).  The diversity of UDP-sugars observed in plants is largely a result of genes of the 11 

families of NDP-sugar interconversion enzymes (NSEs), which act on the few different sugar 

molecules produced by photosynthesis.  Genes of two of these families, the UDP-xylose 

synthase (UXS) and UDP-rhamnose synthase (RHM) families, are thought to be involved in 

the biosynthetic pathway of montbretin A (MbA), a specialized metabolite found in Crocosmia 

x crocosmiiflora.  In this chapter, I functionally characterized the CxcUXS and CxcRHM gene 

families identified in the C. x crocosmiiflora transcriptome.  Within the CxcUXS family, four 

genes were functionally identified as UDP-xylose synthases and one as a putative UDP-4-keto 

pentose synthase.  While the in planta role of a UDP-4-keto pentose synthase is unclear, site-

directed mutagenesis showed a potential evolutionary path by which this function might have 

evolved from a UXS.  Within the CxcRHM family, five genes were identified as UDP-

rhamnose synthases and one as a 3,5-epimerase/4-keto-reductase.  Kinetic and relative activity 

analyses of the different CxcUXS and CxcRHM members identified CxcUXS4 and CxcRHM1 

as the most efficient enzymes of these two families.  In addition to identifying specific NSE 

genes involved in the modular biosynthesis of MbA, these enzymes may enable the 

downstream characterization of UDP-glycosyltransferases (UGT) of the family 1 

glycosyltransferases (GT1), involved in MbA biosynthesis through NSE-UGT coupled assays. 

 

3.1 INTRODUCTION  

Nucleoside 5ǋ-diphosphate sugars (NDP-sugars) are essential to many biosynthetic 

systems.  These activated sugars contain a high-energy bond between the sugar and NDP 

moieties, allowing them to serve as sugar donors in the biosynthesis of components of plant 

cell walls and a diverse array of specialized metabolite glycosides.  To date, 30 NDP-sugars 

have been identified in plants with the majority produced from either UDP-Ŭ-D-glucose (UDP-
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Glc) or GDP-Ŭ-D-mannose through a series of reduction, oxidation, decarboxylation, and/or 

epimerization reactions performed by NDP-sugar interconversion enzymes (NSEs) (Bar-Peled 

and O'Neill, 2011; Bowles et al., 2005; Bowles et al., 2006; Seifert, 2004).  While the bulk of 

NDP-sugars in plants are incorporated into a variety of glycoconjugates such as glycolipids, 

glycoproteins, and polysaccharides, NDP-sugars are also commonly used to modify an array 

of specialized metabolites which may alter their stability, solubility, and bioactivity (Bowles 

et al., 2005; Carpita and Gibeaut, 1993; Driouich et al., 1993; Gibeaut and Carpita, 1994).   

Among the suite of NDP-sugars found in plants are UDP-Ŭ-D-xylose (UDP-Xyl) and 

UDP-ɓ-L-rhamnose (UDP-Rha). UDP-Xyl contributes, for example, to pectic polysaccharides 

in both primary and secondary cell walls through xylogalacturonan, N-linked oligosaccharides, 

and rhamnogalacturonan II, as well as to the glycosylation of specialized metabolites (Durand 

et al., 2009; Jensen et al., 2008; Northcote, 1963; Strasser et al., 2008).  UDP-Xyl is 

biosynthesized from UDP-glucuronic acid (UDP-GlcA) by UDP-xylose synthase (UXS) (EC 

# 1.1.1.305) (Fig. 3.1), which is active in the cytosol and Golgi apparatus (Harper and Bar-

Peled, 2002; Pattathil et al., 2005).  UXS binds NAD+, a cofactor, which facilitates the 

oxidation of UDP-GlcA to the first intermediate UDP-4-keto-glucuronic acid (UDP-4K-

GlcA), which then undergoes decarboxylation to form the second intermediate UDP-4-keto-

pentose (UDP-4KP) (Harper and Bar-Peled, 2002).  Finally, using the bound NADH, UXS 

reduces UDP-4KP to form UDP-Xyl and NAD+.  To date, UXSs have only been isolated and 

functionally characterized in a small number of plant species (Guyett et al., 2009; Harper and 

Bar-Peled, 2002; Pan et al., 2010; Pattathil et al., 2005; Yin and Kong, 2016; Zhang et al., 

2005).  Within the UXS family, both transmembrane and soluble isozymes have been 

identified.  Phylogenetic analysis has identified three distinct clades for UXSs where clade A 

and B possess type II membrane domains with their catalytic domain facing the membrane 

lumen, while clade C has been found to be a soluble enzyme in the cytosol (Harper and Bar-

Peled, 2002; Pattathil et al., 2005). 
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Figure 3.1: Biosynthesis of UDP-xylose from UDP-glucuronic acid.  In the presence of 

NAD+, UDP-GlcA is oxidized to UDP-4K-GlcA and NADH, followed by a decarboxylation 

to form UDP-4KP.  After subsequent C-5 protonation, the still bound NADH is used to 

protonate the C-4 keto to form UDP-Xyl and regenerate NAD+. 

 

In plants, UDP-Rha serves as a building block of the pectic polysaccharides 

rhamnogalacturonan I and II, as well as in the formation of a variety of specialized metabolite 

glycosides (Ridley et al., 2001).  UDP-Rha is biosynthesized from UDP-Glc through a three-

step reaction (Fig. 3.2) (Kamsteeg et al., 1978).  While bacteria employ three sequential 

enzymes in the biosynthesis of NDP-Rha, rfbB, rfbC and rfbD (Reeves et al., 1996; Stevenson 

et al., 1994), plants employ a single tri-functional enzyme, UDP-rhamnose synthase (RHM), 

which contains two sequential active sites (Oka et al., 2007).  Using NAD+ as a cofactor, 

RHMôs N-terminal active site catalyzes the initial 4,6-dehydratase reaction (EC 4.2.1.46) of 

UDP-Glc to form the UDP-4-keto-6-deoxy-glucose (UDP-4K6DG) intermediate (Oka et al., 

2007; Watt et al., 2004).  After leaving the N-terminal active site, the UDP-4K6DG 

intermediate enters the C-terminal active site where it undergoes the 3,5-epimerase (EC 

5.1.3.13) and 4-keto-reductase (EC 1.1.1.133) reactions in the presence of the NADPH 

cofactor to form UDP-Rha.  Plants have also been found to contain an enzyme possessing both 

3,5-epimerase and 4-keto-reductase activities, often referred to as the bifunctional UDP-4-

keto-6-deoxy-glucose 3,5-epimerase/UDP-4-keto-rhamnose reductase (UER) or NRS/ER 

(Seifert, 2004; Watt et al., 2004).  To date, there are only a few reports of isolation and 

functional characterization of RHMs (Kim et al., 2013; Martinez et al., 2012; Oka et al., 2007; 

Watt et al., 2004; Yin et al., 2016). 
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Figure 3.2: Biosynthesis of UDP-rhamnose from UDP-glucose.  In the presence of NAD+, 

UDP-Glc is oxidized to UDP-4K6DG.  UDP-4K6DG then leaves the N-terminal active site 

and enters the C-terminal site.  After subsequent isomerization of UDP-4K6DG, NADPH is 

used to reduce the C-4 keto to form UDP-Rha. 

 

Montbretin A (MbA), a specialized metabolite with pharmacological benefits found in 

the non-model plant C. x crocosmiiflora, is a glycosylated flavonoid containing two glucose, 

two rhamnose, and a xylose moiety.  These sugars play two important roles in the activity of 

MbA as an inhibitor of human pancreatic amylase (HPA): (i) they properly orient the inhibitory 

myricetin and caffeic acid moieties in the HPA active site and (ii) they help stabilize MbA in 

the active site through hydrogen bonding, increasing its inhibitory effect (Williams et al., 

2015).   

An important consideration in the potential development of MbA as a type 2 diabetes 

therapeutic is the challenge for large-scale production.  To this end, any in vivo or in vitro 

production system would require large amounts of UDP-Glc, UDP-Rha, and UDP-Xyl, for 

complete MbA biosynthesis. Due to difficulties with their chemical synthesis or enzymatic 

biosynthesis, nucleotide sugars are expensive reagents.  In pursuing options for scalable in vivo 

biosynthesis, an economic approach would be to harness a host organismôs endogenous pool 

of nucleotide sugars by modifying them with relevant NSEs as needed by metabolic 

engineering.  Using this approach, several studies successfully produced glycosylated 

specialized metabolites by transforming exogenous NSE genes into microorganisms (Han et 

al., 2014; Kim et al., 2012).  Regardless if MbA production will be achieved through increasing 

biosynthesis in C. x crocosmiiflora or a heterologous microbial system, understanding of the 

C. x crocosmiiflora NSE genes responsible for the biosynthesis of the required UDP-sugars of 

MbA biosynthesis will provide a valuable source of information and a potentially valuable set 

of tools. 
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To this end, this chapter expands on the functional annotation of the C. x crocosmiiflora 

transcriptome.  Using genomic and biochemical approaches, I identified and functionally 

characterized the CxcUXS and CxcRHM gene families.  These findings help lay a foundation 

for the comprehensive understanding of the MbA biosynthesis in C. x crocosmiiflora and may 

provide a resource to be used in synthetic biology and metabolic engineering endeavours 

requiring increased pools of UDP-Xyl or UDP-Rha. 

 

3.2 EXPERIMENTAL  

3.2.1 Subcloning of NSE cDNAs 

Using cDNA previously generated from pooled C. x crocosmiiflora flower, stem, leaf, 

stolon, and corm organ RNA, as well as primers found in Table S2.1, cDNA corresponding to 

the five C. x crocosmiiflora UXS, five C. x crocosmiiflora RHM, and one UER identified in 

the transcriptome were amplified by PCR and cloned into pJet1.2 vectors (Fermentas, 

http://www.fermentas.com/).  The CxcUXS and CxcRHM sequences that resulted from Sanger 

sequencing of these clones were used to predict transmembrane domains with the TMHMM 

(Krogh et al., 2001; Sonnhammer et al., 1998) and TMpred (Hofmann and Stoffel, 1993) 

programs.  These sequences in the pJet1.2 vectors were then used as templates for sub-cloning 

the full-length and N-terminally truncated sequences into the pET28b(+) expression vector 

(EMD Chemicals, http://www.emdmillipore.com) in-frame with an N-terminal His6-tag using 

primers shown in Table S3.1.  Sequences and cDNA insertion orientation were verified by 

Sanger sequencing. 

 

3.2.2 Alignments and Phylogenetic Analysis of NSE Sequences 

For the purpose of phylogenetic analyses, amino acid sequence alignments were 

generated using ClustalW (Thompson et al., 1994).  Phylogenetic analysis was performed 

using a maximum likelihood algorithm in the MEGA 7.0 (http://www.megasoftware.net) 

(Kumar et al., 2016) using uniform rate variation among sites, LG substitution model, 

BIONJ/NJ starting tree, and 1000 bootstrap repetitions.  Amino acid sequence alignments were 

visualized using CLC Bio Main Workbench 

(https://www.qiagenbioinformatics.com/products/clc-main-workbench) while phylogenetic 

http://www.fermentas.com/
http://www.emdmillipore.com/
http://www.megasoftware.net/
https://www.qiagenbioinformatics.com/products/clc-main-workbench
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trees weres visualized using the Interactive Tree of Life software (http://itol.embl.de/) (Letunic 

and Bork, 2011). 

 

3.2.3 NSE Enzyme Assays 

 cDNAs in pET28b(+) expression vector were transformed into E. coli C43 

(www.overexpress.com) containing the pRARE 2 plasmid isolated from Rosetta 2 cells 

(Novagen) to negate codon bias.  Individual colonies were inoculated into 50 mL of Terrific 

Broth containing kanamycin (50 mg/L) and chloramphenicol (50 mg/L) and cultured at 37oC 

and 180 rpm until an OD600 = ~0.8 was reached.  Cultures were then cooled to 16oC, induced 

by addition of isopropyl ɓ-D-1-thiogalactopyranoside (final concentration 0.1 mM), and grown 

for 16 h at 180 rpm before harvesting.  Recombinant protein was extracted and Ni2+ affinity 

purified as previously described (Roach et al., 2014) with minor changes.  Protein extracts 

were desalted on Sephadex PD minitrap G-25 columns (GE Healthcare, 

http://www.gehealthcare.com) pre-equilibrated with 50 mM sodium phosphate buffer.  The 

buffer pH used for the initial characterization of enzyme activities was 7.5, and was modified 

for subsequent characterization and kinetic studies.  Protein concentrations were determined 

using a bicinchoninic acid (BCA) protein quantification assay kit (Thermo Fisher, 

www.thermofisher.com) employing a standard curve and SDS-PAGE with measurement of 

protein band intensity performed with the program ImageJ (http://rsbweb.nih.gov/ij/). 

After protein quantification, purified protein of putative CxcUXS and CxcRHM were 

assayed in triplicate to test activity towards UDP-GlcA and UDP-Glc, respectively.  For initial 

CxcUXS assays, 100 ɛL reactions containing 1 mM UDP-GlcA, 1 mM NAD+, and 5 ɛg of 

purified protein, in a 50 mM sodium phosphate buffer (pH 7.5) was incubated overnight at 

30oC.  For initial CxcRHM assays, 100 ɛL reactions containing 1 mM UDP-Glc, 1 mM NAD+, 

1 mM NADPH, and 50 ɛg of purified protein, in a 50 mM phosphate buffer (pH 7.5) was 

incubated overnight at 30oC.  Reactions were terminated by treatment at 100oC for 1 minute 

and the addition of 50 ɛL of chloroform to precipitate protein.  Soluble fractions were separated 

by centrifugation at 1000 x g for 10 minutes, and then analyzed by liquid chromatography-

mass spectrometry (LC-MS) (section 3.2.5). 

 To determine the optimal enzymatic conditions for CxcUXS and CxcRHM enzymes, 

enzyme assays were performed at a variety of different temperatures and pHs.  For CxcUXS 

http://itol.embl.de/
http://www.overexpress.com/
http://www.gehealthcare.com/
http://www.thermofisher.com/
http://rsbweb.nih.gov/ij/


66 

 

temperature optimization, assays were performed in 100 ɛL volume containing 1 mM UDP-

GlcA, 1 mM NAD+, 0.5 ɛg of purified protein, in 50 mM sodium phosphate buffer (pH 7.5) 

for 10 minutes at varying temperatures.  For CxcUXS pH optimization, assays were performed 

in 100 ɛL volume containing 1 mM UDP-GlcA, 1 mM NAD+, 0.5 ɛg of purified protein, in 50 

mM sodium phosphate buffer with varying pHs for 10 minutes at 10oC.  For CxcRHM 

temperature and pH optimization assays, the same conditions were employed except the 100 

ɛL assay volume contained 1 mM UDP-Glc, 1 mM NAD+, 1 mM NADPH, and 25 ɛg of 

purified protein and assays were performed for 1 hour.  Reactions were terminated by treatment 

at 100oC for 1 minute and the addition of 50 ɛL of chloroform to precipitate protein.  Soluble 

fractions were separated by centrifugation at 1000 x g for 10 minutes, and then analyzed by 

LC-MS (section 3.2.5). 

To determine enzyme kinetic parameters of CxcUXS2 ï CxcUXS5, assays were 

performed with nine different concentrations of UDP-GlcA or NAD+, both ranging from 0.01 

mM to 2 mM.  Enzyme concentrations in each assay were 184 ï 286 pM for CxcUXS2, 65.2 

ï 81.6 pM for CxcUXS3, 88.2 ï 67.3 pM for CxcUXS4, and 33.0 ï 94.5 pM for CxcUXS5.  

All assays were incubated for 10 min at 30oC.  Reactions were terminated by treatment at 

100oC for 1 minute and the addition of 50 ɛL of chloroform to precipitate protein.  Soluble 

fractions were separated by centrifugation at 1000 x g for 10 minutes, then analyzed by LC-

MS (section 3.2.5).  Kinetic analysis was performed by non-linear regression using the EXCEL 

template ANEMONA (Hernandez et al., 1998). 

 

3.2.4 NSE-UGT Coupled Enzyme Assays 

NSE-UGT coupled assays were performed using A. thaliana UGT78D1, obtained from 

the JBEI collection, and C. x crocosmiiflora UGT7 (section 4.3.1).  Using full -length cDNA 

for A. thaliana UGT78D1 (shipped in pDEST-GT vector) obtained from JBEI (Lao et al., 

2014) or the C. x crocosmiiflora draft transcriptome, cDNA for each gene were cloned into the 

pASK-IBA37plus expression vector (IBA Life Sciences, www.iba-lifesciences.com) in-frame 

with an N-terminal His6-tag using primers shown in Table S3.1.  Sequences and cDNA 

insertion orientation were verified by Sanger sequencing. 

Plasmids were transformed into E. coli C43 (www.overexpress.com) containing the 

pRARE 2 plasmid isolated from Rosetta 2 cells (Novagen) to negate codon bias.  Individual 

http://www.iba-lifesciences.com/
http://www.overexpress.com/
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colonies were inoculated into 50 mL of Terrific Broth containing ampicillin (100 mg/L) and 

chloramphenicol (50 mg/L) and cultured at 22oC and 200 rpm until an OD600 = ~0.5 was 

reached.  Cultures were then cooled to 18oC, induced by addition of anhydrous tetracycline 

(final concentration 0.45 ɛM), and grown for 16 h at 180 rpm before harvesting.  Protein was 

extracted from cell pellets by resuspending in 4 mL of ice-cold, 50 mM Tris-HCl extraction 

buffer (pH 7.5, 10% glycerol, 10 mM MgCl2, 5 mM DTT, 0.2 mg/mL lysozyme, protease 

inhibitor, and 0.1 ɛL/mL benzonase).  After five cycles of freeze-thawing in liquid nitrogen, 

lysed cells were clarified by centrifugation.  Soluble protein was desalted on Sephadex PD 

minitrap G-25 columns (GE Healthcare, http://www.gehealthcare.com) pre-equilibrated with 

a 50 mM Tris-HCl buffer (pH 7.5, 10% glycerol, 1 mM DTT).  The presence of the 

recombinant proteins of interest were confirmed by Western blots of SDS-PAGE gels.  

Western blots were performed using His-Tag Antibody HRP Conjugate Kit (EMD Millipore, 

www.emdmillipore.com) and visualized with Clarity Western ECL Blotting Substrate (Bio-

rad, www.bio-rad.com). 

Assays with protein extracts were performed in triplicate.  For the CxcUXS-CxcUGT7 

coupled reactions, 100 ɛL of unpurified CxcUGT7 protein extraction was combined with 1 

mM UDP-GlcA, 1 mM NAD+, and 5 ɛg of purified CxcUXS protein (as described in section 

3.2.3) and incubated overnight at 30oC.  For the CxcRHM-AtUGT78D1 coupled reactions, 100 

ɛL of unpurified AtUGT78D1 protein extraction was combined with 1 mM UDP-Glc, 1 mM 

NAD+, 1 mM NADPH, and 50 ɛg of purified CxcRHM protein (as described in section 3.2.3) 

and incubated overnight at 30oC.  Reactions were terminated by treatment at 100oC for 1 

minute and the addition of 50 ɛL of chloroform to precipitate protein.  Soluble fractions were 

separated by centrifugation at 1000 g for 10 minutes at 4oC and analyzed by LC-MS (section 

3.2.5).   

 

3.2.5 Liquid Chromatography-Mass Spectrometry (LC-MS) Analysis 

Reaction products from enzyme assays were analyzed by liquid chromatography (LC) 

(Agilent 1100 Series)/mass spectrometry detector (MSD) Trap (XCTplus) by comparison of 

retention times and mass spectra with authentic standards or enzymatic products of previously 

characterized enzymes.   

http://www.gehealthcare.com/
http://www.emdmillipore.com/
http://www.bio-rad.com/
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For identification and functional characterization of NSE, enzyme products were 

analyzed on a Varian Inertsil ODS-3 column (4.6 mm internal diameter, 250 mm length, 5 ɛm 

pore size) with a temperature of 55°C and flow rate of 1.0 mL min-1.  The mobile phase used 

was a combination of two solvents: solvent A (H20 + 2% formic acid) and solvent B 

(acetonitrile + 2% formic acid).  The mobile phase run was 95% solvent A by 3.0 min, 5% 

solvent A by 10.0 min, 5% solvent A by 12.0 min, and 95% solvent A by 12.1 min, and held 

for 6.9 min, giving a total run time of 17 min.  A diode array detector (DAD) was used to 

monitor wavelengths from 190 nm - 400 nm.  The mass spectrometer mode was negative 

electrospray with nebulizer pressure 60 psi, dried gas rate 12 L min-1, dry temp 350oC, and a 

m/z scanning range between 50 ï 800. 

For NSE-UGT coupled assays, enzyme products were analyzed on an Agilent 

ZORBAX SB-C18 column (4.6 mm internal diameter, 50 mm length, 1.8 ɛM pore size) with 

a temperature of 50°C and flow rate of 0.8 mL min-1.  The mobile phase used was a 

combination of two solvents: solvent A (H20 + 0.2% formic acid) and solvent B (acetonitrile 

+ 0.2% formic acid).  The mobile phase run was 95% solvent A by 0.5 min, 80% solvent A by 

5 min, 10% solvent A by 7 min, and 95% solvent A by 7.10 min, and held for 2.9 min, giving 

a total run time 10 min.  A DAD was used to monitor wavelengths at 266 nm and 326 nm.  The 

mass spectrometer mode was negative electrospray with nebulizer pressure 60 psi, dried gas 

rate 12 L min-1, dry temp 350oC, and a m/z scanning range between 50 ï 2000.   

 

3.2.6 Differential Gene Expression Analysis 

Quantification of transcript abundance was performed using Sailfish (Version 0.10) 

(Patro et al., 2014).  Subsequent statistical analysis was performed with limma (Ritchie et al., 

2015) and edgeR (Robinson et al., 2010) in R.  A gene was considered differentially expressed 

when the absolute log2 fold change was equal to or greater than 1, and the adjusted p-value 

was equal to or less than 0.05. 

 

3.3 RESULTS 

3.3.1 Sequence Analysis of C. x crocosmiiflora UDP-Xylose Synthases 

 Analysis of the C. x crocosmiiflora draft transcriptome against the NCBI nr database 

revealed five sequences with high sequence similarity to previously characterized A. thaliana 
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UXSs.  The five sequences were amplified by PCR from cDNA generated from the previously 

isolated C. x crocosmiiflora RNA (section 2.3.5) and the corresponding cDNAs were cloned 

into the pJET1.2 vector.  The resulting clones were designated CxcUXS1 ï CxcUXS5.  In 

comparing the predicted amino acid sequences of these five putative UXSs to their closest 

related A. thaliana sequences, CxcUXS1 and CxcUXS2 showed 63.6% and 71.1% sequence 

identity, respectively, to AtUXS2 while CxcUXS3 ï CxcUXS5 showed 87.5%, 86.9%, and 

85.3% identity, respectively, to AtUXS3.  These five sequences showed between 52.5% ï 

90.5% identity and 57.9% ï 92.0% similarity at the nucleotide level, and between 55.1% ï 

90.7% identity and 61.8% ï 92.2% similarity at the amino acid level (Table 3.1). 

 

Table 3.1: Sequence pairwise comparisons of percent identity and similarity between 

CxcUXS.  Right-hand corner of matrix corresponds to nucleotide coding sequence similarity; 

left-hand corner corresponds to amino acid sequence similarity.  Number outside and inside of 

parentheses corresponds to identity and similarity, respectively. 

 CxcUXS1 CxcUXS2 CxcUXS3 CxcUXS4 CxcUXS5 

CxcUXS1 ï 67.1 (71.9) 54.9 (62.0) 54.5 (61.4) 54.5 (61.5) 

CxcUXS2 68.1 (75.9) ï 52.8 (58.8) 52.7 (58.3) 52.5 (57.9) 

CxcUXS3 56.9 (64.4) 55.1 (62.2) ï 90.5 (92.0) 80.2 (85.6) 

CxcUXS4 56.7 (64.0) 55.3 (61.8) 90.7 (92.2) ï 81.2 (86.2) 

CxcUXS5 55.8 (63.7) 55.5 (62.5) 85.5 (89.5) 88.2 (91.8) ï 

 

An amino acid sequence alignment highlights conserved regions among the CxcUXSs 

and two previously characterized UXSs from A. thaliana (Fig. 3.3).  Conserved regions include 

the GXXGXXG motif, which is critical in binding the NAD+ cofactor (Rossmann and Argos, 

1978), and the YXXXK motif, which contains part of the Ser-Tyr-Lys catalytic triad critical 

in the oxidoreduction reaction (Duax et al., 2000).  Analysis of the five CxcUXS sequences 

using the TMHMM (v2.0; (Krogh et al., 2001)) and TMpred (Hofmann and Stoffel, 1993) 

programs predicted that CxcUXS1 and CxcUXS2 are likely type II membrane proteins (Fig. 

S3.1).  The N-termini of these enzymes were predicted to contain a 30 and 39, respectively, 

amino acid long cytosolic domain, followed by a 22 amino acid long hydrophobic membrane-

spanning domain.  CxcUXS3 ï CxcUXS5 were predicted to lack a predicted transmembrane 

domain, suggesting they are cytosolic proteins. 
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Figure 3.3: Amino acid sequence alignment of the C. x crocosmiiflora UXSs.  The 

alignment includes protein sequences of the CxcUXS family as well as AtUXS2 and AtUXS3 

(Harper and Bar-Peled, 2002).  Amino acids highlighted with blue background are those 

identified as different from the consensus.  The conserved GXXGXXG motif, YXXXK motif, 

and catalytic serine are identified by the green, blue, and orange boxes, respectively. 

 

Phylogenetic analysis of the CxcUXS family with other characterized and putative 

plant UXSs showed the members of the C. x crocosmiiflora family fall into all three previously 

defined clades (Fig. 3.4) (Harper and Bar-Peled, 2002; Pattathil et al., 2005).  CxcUXS1 and 

CxcUXS2 were identified as members of the transmembrane clade A UXSs and clade B UXSs, 

respectively, while CxcUXS3 ï CxcUXS5 were identified as members of the soluble clade C 

UXSs. 
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Figure 3.4: Phylogenetic analysis of C. x crocosmiiflora UDP-xylose synthases. The 

maximum-likelihood tree was produced with the CxcUXS family as well as characterized and 

putative plant UXS obtained from the NCBI nr database using the MEGA 7.0 program 

(bootstrap value set at 1,000).  Bootstrap values over 50% are indicated at the nodes.  The black 

bar represents 0.1 amino acid substitutions per site.  Sequences and alignment used in 

production of this tree can be found in Table S3.2 and Fig. S3.2, respectively. 
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3.3.2 Expression of Recombinant Proteins and Identification of CxcUXSs as UDP-Xylose 

Synthases 

For functional characterization of the putative CxcUXS, the corresponding cDNAs 

were cloned into the pET28b(+) vector for expression of the recombinant proteins with N-

terminal His6-tags.  Recombinant proteins were expressed in E. coli and Ni2+ affinity purified.  

The resulting soluble proteins for CxcUXS3 ï CxcUXS5 were detected by Western blotting 

with bands that matched the predicted molar mass of 38.4 ï 39.7 kDa (Fig. S3.3a). 

Recombinant expression of CxcUXS1 and CxcUXS2 resulted in E. coli culture pellets that 

were approximately 30% dry cell weight compared to culture pellets of E. coli expressing 

CxcUXS3 ï CxcUXS5 under identical culture conditions (Table S3.3).  This observation may 

suggest that the putative N-terminal transmembrane domains of CxcUXS1 and CxcUXS2 had 

a negative effect on the host and protein expression in this system.  To address this problem, 

the cDNAs of CxcUXS1 and CxcUXS2 were truncated, each at two different positions, to 

produce the recombinant N-terminal His6-tag proteins without the putative N-terminal 

transmembrane domains: CxcUXS1(ȹ1ï68), CxcUXS1(ȹ1ï81), CxcUXS2(ȹ1ï89), and 

CxcUXS2(ȹ1ï98).  Expression and purification of the truncated versions of CxcUXS1 and 

CxcUXS2 resulted in soluble proteins that were detected by Western blotting with bands that 

matched the predicted molar mass of 37.7 ï 39.8 kDa (Fig. S3.3bïc).  Based on BCA protein 

assay quantification and SDS-page purity analysis of protein purified from the 50 mL E. coli 

cultures, it was estimated that between approximately 15 and 40 mg of purified CxcUXS 

protein could be isolated from a 1 L E. coli culture.  

Enzyme assays (n = 3 replicates) with each of the purified CxcUXS proteins were 

performed with UDP-GlcA as the substrate and NAD+ as cofactor followed by LC-MS analysis 

of assay products.  Assays were performed against a negative control of protein derived from 

E. coli expression an empty pET28b(+) vector, and authentic standards were used where 

available to identify reaction products.   Products of enzyme assays with the truncated 

CxcUXS2 and CxcUXS3 ï CxcUXS5 proteins appeared in the LC-MS analysis as a single 

peak that was absent in the negative controls with a retention time and mass spectra that 

corresponded to the UDP-xylose standard (Fig. 3.5).  CxcUXS2 ï CxcUXS5 were thereby 

identified as UDP-Xyl synthases. 
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Figure 3.5: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of CxcUXS2 ï CxcUXS5 enzyme assays.  (a) Purified protein 

derived from E. coli expressing a control vector, CxcUXS2(ȹ1ï89), CxcUXS2(ȹ1ï98), 

CxcUXS3, CxcUXS4, and CxcUXS5 were incubated overnight with 1 mM UDP-glucose and 

1 mM NAD+.  Orange and blue traces represent extracted ion chromatograms for m/z of 579.0 

[M-H](superscript -) and 535.0 [M-H](superscript -), respectively.  Based on comparison of 

retention times and mass spectra against analytical standards, the peaks identified in orange 

and blue traces were confirmed to be UDP-glucuronic acid and UDP-xylose, respectively.  (b) 

Mass spectra of enzyme assay products.  The spectra presented in ñ1ò and ñ2ò are the 

background subtracted mass spectra for chromatographic peaks corresponding to UDP-

glucuronic acid and UDP-xylose (theoretical molecular weight of each is 579.28 and 535.28), 

respectively.  Within reach spectra, the ion with m/z of 403.0 [M-H](superscript -) corresponds 

to UDP. 

 

Enzyme assays with both truncated CxcUXS1 heterologous proteins showed one 

product peak not found in controls with a m/z of 551.0 [M-H](superscript -) (Fig. 3.6).  This 

peak did not match the expected UDP-Xyl product of a UXS as had been previously seen.  This 

product has not previously been reported for other clade A UXSs (Harper and Bar-Peled, 2002; 
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Pattathil et al., 2005; Yin and Kong, 2016). Based on MS/MS analysis this product was 

tentatively identified as a UDP-gem-diol pentose (Fig. S3.4), however to my knowledge a 

UDP-sugar with a mass of 552 (551.0 when negatively ionized) has not been previously 

reported.  This product may be explained by the observation that the expected reaction 

intermediate of UDP-Xyl biosynthesis, UDP-4KP, exists as both a gem-diol hydrate pentose 

and 4-keto pentose in an aqueous solution (Gu et al., 2010).  This observation is in line with 

the presence of both 533.0 and 551.0 ions [M-H](superscript -) in the MS/MS analysis, 

suggesting the presence of both gem-diol pentose and 4-keto pentose.  It is therefore possible 

that the observed product is UDP-4KP.  This suggests that the truncated versions of CxcUXS1 

do not perform the final enzymatic step reducing UDP-4KP into UDP-Xyl, but instead release 

the intermediate. Alternatively, CxcUXS1 may be a bona fide UDP-4KP synthase with high 

similarity to clade A UXSs.  To test if the observed product may be due to problems caused by 

the Ni2+ affinity purification or the presence of imidazole in the lysis buffer, as has been 

previously reported problems for other plant UXS enzyme activity (Yin and Kong, 2016), 

purified and unpurified enzyme assays were performed both with and without imidazole.  

Under these conditions, the product profile remained the same.  

Previous work on the catalytic mechanism of human UXS showed the hydroxyl unit 

on the catalytic tyrosine of the YXXXK motif as critical in the reduction of the UDP-4KP 

intermediate (Eixelsberger et al., 2012).  This work showed that site-directed mutagenesis of 

this tyrosine to a phenylalanine eliminated the enzymeôs reductase activity, resulting in a 

product profile exclusively producing UDP-4KP.  Phylogenetic alignment of putative and 

characterized plant UXS shows CxcUXS1 possess a unique YXXXK different from any 

publicly available plant UXS with a glutamic acid residue in the 252 positions instead of a 

glycine (Fig. S3.5).  The potential effect of an amino acid with such different steric and charge 

characteristics compared to glycine, as well as its positioning in comparison to Tyr249, suggests 

that Glu252 could affect CxcUXS1ôs reductase activity through disruption of the catalytic 

Tyr249.  To test the effect of a sequence variation in the 252-position, the mutants 

CxcUXS1(ȹ1ï68; E252G) and CxcUXS1(ȹ1ï81; E252G) were produced and tested for 

activity and product outcome.  The LC-MS product profile of CxcUXS1(ȹ1ï68; E252G) and 

CxcUXS1(ȹ1ï81; E252G) showed UDP-Xyl as their major product and the putative UDP-

gem-diol pentose as its minor product (Fig. 3.6). 
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Figure 3.6: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of CxcUXS1 enzyme assays.  (a) Purified protein derived from 

E. coli expressing a control vector, CxcUXS1(ȹ1ï69), and CxcUXS1(ȹ1ï69; E252G) were 

incubated overnight with 1 mM UDP-glucuronic acid and 1 mM NAD+.  Orange, red, and blue 

traces represent extracted ion chromatograms for m/z of 579.0 [M-H](superscript -), 551.0 [M-

H](superscript -), and 535.0 [M-H](superscript -), respectively.  Based on comparison of 

retention time and mass spectra against analytical standards, the peaks identified in orange of 

blue traces were confirmed to be UDP-glucuronic acid and UDP-xylose, respectively.  Based 

on MS/MS analysis (Fig. S3.3) and observations from Gu et al. (2010), the red peak likely 

correlates to UDP-4-keto-pentose.  (b) Mass spectra of enzyme assay products.  The spectra 

presented in ñ1ò, ñ2ò, and ñ3ò are the background subtracted mass spectra for chromatographic 

peaks corresponding to UDP-glucuronic acid, a putative UDP-gem-diol pentose, and UDP-

xylose (theoretical molecular weight of each is 579.28, 552.27, and 535.28), respectively.  

Within reach spectra, the ion with m/z of 403.0 [M-H](superscript -) corresponds to UDP. 

 

While these findings suggest CxcUXS1 is a UDP-4KP synthase with high similarity to 

plant UXS and present a potential mechanism in which such an enzyme could evolved from a 

UXS, additional work is needed to confirm if the in planta activity of CxcUXS1 is a UDP-4KP 

synthase and that the observed results were not caused by partial enzyme inactivity due to in 

vitro effects. 
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3.3.3 Characterization of Crocosmia x crocosmiiflora UDP-Xylose Synthase Properties 

 To identify the most efficient CxcUXS for potential application in metabolic 

engineering of MbA precursors, I determined the optimal temperature and pH conditions for 

each CxcUXS and their basic enzyme kinetic parameters.  Due to the same results obtained for 

both N-terminal truncated recombinant enzymes of CxcUXS1 and CxcUXS2, only 

CxcUXS1(ȹ1ï69) and CxcUXS2(ȹ1ï89) were used in these characterization analyses.  

Relative enzyme activity profiles showed a broad peak for the temperature dependent activities 

of all CxcUXS with the highest levels of activity observed at 30oC or 37oC (Fig. 3.7; Table 

S3.4).   

 
Figure 3.7: Temperature optimum of CxcUXS activity in vitro.  The activity of the 

recombinant CxcUXSs was analyzed at different temperatures.  Assays were performed with 

5 replicates for each enzyme and each of the seven different temperatures.  Results are shown 

as the calculated mean value with error bars representing standard error. 100% relative activity 

corresponds to the level of activity observed at the optimum tested temperature for a given 

enzyme. 
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In assessing optimal pH, relative activity assays identified a broad range of activities 

between pH 5.5 ï 7.5 for all CxcUXS with the highest level of activity observed at pH 7.0 or 

pH 7.5 (Fig. 3.8; Table S3.4). 

 
Figure 3.8: pH optimum of CxcUXS activity in vitro. The activity of the recombinant 

CxcUXSs was analyzed at different pHs. Assays were performed with 5 replicates for each 

enzyme and each of the eight different pH conditions.  Results are shown as the calculated 

mean value with error bars representing standard error. 100% relative activity corresponds to 

the level of activity observed at the optimum tested pH for a given enzyme. 

 

Kinetic characteristics of both the UDP-GlcA substrate and NAD+ cofactor were 

determined for the four characterized UDP-xylose synthases under their optimal pH and 

temperature conditions (Table 3.2).  This analysis showed similar apparent KM, NAD+ values of 

41.2 ɛM for CxcUXS2(ȹ1ï89), 43.1 ɛM for CxcUXS3, 40.6 ɛM for CxcUXS4, and 52.0 ɛM 

for CxcUXS5.  The apparent Km, UDP-GlcA values were 73.1 ɛM for CxcUXS2(ȹ1ï89), 207 

ɛM for CxcUXS3, 147 ɛM for CxcUXS4, and 126 ɛM for CxcUXS5.  Analysis of kcat values 

shows statistically similar values for each enzyme whether determined through analysis of 
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NAD+ or UDP-GlcA, with the soluble enzymes apparently possessing higher kinetic 

efficiencies with kcat, UDP-GlcA values of 3.56 sec-1 for CxcUXS3, 5.34 sec-1 for CxcUXS4, 

and 0.8 sec-1 for CxcUXS5 compared to 0.36 sec-1 for CxcUXS2(ȹ1ï89). 

Table 3.2: Enzymatic and kinetic properties of CxcUXS1 ï 5. 

 
 

These results identify overall similar kinetic properties for CxcUXS3 ï CxcUXS5 and confirm 

two general observations with plant UXS: cytosolic UXS appear to have higher kinetic 

efficiencies in vitro compared to transmembrane UXS, and a higher affinity for the NAD+ 

cofactor compared to UDP-GlcA. 

 

3.3.4 Sequence Analysis of Crocosmia x crocosmiiflora UDP-Rhamnose Synthases 

Analysis of the C. x crocosmiiflora draft transcriptome against the NCBI nr database 

revealed five sequences with high sequence similarity to previously characterized A. thaliana 

RHM and one sequence with high sequence similarity to a previously characterized A. thaliana 

UER.  The six sequences were amplified by PCR from cDNA generated from the previously 

isolated C. x crocosmiiflora RNA (section 2.3.5) and the corresponding cDNAs were cloned 

into the pJET1.2 vector.  The resulting clones were designated CxcRHM1 ï CxcRHM5 and 

CxcUER1.  Comparison of the predicted amino acid sequences with their closest related 

sequence from A. thaliana showed CxcRHM1 ï CxcRHM5 to be 83.0%, 82.7%, 82.3%, 

81.7%, and 81.7%, respectively, identical to AtRHM2, while CxcUER1 showed 82.0% identity 

to AtUER.  The five CxcRHM sequences showed between 78.0% ï 94.7% identity and 83.0% 
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ï 96.8% similarity at the nucleotide level, and between 85.0% ï 97.5% identity and 89.9% ï 

98.2% similarity at the amino acid level (Table 3.3). 

Table 3.3: Sequence pairwise comparisons of percent identity and similarity between 

CxcRHM.  Right-hand corner of matrix corresponds to nucleotide coding sequence similarity; 

left-hand corner corresponds to amino acid sequence similarity.  Number outside and inside of 

parentheses corresponds to identity and similarity, respectively. 

 CxcRHM1 CxcRHM2 CxcRHM3 CxcRHM4 CxcRHM5 

CxcRHM1 ï 94.0 (95.3) 78.9 (83.8) 78.0 (83.0) 79.5 (84.1) 

CxcRHM2 95.5 (97.3) ï 79.0 (83.3) 78.5 (83.4) 79.6 (83.9) 

CxcRHM3 85.9 (90.7) 86.1 (90.8) ï 95.2 (96.8) 94.7 (96.2) 

CxcRHM4 85.0 (89.9) 85.0 (89.9) 97.5 (98.2) ï 90.2 (93.3) 

CxcRHM5 87.0 (91.3) 86.5 (91.0) 94.9 (97.0) 92.7 (95.4) ï 

 

An amino acid sequence alignment highlights conserved regions among the CxcRHMs, 

CxcUER1, and the previously characterized RHM2 from A. thaliana in both the dehydratase 

and epimerase/reductase domains.  The N-termini of the CxcRHMs contains the dehydratase 

domain and three important motifs: the GXXGXXA motif, which is critical for binding the 

NAD+ cofactor (Rossmann and Argos, 1978), as well as the YXXXK motif (Duax et al., 2000) 

and TDE motif (Duax et al., 2000; Watt et al., 2004), which contain the highly conserved 

amino acids responsible for the dehydratase reaction.  The C-termini of the CxcRHMs and 

CxcUER1 contain the epimerase/reductase domain and two important motifs: the GXXGXXG 

motif, which is critical in binding the NAD+ cofactor (Rossmann and Argos, 1978), as well as 

the YXXXK motif, which makes up part of the Ser-Tyr-Lys catalytic triad critical in the 

oxidoreduction reaction (Duax et al., 2000).  Analysis of the CxcRHM and the CxcUER1 

sequences using the TMHMM (v2.0; (Krogh et al., 2001)) and TMpred (Hofmann and Stoffel, 

1993) programs predicted that all proteins are soluble as opposed to membrane bound. 
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Figure 3.9: Amino acid sequence alignment of the C. x crocosmiiflora RHM and UER.  

The alignment includes protein sequences of the CxcRHM and CxcUER1, as well as the 

AtRHM2 (Oka et al., 2007).  (a) Conserved sequences of the N-terminal dehydratase domain.  

(b) Conserved sequences of the C-terminal epimerase/reductase domain.  Amino acids 

highlighted with blue background colour are those different from the consensus.  The green 

boxes in each domain identify the conserved GXXGXX(G/A), which are involved in binding 

the NAD+ cofactor.  The blue and orange box in each domain identify residues critical for 

enzymatic reactions; blue boxes correspond to the YXXXK motif while the orange box 

identifies the TDE motif. 

 

 Phylogenetic analysis of the five CxcRHM with other characterized and putative plant 

RHM showed no obvious major clusters (Fig. 3.10). Across the different species, RHM 

enzymes were more likely to cluster with enzymes from the same plant species. 
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Figure 3.10: Phylogenetic analyses of C. x crocosmiiflora RHM. The maximum-likelihood 

tree was produced with five CxcRHM with other characterized and putative plant RHM 

obtained from the NCBI nr database using the MEGA 7.0 program (bootstrap value set at 

1,000).  Bootstrap values over 50% are indicated at the nodes.  The black bar represents 0.06 

amino acid substitutions per site.  Protein alignment and sequences are given in Fig. S3.6 and 

Table S3.4. 

 

3.3.5 Identification of CxcRHM as UDP-Rhamnose Synthases and CxcUER1 as UDP-4-

Keto-6-Deoxy-Glucose 3,5-Epimerase/UDP-4-Keto-Rhamnose Reductase 

For functional characterization, the CxcRHM and CxcUER1 cDNAs were cloned 

(section 2.3.5) into the pET28b(+) vector for expression of the corresponding proteins with an 

N-terminal His6-tag.  Recombinant proteins were expressed in E. coli and Ni2+ affinity purified.  

The resulting soluble proteins for CxcRHM1 ï CxcRHM5 were detected by Western blotting 

with bands that matched the predicted molar mass of 75.7 ï 76.1 kDa, and CxcUER1 appeared 

with a band that agreed with the expected molar mass of 35.6 kDa (Fig. S3.7).  Based on BCA 

protein assay quantification and SDS-page purity analysis of protein purified from the 50 mL 

E. coli cultures, it was estimated that between approximately 1.5 and 10 mg of purified 

CxcRHM protein could be isolated from a 1 L E. coli culture.  
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Enzyme assays of each recombinant enzyme with either UDP-Glc or UDP-4K6DG as 

a substrate, as well as NAD+ and NADPH as cofactors, followed by LC-MS analysis of 

reaction products were performed against relevant controls to identify the functions of these 

enzymes.  Because analytical standards for UDP-4K6DG and UDP-Rha were not available, 

the products of the previously characterized AtRHM2 dehydratase domain (AtRHM2-N) and 

AtRHM2 epimerase/reductase domain (AtRHM2-C) were used to produce UDP-4K6DG 

(observed m/z of 547.0 [M-H](superscript -)) and UDP-Rha (observed m/z of 549.0 [M-

H](superscript -)) respectively (Fig. S3.8). LC-MS analysis of the products of enzyme assay 

with CxcRHM1 ï CxcRHM5 revealed two peaks that were not present in the negative ion 

controls with a m/z and retention time corresponding to the AtRHM2-produced UDP-Rha and 

UDP-4K6DG (Fig. 3.11).  CxcRHM1 ï CxcRHM5 were thereby identified as UDP-Rha 

synthases. 
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Figure 3.11: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of CxcRHM1 ï  CxcRHM5 enzyme assays.  (a) Purified 

protein derived from E. coli expressing a control vector, CxcRHM1, CxcRHM2, CxcRHM3, 

CxcRHM4, and CxcRHM5 were incubated overnight with 1 mM UDP-glucose, 1 mM NAD+, 

and 1 mM NADPH.  Green, black, and purple traces represent extracted ion chromatograms 

for m/z of 565.0 [M-H](superscript -), 547.0 [M-H](superscript -), and 549.0 [M-

H](superscript -), respectively.  Based on comparison of retention times and mass spectra 

against analytical standards, the peaks identified in green traces were confirmed to be UDP-

glucose.  Based on previously reported NMR analysis, peaks in the black and purple traces 

correspond to UDP-4-keto-6-deoxy-glucose and UDP-rhamnose, respectively (Oka et al., 

2007).  (b) Mass spectra of enzyme assay products.  The spectra presented in ñ1ò, ñ2ò, and ñ3ò 

are the background subtracted mass spectra for chromatographic peaks corresponding to UDP-

glucose, UDP-4-keto-6-deoxy-glucose, and UDP-rhamnose (the theoretical molecular weight 

of each is 565.30, 547.29, and 549.30), respectively.  UDP-4-keto-6-deoxy-glucose is 

predicted to exist as both a keto and gem-diol pentose in aqueous solution, as is suggested by 

the presence of an ion with m/z of 565.0 [M-H](superscript -).  Within reach spectra, the ion 

with m/z of 403.0 [M-H](superscript -) corresponds to UDP. 

 



84 

 

LC-MS analysis of assay product showed that CxcUER1 converted the UDP-4K6DG 

produced by AtRHM2-N into a product with a retention time and mass spectrum that matched 

those of UDP-Rha produced by coupled AtRHM2-N and AtRHM2-C (Fig. 3.12).  CxcUER1 

was thereby identified as a UDP-4-keto-6-deoxy-glucose 3,5-epimerase/UDP-4-keto-

rhamnose 4-keto-reductase. 

 
Figure 3.12: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of CxcUER enzyme assays.  (a) Purified protein derived from 

E. coli expressing a control vector, AtRHM2-N alone (Oka and Jigami, 2007), or AtRHM2-N 

combined with CxcUER1 were incubated overnight with 1 mM UDP-glucose, 1 mM NAD+, 

and 1 mM NADPH.  Green, black, and purple traces represent extracted ion chromatograms 

for m/z of 565.0 [M-H](superscript -), 547.0 [M-H](superscript -), and 549.0 [M-

H](superscript -), respectively.  Based on comparison of retention times and mass spectra 

against analytical standards, the peaks identified in green traces were confirmed to be UDP-

glucose.  Based on previously reported NMR analysis, peaks in the black and purple traces 

correspond to UDP-4-keto-6-deoxy-glucose and UDP-rhamnose, respectively (Oka et al., 

2007).  (b) Mass spectra of enzyme assay products.  The spectra presented in ñ1ò, ñ2ò, and ñ3ò 

are the background subtracted mass spectra for chromatographic peaks corresponding to UDP-

glucose, UDP-4-keto-6-deoxy-glucose, and UDP-rhamnose (the theoretical molecular weight 

of each is 565.30, 547.29, and 549.30), respectively.  UDP-4-keto-6-deoxy-glucose is predicted 

to exist as both a keto and gem-diol pentose in aqueous solution, as is suggested by the presence 

of an ion with m/z of 565.0 [M-H](superscript -).  Within reach spectra, the ion with m/z of 

403.0 [M-H](superscript -) corresponds to UDP. 
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3.3.6 Characterization of Crocosmia x crocosmiiflora RHM and UER Enzyme Properties 

 While comparison of kinetic parameters would be the ideal method for comparing 

enzyme efficiency, identifying these for the CxcRHM and CxcUER enzymes would be difficult 

as each member of the CxcRHM family contains two active sites, which act sequentially in the 

biosynthesis of UDP-Rha.  The UDP-4K6DG intermediate that is used as the substrate for the 

CxcRHM C-terminal and CxcUER active sites is not commercially available and can only be 

obtained through enzymatic reaction and purification.  Given these limitations, I focused on 

comparing relative activities of the different CxcRHMs, temperature and pH optima. 

Relative enzyme activity profiles showed a broad peak for the temperature-dependent 

activities for all CxcRHM with the highest levels of activity observed at 30oC or 37oC (Fig. 

3.12; Table S3.6). 

 
Figure 3.13: Temperature optimum of CxcUXS activity in vitro.  The activity of the 

recombinant CxcRHMs was analyzed at different temperatures.  Assays were performed with 

5 replicates for each enzyme and each of the seven different temperatures.  Results are shown 

as the calculated mean value with error bars representing standard error. 100% relative activity 

corresponds to the level of activity observed at the optimum tested temperature for a given 

enzyme. 
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In assessing optimal pH, relative activity assays identified a broad range of activities 

between pH 5.5 ï 7.5 for all CxcRHMs with the highest level of activity observed at pH 7.0, 

7.5, 8.0, and 9.0 for CxcRHM1 ï 5 (Fig. 3.13; Table S3.6). 

 
Figure 3.14: pH optimum of CxcRHM activity in vitro. The activity of the recombinant 

CxcRHMs was analyzed at different pHs. Assays were performed with 5 replicates for each 

enzyme and each of the eight different pH conditions.  Results are shown as the calculated 

mean value with error bars representing standard error. 100% relative activity corresponds to 

the level of activity observed at the optimum tested pH for a given enzyme. 

 

Performing assays at optimum temperature and pH, CxcRHM1 appeared to have the 

highest relative activity (100%) for producing UDP-Rha, with comparative relative activities 

of CxcRHM2, CxcRHM3, CxcRHM4, and CxcRHM5 observed at 58.1 ± 4.9%, 62.7 ± 3.5%, 

2.6 ± 0.4%, and 79.5 ± 3.8% activity, respectively (Table 3.4).  Each of the CxcRHM also 

produced UDP-4K6DG at a range of different levels.  Based on peak integration of the 

extracted ion chromatographs for UDP-Rha and UDP-4K6DG in each assay, the relative 
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amount of UDP-4K6DG produced compared to UDP-Rha was 4.8 ± 2.4, 204 ± 44.0, 97.3 ± 

14.9, 21.7 ± 5.3, and 82.9 ± 19.6% for CxcRHM1 ï CxcRHM5, respectively (Table 3.4). These 

results suggest that of the enzymes tested, CxcRHM1 is the most active at producing UDP-

Rha. 

 

Table 3.4: Enzymatic properties and relative activities of CxcRHM1 ï 5. 
1Based on the relative activity at optimal conditions compared to CxcRHM1. 
2Relative production level listed are based on comparison of UDP-4K6DG and UDP-Rha 

levels produced by each enzyme as determined by LC-MS peak integration. 

 
 

Because the UDP-4K6DG intermediate is the N-terminal active siteôs product and the 

substrate for the C-terminal site, CxcRHM enzyme assay product profiles containing high 

levels of UDP-4K6DG suggest the N-terminal active site are less efficient than the enzymeôs 

C-terminal active site.  On this basis, it can be suggested that CxcRHM1 and CxcRHM4 

possess C-terminal active sites which have similar or higher efficiencies than their N-terminal 

active sites, while CxcHM2, CxcRHM3, and CxcRHM5 appear to have C-terminal active sites 

with lower efficiencies than their N-terminal active sites. 

 

3.3.7 NSE-UGT Coupled Assays 

 With the successful identification of C. x crocosmiiflora UXSs and RHMs, enzyme 

assays coupled with GT1 UGTs were performed to assess if and how these newly identified 

UXSs and RHMs enzymes may be used in subsequent work characterizing novel C. x 

crocosmiiflora GT1 UGTs.   

To test the ability of the CxcUXS family enzymes and a UDP-xylosyltransferase to 

work in the same reaction, enzyme assays of each recombinant CxcUXS with UDP-GlcA, and 

the NAD+ cofactor, were combined with C. x crocosmiiflora UGT7.  CxcUGT7, was 

idependently shown to xylosylate myricetin (see section 4.3.3).  The products of the coupled 

assays were analyzed by LC-MS against negative controls consisting of both purified enzyme 
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extracts of E. coli expressing an empty pET28b(+) vector and enzyme extracts of E. coli 

expressing an empty pASK-IBA37plus vector.  In addition to UDP-Xyl, LC-MS analysis of 

these coupled assays revealed a new product absent in any of the controls, with retention time 

and mass spectra suggesting a myricetin xyloside (Fig. 3.14).  This new product suggests that 

CxcUGT7 was able to utilize UDP-Xyl formed in the coupled reaction as a UDP-sugar donor. 

The exact site of xylosylation of myricetin will require additional development of an 

authenticated standard or NMR analysis, which is not part of this chapter.   

 
Figure 3.15: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of products formed in enzyme assays of CxcUXS4 coupled 

with CxcUGT7.  (a) Protein derived from E. coli expressing both empty pET28b(+) and 

pASK-IBA37plus control vectors, CxcUXS4, and CxcUGT7 were incubated overnight with 1 

mM UDP-glucuronic acid, 1 mM NAD+, and 100 ɛM myricetin.  Orange, blue, gold, and red 

traces represent extracted ion chromatograms for m/z of 579.0 [M-H](superscript -), 535.0 [M-

H](superscript -), 449.0 [M-H](superscript -), and 317.0 [M-H](superscript -), respectively.  

Based on comparison of retention times and mass spectra against analytical standards, the 

peaks identified in orange, blue, and red traces were confirmed to be UDP-glucuronic acid, 

UDP-xylose, and myricetin, respectively.  (b) Mass spectra of enzyme assay products.  The 

spectra presented in ñ1ò and ñ2ò are the background subtracted mass spectra for 

chromatographic peaks corresponding to myricetin and an unknown myricetin xyloside 

(theoretical molecular weight of each is 317.24 and 450.35).  (c)  Representative structure of a 

myricetin xyloside.  The exact xylosylation position of myricetin in the reaction product shown 

in (a) and (b) remains to be determined. 



89 

 

 

To test the ability of the CxcRHM family enzymes and a UDP-rhamnosyltransferase to 

work in the same assay, enzyme assays of each recombinant CxcRHM with UDP-Glc, and the 

NAD+ and NADPH cofactors, were combined with AtUGT78D1, a previously characterized 

UDP-rhamnosyltransferase.  The products of the couple assays were analyzed by LC-MS 

against negative controls consisting of both purified enzyme extracts of E. coli expressing an 

empty pET28b(+) vector and enzyme extracts of E. coli expressing Gan empty pASK-

IBA37plus vector.  In addition to UDP-Rha and UDP-4K6DG, LC-MS analysis revealed a 

new product in the coupled assays, which was absent in any of the controls, with retention time 

and mass spectra identical to the myricetin-3-O-rhamnoside analytical standard (Fig. 3.15).  

The presence of this new compound shows AtUGT78D1 had access to UDP-Rha and could 

utilize it as a sugar donor. 
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Figure 3.16: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of products formed in enzyme assays of CxcRHM 1 coupled 

with AtUGT78D1.  (a) Protein derived from E. coli expressing both empty pET28b(+) and 

pASK-IBA37plus control vectors, CxcRHM1, and AtUGT78D1 were incubated overnight 

with 1 mM UDP-glucose, 1 mM NAD+, 1 mM NADPH, and 100 ɛM myricetin.  Green, purple, 

pink, and red traces represent extracted ion chromatograms for m/z of 565.0 [M-H](superscript 

-), 549.0 [M-H](superscript -), 463.0 [M-H](superscript -), and 317.0 [M-H](superscript -), 

respectively.  Based on comparison of retention times and mass spectra against analytical 

standards, the peaks identified in green, pink, and red traces were confirmed to be UDP-

glucose, myricetin-3-O-rhamnoside, and myricetin, respectively.  (b) Mass spectra of enzyme 

assay products.  The spectra presented in ñ1ò and ñ2ò are the background subtracted mass 

spectra for chromatographic peaks corresponding to myricetin and myricetin-3-O-rhamnoside 

(theoretical molecular weight of each is 317.24 and 463.34).  (c)  Structure of myricetin-3-O-

rhamnoside. 

 

3.4 DISCUSSION 

Using transcriptome mining and biochemical approaches, I investigated the C. x 

crocosmiiflora UXS and RHM gene families.  Plant species that have had their UXS families 

previously characterized show between four and seven different UXSs (Bindschedler et al., 

2005; Harper and Bar-Peled, 2002; Yin and Kong, 2016; Zhang et al., 2005).  Analysis of the 

C. x crocosmiiflora transcriptome showed a similar pattern with the identification of at least 

five putative CxcUXS across the three known phylogenetic clades.  Comparison with non-
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plant species suggests an expansion of the UXS gene family in plants, which may have begun 

with the duplication of a common UXS ancestor and led to the present multigene UXS family 

containing both transmembrane and cytosolic proteins (Du et al., 2013; Gu et al., 2010).  The 

presence and conservation of a multi-clade UXS gene family across different plant species is 

indicative of potentially non-redundant or only partly redundant functions of the individual 

UXS members.  

 Characterization of CxcUXS functions and analysis of their transcript expression in 

the transcriptome data, which showed some level of differential expression (Fig. S3.9), 

supports the possibility of the CxcUXSs having different roles in planta.  CxcUXS2 was the 

only transmembrane UXS identified in the C. x crocosmiiflora transcriptome.  The presence 

of a transmembrane NSE is interesting as plants typically use nucleotide sugar transporters 

(NSTs) to transport nucleotide sugars from the cytosol into the Golgi apparatus and 

endoplasmic reticulum lumen (Bakker et al., 2005; Baldwin et al., 2001; Handford et al., 2004; 

Norambuena et al., 2005; Norambuena et al., 2002; Rollwitz et al., 2006).  While a 

transmembrane UXS and UDP-Xyl NST would appear redundant, multiple such genes have 

been identified in A. thaliana (Ebert et al., 2015).  The need for this transporter could be due 

to the common phenomenon that transmembrane UXSs, like CxcUXS2, appear to have the 

lowest kinetic efficiencies (Oka et al., 2007; Pattathil et al., 2005; Zhang et al., 2005).  

Accordingly, the presence of a NST could better support Golgi apparatus activities when 

higher levels of UDP-Xyl are needed, such as during active cell wall biosynthesis when xylan 

production is occurring.  An alternative explanation can be derived from the observation that 

a mutant A. thaliana lacking one of these UDP-Xyl NST resulted in a viable phenotype with a 

reduced glucuronoxylan biosynthesis, but no affect on xyloglucan biosynthesis (Ebert et al., 

2015).  The specific reduction on xylan biosynthesis suggest the UDP-Xyl produced by 

transmembrane UXSs could be selectively employed in specific activities within the Golgi 

apparatus.  While the cytosolic CxcUXSs appear to have lower substrate affinity, all three of 

these enzymes possess higher kcat values than the transmembrane enzyme.  Expression analysis 

shows that transcripts encoding CxcUXS3 and CxcUXS4 have the highest relative expression 

levels in the flower, stem, and stolon, while CxcUXS5 has the relative highest expression in 

the corm. 
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CxcUXS1 appears to function as a UDP-4-keto pentose synthase (UDP-4KPS), despite 

it clustering with the clade A transmembrane UXSs.  Exploring possible reasons for this 

dichotomy in phylogenetic assignment and the observed UDP-4KP function, sequence analysis 

identified a unique glutamic acid in the 252 amino acid position.  This bulky and charged 

residue could affect the active site by altering the positioning of the catalytic Tyr249, affecting 

its ability to interact with the UDP-4KP intermediate.  Previous work on human UXS has 

shown that if the UDP-4KP intermediate is no longer able to interact with the hydroxyl group 

on the catalytic tyrosine, the UDP-Xyl reaction will prematurely terminate to form UDP-4KP 

as the product (Eixelsberger et al., 2012).  Such a functional link between Tyr249 and Glu252 in 

CxcUXS1 was supported by the observation that the mutants CxcUXS1(ȹ1ï69; E252G) and 

CxcUXS1(ȹ1ï81; E252G) showed altered product profiles with UDP-Xyl as the predominant 

product.  Accordingly, future work is warranted to explore the effect Glu252 has on CxcUXS1ôs 

active site and UDP-4KP biosynthesis.    

While it is possible that the observed CxcUXS1 activity as a UDP-4KPS is the result 

of a potentially improperly folded protein produced in E. coli, possibly due to the N-terminal 

truncation and His6-tag addition, attempts to alleviate these concerns included employing 

unpurified protein assays, eliminating imidazole from all buffers used, increased concentration 

of protein stabilizing agents, as well as variations in enzyme assay pH, temperature, buffers, 

substrate concentrations, and cofactor concentrations all resulted in the same product profile.  

These results support the possibility that CxcUXS1 is a UDP-4KPS that evolved from a UDP-

xylose synthase.  While UDP-4KP has been identified in other organisms (Gu et al., 2010), a 

possible biological role for this enzyme in the plantôs metabolism needs to be identified before 

the characterization can be definitive.  Ideally, a biological role could be tested by altering the 

expression of CxcUXS1 in Crocosmia; however, a transformation system to affect gene 

expression in this species is not yet available.  Expression of CxcUXS1 in better characterized 

plant model systems, such as A. thaliana or tobacco, may provide some information about a 

possible role in planta. 

 Based on the relatively high protein sequence identity to Arabidopsis RHMs, I 

predicted similar functions for CxcRHM1 ï CxcRHM5.  This general prediction was confirmed 

by functional characterization when all five CxcRHMs were found to form both UDP-Rha and 

UDP-4K6DG as primary and secondary products.  Previous work on the RHM family showed 
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that the N-terminal domain of the enzyme is responsible for the initial 4,6-dehydration reaction 

while the C-terminal domain is responsible for the 3,5-epimerization and 4-keto-reduction 

reactions (Oka et al., 2007; Watt et al., 2004).  Having explored all putative RHM identified 

within the C. x crocosmiiflora transcriptome, it is interesting to note the variability between 

the ratios of UDP-Rha and UDP-4K6DG produced across the different CxcRHMs (Table. 3.4).  

This observation suggested the two active sites have different specific activities in the different 

enzymes.  This results in a range of combinations where the 3,5-epimerase/4-keto-reductase 

activity outpaces the 4,6-dehydratase, producing product profiles with almost no observed 

UDP-4K6DG intermediate, or the opposite where the levels of the intermediate appear to be 

double that of the final product.  Analysis of the C. x crocosmiiflora transcriptome also 

identified a CxcUER abundantly expressed across all organs tested.  The presence of a gene 

containing the 3,5-epimerase and 4-keto-reductase activity suggests a possible supporting role, 

in a functional context, for CxcRHMs whose C-terminal appear to have lower kinetic 

efficiencies.  This would help prevent the accumulation of the UDP-4K6DG intermediate in 

the biosynthesis of UDP-Rha.  The possible significance of such a supporting role of a CxcUER 

as a ñsweeper enzymeò, may be supported by an observations with yeast cells expressing 

AtRHM2-N leading to increased biosynthesis of UDP-4K6DG (Oka et al., 2007).   These yeast 

cells showed aggregation and a slow growth phenotype (Oka et al., 2007), suggesting 

accumulation of UDP-4K6DG may have a negative effect in vivo. 

In prokaryotes, NDP-rhamnose is biosynthesized from NDP-glc through three 

sequential enzymes, rfbB, rfbC and rfbD (Reeves et al., 1996; Stevenson et al., 1994), each 

performing one of the reactions outlined in figure 3.2.  Analysis of bacterial genomes shows 

that these three genes typically cluster together (Yin et al., 2011).  This suggests that an ancient 

eukaryotic ancestor acquired and retained a DNA fragment containing the rfbB, rfbC and rfbD 

genes which eventually underwent a fusion event to form RHM.  The presence of this 

trifunctional RHM in plants and some fungi and the identification of bifunctional 3,5-

epimerase/4-keto-reductases-like enzymes in other non-plant organisms (Yin et al., 2011), as 

well as the identification of other NSEs employing the same biosynthetic mechanism to 

produce different NDP-sugars, suggests that the first gene fusion event occurred between the 

3,5-epimerase and 4-keto-reductase ancestors.  While the present day RHM may then have 

formed by additional fusion with the 4,6-dehydratase, the current plant UER was either 
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retained from an ancestral 3,5-epimerase/4-keto-reductase or the result of a RHM gene 

duplication and subsequent partial deletion.  Phylogenetic analysis of the C-terminal of plant 

RHM and UER showed clear separation of the UER and RHM enzymes, suggesting the UER 

gene arose through retention or that the duplication/partial deletion event occurred before the 

expansion to a multigene family (Fig. S3.10). 

 Glycosylation is one of the most prevalent and important modifications in specialized 

metabolism (Bowles et al., 2005; Bowles et al., 2006).  In the last two decades, the 

development of microbial platforms for large-scale production of high-value specialized 

metabolites has been a major emphasis in academic and industry laboratories (Han et al., 2014; 

Kim et al., 2012; Pandey et al., 2013). A limiting factor in some microbial production systems 

is inadequate supply of UDP-sugars, which results in their rapid depletion when GT1 UGTs 

are overexpressed (De Bruyn et al., 2015).  To this end, the metabolite production could 

potentially be improved with the introduction of additional UDP-sugar biosynthetic activities.  

The work presented in this chapter provides functional characterization for a suite of both 

UXSs and RHMs, which could be used for this purpose.  Comparison of the CxcUXSôs kinetic 

capabilities to available data in the literature shows that CxcUXS4 could be particularly useful 

enzyme for metabolic engineering.  Currently, kinetic analysis of characterized plant UXS has 

focused on KM and not kcat.  For soluble UXSs, a range of 400 ï 890 ɛM has been observed 

for KM values (Harper and Bar-Peled, 2002; Hayashi and Matsuda, 1988; John et al., 1977; 

Yin and Kong, 2016; Kuang et al., 2016).  Expanding this comparison to non-plant UXS, 

catalytic efficiencies of between 5.2*10-5 ï 0.0183 ɛM-1 s-1 have been characterized (Duan et 

al., 2015; Eixelsberger et al., 2012; Gu et al., 2010; Gu et al., 2011; Oka and Jigami, 2006).  

Based on CxcUXS4ôs KM of 147 ɛM and catalytic efficiency of 0.036 ɛM-1 s-1, it appears to 

be a strong candidate for incorporation into a microbial MbA production system.  While the 

kinetic parameters of the CxcRHMs could not be compared to previously characterized RHM-

dehydratase or -epimerase/reductase domains (Han et al., 2015; Martinez et al., 2012), 

CxcRHM1 shows the advantageous trait of producing relatively high levels of UDP-Rha and 

very low levels of the potentially cytotoxic UDP-4K6DG intermediate.  As such, future work 

is warranted to explore how these genes could be used in a potential microbial production 

system for MbA. 
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3.5 CONCLUSION 

 In conclusion, the work presented in this chapter identified and functionally 

characterized the C. x crocosmiiflora nucleotide sugar interconversion enzymes responsible 

for the biosynthesis of UDP-xylose and UDP-rhamnose, two UDP-sugars critical in the 

biosynthesis of MbA.  Of the enzymes identified as UXSs, CxcUXS2 ï CxcUXS5 were found 

to produce UDP-xylose, and CxcUXS1 produced UDP-4-keto pentose.  Site-directed 

mutagenesis of CxcUXS1 revealed a potential evolutionary route of how the function of 

CxcUXS1 may have evolved and identified a Glu252 near the catalytic Tyr249 as involved in 

defining the UDP-4-keto pentose product.  Of the enzymes identified as RHMs, CxcRHM1 ï 

CxcRHM5 catalyzed all three steps in the formation of UDP-Rha, while CxcUER1 was 

identified as performing the final 3,5-epimerase and 4-keto-reductase reactions needed to 

produce UDP-Rha.  Kinetic and relative activity characterization of these enzymes, identified 

CxcUXS4 and CxcRHM1 as the most efficient enzymes, making them good candidates for 

future use in the metabolic engineering towards MbA biosynthesis. Overall, this work 

contributes to our understanding of the C. x crocosmiiflora MbA biosynthetic pathway, and 

provides proof-of-concept for the use of these gene families for the future characterization of 

UDP-xylosyl/rhamnosyltransferase in the MbA biosynthetic pathway. 
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CHAPTER 4: IDENTIFICATION OF CROCOSMIA x CROCOSMIIFLORA UDP -

GLYCOSYLTRANSFERASES INVOLVED IN MONTBRETIN A BIOSYNTHESIS  

 

Uridine diphosphate glycosyltransferases (UGTs) of the family 1 glycosyltransferases 

(GT1) are essential enzymes in the process of glycosylating specialized metabolites.  

Glycosylation is a common modification in specialized metabolism and affects the physical, 

chemical and biological properties of the aglycone.  Montbretin A (MbA) is a highly 

glycosylated flavonoid found in C. x crocosmiiflora and of interest for its type 2 diabetes 

therapeutic potential.  In this chapter, I explore the C. x crocosmiiflora GT1 UGT family with 

the goal to identify candidate GT1 UGTs involved in the biosynthesis of MbA.  Phylogenetic 

analysis of the CxcUGTs provided insight into the unique pattern of GT1 UGT clustering, 

showing rampant expansion in group D and an absence of any group H GT1 UGTs.  Activities 

of 14 candidate CxcUGTs, which were identified through association analysis between MbA 

accumulation and transcript expression, were tested using eight different potential MbA 

biosynthetic intermediates.  While minor activity was observed within assays using myricetin 

or myricetin-3-rhamnoside as acceptors, the low levels or lack of activity observed suggest that 

none of these candidate GT1 UGTs are involved in MbA biosynthesis.  As this negative result 

may be due to errors in the underlying hypotheses of the association analysis, future work 

should focus on identifying specific conditions that affect MbA accumulation levels for use as 

a model of MbA biosynthetic gene expression.  Overall, this work contributes to our 

understanding of the phylogenetic distribution of GT1 UGTs within vascular plants and 

facilitates further identification and functional characterization of CxcUGTs involved in MbA 

biosynthesis. 

 

4.1 INTRODUCTION  

Specialized metabolites are an important natural resource with numerous applications 

such as medicines and nutraceuticals.  With an estimated 200,000 ï 300,000 different 

specialized metabolites found in the plant kingdom (Dixon and Strack, 2003; Lawrence, 1964),  

plants typically employ combinations of large enzyme families to perform the arrays of 

biosynthetic core reactions and specific modifications.  Two of the most common 
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modifications used in specialized metabolism are esterification and glycosylation.  Both 

modifications can have a large range of effects on a metaboliteôs properties.  Acylation may 

enhance volatility or biological activity (DôAuria, 2006), while glycosylation typically affects 

a metaboliteôs solubility, potential for accumulation, subcellular localization, or biological 

activity (Gachon et al., 2005; Ghose et al., 2014; Liang et al., 2015; Martinoia et al., 2000).  

Montbretin A (MbA) is an excellent example of a specialized metabolite, which requires both 

types of modifications during its biosynthesis.  The acylation modification incorporates a 

caffeic acid moiety, altering a known biological activity of MbA by drastically increasing its 

ability to inhibit human pancreatic amylase (HPA) through H-bonding and internal ˊ-stacking 

interactions (Williams et al., 2015).  The glycosylation modifications during MbA biosynthesis 

incorporate a total of five sugar moieties, altering the metaboliteôs solubility and biological 

activity through, respectively, increasing its ability to engage in H-bonding with water, as well 

as more effectively orienting and stabilizing the inhibitory myricetin and caffeic acid moieties 

in HPAôs active site (Williams et al., 2015). 

The glycosylation of specialized metabolites is typically performed by uridine 

diphosphate glycosyltransferases (UGTs) that are members of the family 1 

glycosyltransferases (GT1).  These enzymes act by using uridine 5ǋ-diphosphate sugars (UDP-

sugars) as donor molecules and transfer their sugar moiety to acceptors (Bowles et al., 2005; 

Bowles et al., 2006).  The majority of plant GT1 UGTs contain a conserved 44 amino acid 

motif known as the plant secondary product glycosylation (PSPG) motif which encompasses 

the amino acids responsible for binding the UDP-sugar (Campbell et al., 1997; Hughes and 

Hughes, 1994).  Plant GT1 UGTs glycosylate a large diversity of metabolites, and the overall 

level of sequence identity across the plant GT1 UGT family, which is annotated with several 

subfamilies, is relatively low (Coutinho et al., 2003; Lim et al., 2003; Vogt and Jones, 2000).  

DNA sequencing has revealed some of the extent of the UGT family expansion in the plant 

kingdom.  Current estimates from species with characterized genomes suggest most species 

possess between 100 ï 250 UGTs with an average of 0.5% of predicted genes in a given plant 

genome being UGTs (Caputi et al., 2012). 

 Based on the structure of MbA, its biosynthesis is thought to involve activities of up to 

five different UGTs (Fig. 4.1; Fig S4.1).  Harvest from field grown plants is currently not a 

suitable method for production of large quantities of MbA.  Thus, employing the genes that 
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Crocosmia x crocosmiiflora uses in the biosynthesis of MbA towards either an improved C. x 

crocosmiiflora production system with heightened levels of MbA or to engineer a heterologous 

host to produce MbA are attractive options.  A critical step towards this goal is the 

identification of the MbA biosynthetic CxcUGTs.  However, elucidating these CxcUGTs faces 

four major challenges associated with: (i) the large number of GT1 UGTs typically found in 

any plant species, (ii) low sequence identity between GT1 UGTs, (iii) lack of clarity on the 

MbA biosynthetic reaction pathway (Fig. 4.1; Fig S4.1), and (iv) the lack of prior knowledge 

and data available for Crocosmia genes. 

 
Figure 4.1: Theoretical routes of montbretin A biosynthesis.  Considering all potential steps 

needed to form montbretin A starting with myricetin, and without prior knowledge of the in 

planta intermediates of the pathway, the biosynthetic pathway is represented here by as multi-

dimensional matrix.  Circled numbers are used as denotations for potential individual steps in 

the biosynthesis of MbA. 

 

 While many approaches can be used in the elucidation of target specialized metabolite 

biosynthetic genes, advances in sequencing technologies have permitted the integration of deep 

transcript and targeted metabolite profiles from corresponding tissues to be employed as a 

method for identifying a relevant list of candidate genes (Facchini et al., 2012; Saito et al., 

2008).  This approach employs the ñguilt-by-associationò principle, which proposes that a set 
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of genes involved in the target metabolite biosynthesis are co-regulated, and thus co-expressed 

under the control of a shared regulatory system (Yonekura-Sakakibara and Saito, 2009).  

Several studies have successfully employed this approach as a strategy for identifying genes 

involved in target metabolite biosynthesis (Augustin et al., 2015; Kilgore et al., 2014; Zerbe 

et al., 2014; Zerbe et al., 2012).  With this approach, a critical factor for successful application 

is the identification of specific tissues or defined environmental or growth conditions in which 

biosynthetic activities of the target metabolite differ and correlate to accumulation. 

Previous work on C. x crocosmiiflora has focused on establishing resources able to 

support the elucidation of MbA biosynthetic genes.  Metabolite profiling and MALDI-imaging 

have identified that throughout the year, MbA is primarily found in the peripheral tissues of 

the corm, as well as at minor levels in the other organs (section 2.3.1). A first set of 

transcriptome assemblies of different organs of the plant was also developed (section 2.3.3).  

Employing these resources, a guilt-by-association analysis identified 14 putative GT1 UGTs 

that possess transcript expression patterns highly correlated to MbA accumulation across 

different C. x crocosmiiflora organs (section 2.3.5).  To this end, using functional genomic and 

biochemical approaches this chapter expands on these resources to explore the potential 

activity of these 14 candidate CxcUGTs in MbA biosynthesis.  The findings herein help lay a 

foundation for a better understanding of MbA biosynthesis in C. x crocosmiiflora and the 

employment of a guilt-by-association approach to identify the MbA biosynthetic GT1 UGTs. 

 

4.2 EXPERIMENTAL  

4.2.1 Cloning of C. x crocosmiiflora UGTs 

 Candidate CxcUGT cDNAs were amplified using primers (Table S4.1) designed 

according to putative GT1 UGT transcripts identified in the transcriptome assemblies with 

adaptors for cloning into the pASK-IBA37+ vector.  If full -length sequences were not 

available, 5ǋ or 3ǋ RACE-PCR were performed with the Marathon cDNA amplification kit 

(Clonetech, www.clontech.com) per the manufacturerôs instructions.  Once full-length 

sequences were obtained, GT1 UGT transcripts were amplified by PCR and cloned into the 

pASK-IBA37+ expression vector (IBA Life Sciences, www.iba-lifesciences.com) in-frame 

with an N-terminal His6-tag.  For candidate genes containing BsaI restriction sites, site-directed 

http://www.clontech.com/
http://www.iba-lifesciences.com/
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base changes were made using primers resulting in a synonymous mutation to remove the site 

(Table S4.1).  Sequences and gene insertion orientation were verified by Sanger sequencing. 

 

4.2.2 Phylogenetic Analysis 

For phylogenetic analyses, amino acid sequence alignments were generated using 

ClustalW (Thompson et al., 1994).  Phylogetic analysis was performed using a maximum 

likelihood algorithm in the MEGA 7.0 (http://www.megasoftware.net) (Kumar et al., 2016) 

using uniform rate variation among sites, LG substitution model, BIONJ/NJ starting tree, and 

1000 bootstrap repetitions.  To best establish the GT1 UGT phylogenetic groups in the 

CxcUGT family, full-length amino acid sequences of 34 previously defined GT1 UGTs were 

included in the analysis.  These non-Crocosmia sequences included 15 Arabidopsis thaliana 

GT1 UGTs (AtUGT72C1, AtUGT73B1, AtUGT73C1, AtUGT75D1, AtUGT76B1, 

AtUGT78D3, AtUGT82A1, AtUGT83A1, AtUGT85A4, AtUGT86A1, AtUGT87A1, 

AtUGT89B1, AtUGT90A1, AtUGT91A1, and AtUGT92A1), 17 Zea mays GT1 UGTs 

(GRMZM2G021786, GRMZM2G022242, GRMZM2G035755, GRMZM2G041699, 

GRMZM2G046994, GRMZM2G050748, GRMZM2G058314, GRMZM2G061289, 

GRMZM2G073376, GRMZM2G120016, GRMZM2G159404, GRMZM2G173315, 

GRMZM2G175910, GRMZM2G301148, GRMZM2G479038, GRMZM5G834303, and 

GRMZM5G892627), and 2 Oryza sativa GT1 UGTs (Os07g30690 and Os07g46610).  Amino 

acid sequence alignments were visualized using CLC Bio Main Workbench 

(https://www.qiagenbioinformatics.com/products/clc-main-workbench) while phylogenetic 

trees weres visualized using the Interactive Tree of Life software (http://itol.embl.de/) (Letunic 

and Bork, 2011). 

 

4.2.3 Production of Potential MbA Intermediates 

 Enzymatic and base-catalyzed reactions performed to produce potential MbA 

intermediates were performed as previously described (Williams et al., 2015) with minor 

modifications.  The ɓ-glucosidase, naringinase, and ɓ-xylosidase enzymes used herein were 

provided by Dr. Stephen Withers (UBC, Department of Chemistry). 

 Deglucosylation reactions employing Agrobacterium sp. ɓ-glucosidase were 

performed in 50 mM sodium phosphate buffer (pH 6.8, 0.1% bovine serum albumin) with 40 

http://www.megasoftware.net/
https://www.qiagenbioinformatics.com/products/clc-main-workbench
http://itol.embl.de/
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ɛg ɓ-glucosidase per mg substrate.  Reactions were incubated at 37oC for 48 hours.  Enzymes 

were precipitated by addition of methanol in a volume equal to 25% of the reaction volume.  

The resulting solution was filtered by passing through a 0.22 ɛm hydrophilic polypropylene 

membrane filter (http://www.pall.com/), evaporated, resolved in 1 mL of H20 / 25 mg, and 

subsequently purified as indicated below. 

 Derhamnosylation reactions employing Penicillium decumbens naringinase were 

performed in 50 mM acetate phosphate buffer (pH 5.6) with 5 ɛg naringinase per mg substrate.  

Naringinase was first incubated in buffer (5 mg / mL) at 60oC for 2 hours to inactivate its ɓ-D-

glucosidase activity without affecting its Ŭ-L-rhamnosidase activity.  After partial inactivation, 

naringinase was added to the substrate and reacted for 48 hours at 22oC.  Enzymes were 

precipitated by addition of methanol in a volume equal to 25% of the reaction volume.  The 

resulting solution was filtered by passing through a 0.22 ɛm hydrophilic polypropylene 

membrane filter (http://www.pall.com/), evaporated, resolved in 1 mL of H20 / 25 mg, and 

subsequently purified as indicated below. 

  Dexylosylation reactions employing Bacillus halodurans ɓ-xylosidase were performed 

in 50 mM sodium phosphate (pH 6.8, 50 mM sodium chloride) with 2 ɛg xylosidase per mg 

substrate.  Reactions were incubated at 37oC for 48 hours.  Enzymes were precipitated by 

addition of methanol in a volume equal to 25% of the reaction volume.  The resulting solution 

was filtered by passing through a 0.22 ɛm hydrophilic polypropylene membrane filter 

(http://www.pall.com/), evaporated, resolved in 1 mL of H20 / 25 mg, and subsequently 

purified as indicated below. 

 Removal of the caffeic acid moiety was performed by base catalysis.  MbA was 

dissolved in dry methanol (2 mg / mL) under N2 gas in a round bottom flask.  Sodium 

methoxide was added until a concentration of ~27.5 mM was reached and left to react for 5 

hours.  The reaction was quenched by addition of Amberlite IR-120 (H+) to the solution until 

it possessed a pH å 5.  The methanol was evaporated under N2 gas, and resulting reaction 

product was dissolved in H2O.  Unwanted products were removed by extraction with equal 

volumes hexanes, and the aqueous layer was passed through a 0.22 ɛm hydrophilic 

polypropylene membrane filter (http://www.pall.com/), evaporated, resolved in 1 mL of H20 / 

25 mg, and subsequently purified as indicated below. 

http://www.pall.com/
http://www.pall.com/
http://www.pall.com/
http://www.pall.com/
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Purification of reaction products was performed by high performance liquid 

chromatography (HPLC) on a 1260 Infinity Bio-inert Quaternary LC (Agilent).  Reaction 

products were analyzed using an Eclipse XDB-C18 column (Agilent, 9.4 x 250 mm, 5 µm) 

and purified on a PrepHT XDB-C18 column (21.2 x 100 mm, 5 µm), both being run at room 

temperature and with flow rates of 1.0 mL min-1 and 4.0 mL min-1, respectively.  For both 

columns, the mobile phase used was a combination of two solvents: solvent A (H20) and 

solvent B (acetonitrile).  The mobile phase run was 5% solvent A by 2 min, 20% solvent A by 

10 min, 40% solvent A by 40 min, 95% solvent A by 45 min, 95% solvent A by 50 min, 5% 

solvent A by 55 minutes, and held for 5 min, giving a total run time of 60 minutes.  The effluent 

was monitored by UV absorption at 254 nm, and 330 nm and peak fractions were collected per 

the observed chromatograph. 

 

4.2.4 E. coli-Based Protein Expression and Purification 

Recombinant plasmids were transformed into E. coli C43 (www.overexpress.com) 

containing the pRARE 2 plasmid isolated from Rosetta 2 cells (Novagen) to negate codon bias.  

Individual colonies were inoculated into 5 mL of Luria Broth containing ampicillin (100 mg * 

L-1) and grown overnight at 37oC and 200 rpm.  5 mL cultures were used to inoculate 50 mL 

of Terrific Broth containing ampicillin (100 mg * L-1) and chloramphenicol (50 mg * L-1) and 

cultured at 22oC and 200 rpm until an OD600 = ~0.5 was reached.  Cultures were then cooled 

to 18oC, induced by addition of anhydrous tetracycline (final concentration 0.45 ɛM), and 

grown for 16 h at 180 rpm before harvesting. 

Cultures were harvested by centrifugation at 4000 x g for 20 minutes.  Supernatants 

were removed, and cell pellets were resuspended in 3 mL of ice-cold, 50 mM Tris-HCl 

extraction buffer (pH 7.5, 10% glycerol, 10 mM MgCl2, 5 mM DTT, 0.2 mg lysozyme per mL, 

1/40th PierceÊ Protease Inhibitor Tablet EDTA-free (ThermFischer, www.thermofisher.com) 

per mL, and 0.1 ɛL benzonase (EMD Millipore, www.emdmillipore.com/) per mL).  After cell 

ruptured through five cycles of freeze-thawing in liquid nitrogen, lysed cells were clarified by 

centrifugation.  Soluble protein extractions were desalted on Sephadex PD minitrap G-25 

columns (GE Healthcare, http://www.gehealthcare.com), pre-equilibrated with a 50 mM Tris-

HCl buffer (pH 7.5, 10% glycerol, 1 mM DTT).  Protein was confirmed by SDS-PAGE using 

Coomassie and Western blots.  Western blots were performed using His-Tag Antibody HRP 

http://www.overexpress.com/
http://www.thermofisher.com/
http://www.emdmillipore.com/
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Conjugate Kit (EMD Millipore, www.emdmillipore.com) and visualized with Clarity Western 

ECL Blotting Substrate (Bio-rad, www.bio-rad.com).  Protein concentrations were determined 

using a bicinchoninic acid (BCA) protein quantification assay kit (Thermo Fisher, 

www.thermofisher.com) employing a standard curve. 

 

4.2.5 Recombinant UGT Enzyme Assays 

To test for enzyme activity, protein assays were performed in triplicate.  For reactions 

requiring UDP-xylose or UDP-rhamnose, nucleotide sugar interconverting enzyme (NSE)-

UGT coupled reactions were used (section 3.3.7).  For reactions using UDP-glucose (UDP-

Glc) as their sugar donor, 100 ɛL reactions of unpurified protein extracts was combined with 

1 mM UDP-Glc and 100 ɛM of the appropriate acceptor were incubated at 30oC overnight.  

For reactions using UDP-xylose (UDP-Xyl) as their sugar donor, 100 ɛL reactions of 

unpurified protein extracts was combined with 1 mM UDP-glucuronic acid (UDP-GlcA), 1 

mM NAD+, 1 ɛM CxcUXS4, and 100 ɛM of the appropriate acceptor were incubated at 30oC 

overnight.  For reactions using UDP-rhamnose (UDP-Rha) as their sugar donor, 100 ɛL 

reactions of isolated protein was combined with 1 mM UDP-Glc, 1 mM NAD+, 1 mM NADPH, 

5 ɛM CxcRHM1, and 100 ɛM of the appropriate acceptor were incubated at 30oC overnight.  

Reactions were terminated by incubation at 100oC for 1 minute and the addition of 50 ɛL of 

chloroform to precipitate protein.  Soluble fractions were separated by centrifugation at 1000 

x g for 10 minutes and analyzed by LC-MS. 

Reaction products from enzyme assays were analyzed by liquid chromatography (LC) 

(Agilent 1100 Series)/mass spectrometry detector (MSD) Trap (XCTplus) by comparison of 

retention times and mass spectra with authentic standards or products of previously 

characterized enzymes.  Enzyme products were analyzed on an Agilent ZORBAX SB-C18 

column (4.6 mm internal diameter, 50 mm length, 1.8 ɛM pore size) was used with a 

temperature of 50°C and flow rate 0.8 mL min-1.  The mobile phase used was a combination 

of two solvents: solvent A (H20 + 0.2% formic acid) and solvent B (acetonitrile + 0.2% formic 

acid).  The mobile phase run was 95% solvent A by 0.5 min, 80% solvent A by 5 min, 10% 

solvent A by 7 min, and 95% solvent A by 7.10 min, and held for 2.9 min, giving a total run 

time 10 min.  Diode array detector (DAD) monitored wavelengths at 266 nm and 326 nm.  The 

http://www.emdmillipore.com/
http://www.bio-rad.com/
http://www.thermofisher.com/
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mass spectrometer mode was negative electrospray with nebulizer pressure 60 psi, dried gas 

rate 12 L min-1, dry temp 350oC, and a m/z scanning range between 50 ï 2000. 

 

4.3 RESULTS 

4.3.1 Identification and Phylogenetic Analysis of Crocosmia x crocosmiiflora UDP-

Glycosyltransferases 

To gain insight into the size and overall expression of the CxcUGT family, I screened 

the complete unigene set of the C. x crocosmiiflora transcriptome (section 2.3.3) against the 

Prosite PSPG signature motif (motif #PS00375).  This BLASTx search resulted in the 

identification of 257 putative CxcUGTs.  An unrooted phylogenetic tree was constructed with 

158 of these putative CxcUGTs, which were at least 300 amino acids in length, along with 15 

Arabidopsis thaliana, 17 Zea mays, and 2 Oryza sativa GT1 UGTs (Fig. 4.2) to identify the 

CxcUGT distribution among the 17 different GT1 UGT phylogenetic groups (Caputi et al., 

2012; Li et al., 2001; Li et al., 2014b).  In the resulting phylogenetic tree, putative CxcUGTs 

clustered into 13 of the 14 groups identified in A. thaliana (Li  et al., 2001), groups A ï G and 

I ï N, as well as groups O and P, which were identified through a genome-wide analysis of 

GT1 UGTs from 12 different species of land plants (Caputi et al., 2012).  Of these 15 

characterized phylogenetic groups, most C. x crocosmiiflora GT1 UGTs belong to group D 

(36.1%) followed by groups G and P (9.5% each) (Fig. 4.2; Table S4.2). 
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Figure 4.2: Phylogenetic analysis of GT1 UGTs from C. x crocosmiiflora.  The maximum-

likelihood tree was produced using the MEGA 7.0 program (bootstrap value set at 1,000) with 

sequences of 160 C. x crocosmiiflora, 15 Arabidopsis thaliana, 17 Zea mays, and 2 Oryza 

sativa GT1 UGT.  Bootstrap values over 50% are indicated above the nodes.  The black bar 

represents 0.6 amino acid substitutions per site.  The GT1 UGTs identified through the 

Haystack analysis (section 2.3.5) as putatively involved in MbA biosynthesis are indicated on 

tree.  The remaining sequences are numbered 1 ï 180 and correspond to the legend found in 

Table S4.3).  

 

4.3.2 Production of Potential Montbretin A Intermediates 

 One of the major challenges faced in elucidating genes involved in the MbA 

biosynthetic pathway is the lack of information on the order of the proposed glycosylation 
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reactions.  With only myricetin and myricetin-3-O-rhamnoside commercially available, two 

approaches that could be used to establish the pathway are to (i) identify each step in sequential 

order or (ii) test candidate GT1 UGTs for activity towards a suite of potential MbA 

intermediates.  Previous work by Williams et al. (2015) produced a series of MbA 

ñsubstructuresò to study the kinetic and structural roles of MbA moieties in inhibiting HPA 

(Williams et al., 2015).  Employing modified approaches of those used to produce these 

substructures, five potential MbA intermediates were obtained for use in in vitro reactions (Fig 

4.3): (i) MbA without the terminal 2-O glucopyranosyl moiety (MbA-Gǋ), (ii) MbA without 

the terminal 4-O rhamnopyranosyl moiety (MbA-Rǋ), (iii) MbA without the disaccharide 

rhamnopyranosyl-xylopyranoyl moiety (MbA-XRǋ), (iv) MbA without the caffeic acid and 

terminal 4-O rhamnopyranosyl moieties (MbA-CRǋ), and (v) MbA without the caffeic acid and 

the disaccharide rhamnopyranosyl-xylopyranoyl moieties (MbA-CXRǋ). 

 
Figure 4.3: Hypothetical montbretin A intermediates produced by enzymatic and 

chemical degradation of MbA. 

 

MbA-Gǋ was produced by incubating MbA with Agrobacterium sp. ɓ-glucosidase 

overnight to remove the terminal glucoside moiety of MbAôs 3-O-trisaccharide.  LC-MS 

analysis of the reaction product showed a single new peak with a m/z of 1065.5 [M-

H](superscript -).  Analysis of the purified reaction product showed a retention time and mass 

spectra that corresponded to a sample of MbA-Gǋ previously prepared and nuclear magnetic 

resonance spectroscopy (NMR) verified (Williams et al., 2015) (Fig 4.4). 
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MbA-Rǋ was produced by incubating MbA with Penicillium decumbens naringinase 

overnight to remove the terminal rhamnose moiety from the 4ǋ-O-disaccharide.  LC-MS 

analysis of the reaction product showed two new peaks, a major peak with a m/z of 1081.5 [M-

H](superscript -) and minor one with m/z of 1065.5 [M-H](superscript -).  Analysis of the 

minor reaction product showed a retention time and mass spectra that corresponded to MbA-

Gǋ, suggesting the ɓ-D-glucosidase activity of the naringinase was not completely inactivated 

by incubation at 60oC and still contained minor glycosylation activity.  Analysis of the purified 

major reaction product after showed a retention time and mass spectra that corresponded to a 

sample of MbA-Rǋ previously prepared and NMR verified (Williams et al., 2015) (Fig 4.4).   

 MbA-XRǋ was produced by incubating MbA-Rǋ with Bacillus halodurans ɓ-xylosidase 

overnight to remove the 4-O-xyloside moiety.  LC-MS analysis of the reaction product showed 

a single new peak with a m/z of 949.3 [M-H](superscript -).  While an NMR verified standard 

was not available, the observed m/z, previously characterized protocol (Williams et al., 2015), 

and depletion of the MbA-Rǋ starting material strongly supports the purified product was MbA-

XRǋ (Fig 4.4).   

 MbA-CRǋ was produced by base-catalyzed removal of the caffeic acid moiety followed 

by reaction with P. decumbens naringinase.  MbA-C was produced by incubation with alkaline 

sodium methoxide for 5 hours.  LC-MS analysis of the reaction product showed a single new 

peak with a m/z of 1065.5 [M-H](superscript -).  MbA-C was then incubated with P. 

decumbens naringinase overnight to remove the terminal rhamnose moiety from the 4ǋ-O-

disaccharide.  LC-MS analysis of the reaction product showed two new peaks, a major peak 

with a m/z of 949.3 [M-H](superscript -) and minor one with m/z of 919.3 [M-H](superscript 

-), corresponding to MbA-C without rhamnose or glucose moieties, respectively.  While NMR 

verified standards were not available, the observed m/z, previously characterized protocol 

(Williams et al., 2015), and depletion of the MbA-C starting material support the purified m/z 

949.3 [M-H](superscript -) product as MbA-CRǋ (Fig 4.4).   

 MbA-CXRǋ was produced by incubating MbA-CRǋ with B. halodurans ɓ-xylosidase 

overnight to remove the 4-O-xyloside moiety.  LC-MS analysis of the reaction product showed 

a single new peak with a m/z of 787.3 [M-H](superscript -).  While an NMR verified standard 

was not available, the observed m/z, previously characterized protocol (Williams et al., 2015), 
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and depletion of the MbA-CRǋ starting material strongly supports the purified product was 

MbA-XRǋ (Fig 4.4). 

 
Figure 4.4: Representative regions of extracted ion LC-MS chromatograph and 

corresponding mass spectra of MbA and hypothetical MbA intermediates produced by 

degradation of MbA.  (a) Extracted ion chromatographs of purified metabolites derived from 

enzymatic or cleavage reactions of MbA.  Blue, green, purple, orange, red, and black traces 

represent extracted ion chromatographs for m/z of 1227.5 [M-H](superscript -), 1065.5 [M-

H](superscript -), 1081.5 [M-H](superscript -), 949.3 [M-H](superscript -), 919.3 [M-

H](superscript -), 787.3 [M-H](superscript -), respectively.  Based on previously reported 

NMR analysis, peaks in the blue, green, and purple traces correspond to MbA, MbA-Gǋ, and 

MbA-Rǋ, respectively (Tarling et al., 2008; Williams et al., 2015).  (b) Mass spectra of MbA 

and hypothetical MbA intermediates produced by MbA degradation.  The spectra presented in 

ñ1ò, ñ2ò, ñ3ò, ñ4ò, ñ5ò, and ñ6ò are the background subtracted mass spectra for 

chromatographic peaks corresponding to MbA, MbA-Gǋ, MbA-Rǋ, MbA-XRǋ, MbA-CRǋ, and 

MbA-CXRǋ (theoretical molecular weight of each is 1229.05, 1066.92, 1082.92, 950.81, 

920.78, and 788.66), respectively. 
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4.3.3 Testing of Candidate CxcUGTs for Functions in the MbA Biosynthetic Pathway 

Building on the characterization of MbA accumulation in C. x crocosmiiflora (section 

2.3.1), a guilt-by-association analysis was employed to identify transcripts whose relative 

expression pattern correlated with MbA accumulation across five different organs.  Of the 

1,967 unigenes whose expression correlated with MbA accumulation, 14 were identified as 

GT1 UGTs based on the presence of a PSPG motif (section 2.3.5).  Phylogenetic analysis 

showed ten of these putative CxcUGTs were found in group D, two in group A, one in group 

C, and one in group P (Fig. 4.2).  The corresponding cDNAs were amplified by PCR and 

cloned into the pASK-IBA37+ vector with N-terminal His6-tag.  The resulting clones were 

designated CxcUGT1 ï CxcUGT14.  Recombinant proteins were expressed in E. coli and Ni2+ 

affinity purified.  This resulted in the isolation of His6-tagged proteins CxcUGT1 ï CxcUGT14, 

which appeared to be soluble and which matched in the western blot with the predicted molar 

masses of 51.9 kDa ï 58.0 kDa (Fig. S4.2).   

Using the commercially available myricetin and myricetin-3-O-rhamnoside, as well as 

the five produced hypothetical MbA intermediates, I tested CxcUGT1 ï CxcUGT14 for activity 

in nine potential MbA biosynthetic steps (Fig. 4.1; reactions 1, 3, 6, 8, 23, 24, 25, 29, and 30).  

Enzyme assays (n = 3 replicates) using protein extracts of CxcUGTs from E. coli were 

performed against relevant controls, and authentic standards were used where available, to 

identify the CxcUGT reaction products.  For those reactions requiring UDP-Rha as a sugar 

donor, NSE-UGT coupled reactions were performed by adding 1 mM NAD+, 1 mM NADPH, 

1 mM UDP-Glc, and 5 ɛM CxcRHM1 to the reaction as described in section 3.3.7.  For those 

reactions requiring UDP-Xyl as a sugar donor, NSE-UGT coupled reactions were performed 

by adding 1 mM NAD+, 1 mM UDP-GlcA, and 1 ɛM CxcUXS4 to the reaction as described 

in section 3.3.7. 

LC-MS analysis of the enzyme assays for CxcUGT1 ï CxcUGT14 using myricetin as 

an acceptor and UDP-rhamnose as a sugar donor showed the product profiles of CxcUGT1, 

CxcUGT4, CxcUGT7, and CxcUGT8 possessed peaks with a m/z of a myricetin rhamnoside, 

463.0 [M-H](superscript -), that were absent in the negative control (Fig 4.5, Fig. S4.3).  

Comparison of the retention time and mass spectra to the myricetin-3-O-rhamnoside standard 

suggest the four GT1 UGTs did not rhamnosylate the 3-hydroxyl position, but rather the 5, 7, 

3ǋ, 4ǋ, or 5ǋ positions. 
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Figure 4.5: Select regions of extracted ion LC-MS chromatograph and corresponding 

mass spectra for C. x crocosmiiflora GT1 UGT enzyme assays.  (a) Protein derived from E. 

coli expressing a control vector and CxcUGT1 ï CxcUGT14 were incubated overnight with 1 

mM UDP-glucose, 1 mM NAD+, 1 mM NADPH, 5 ɛM purified CxcRHM1, and 100 ɛM 

myricetin and assessed for their ability to form myricetin rhamnoside (theoretical molecular 

weight of 464.38).  Trace shown for each sample is the extracted ion chromatograph for m/z 

of 463.0 [M-H](superscript -).  (b) Mass spectral analysis of myricetin-3-O-rhamnose standard 

and myricetin rhamnoside enzyme assay products.  Numbers next to chromatograph peaks 

correspond to mass spectra with associated number in the top right-hand corner. 

 

LC-MS analysis of the enzyme assays for CxcUGT1 ï CxcUGT14 using myricetin as 

an acceptor and UDP-xylose as a sugar donor showed the product profiles of CxcUGT2, 

CxcUGT3, CxcUGT4, CxcUGT5, CxcUGT7, CxcUGT8, CxcUGT11, and CxcUGT12 

possessed peaks with a m/z of a myricetin xyloside, 449.0 [M-H](superscript -), that was absent 

in the negative control (Fig 4.6, Fig. S4.4). 
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Figure 4.6: Select regions of extracted ion LC-MS chromatograph and corresponding 

mass spectra for C. x crocosmiiflora GT1 UGT enzyme assays.  (a) Protein derived from E. 

coli expressing a control vector and CxcUGT1 ï CxcUGT14 were incubated overnight with 1 

mM UDP-glucuronic acid, 1 mM NAD+, 1 ɛM purified CxcUXS4, and 100 ɛM myricetin and 

assessed for their ability to form myricetin xyloside (theoretical molecular weight of 450.35).  

Trace shown for each sample is the extracted ion chromatograph for m/z of 449.0 [M-

H](superscript -).  (b) Mass spectral analysis of potential myricetin xyloside enzyme assay 

products.  Numbers next to chromatograph peaks correspond to mass spectra with associated 

number in the top right-hand corner. 
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LC-MS analysis of the enzyme assays for CxcUGT1 ï CxcUGT14 using myricetin-3-

O-rhamnoside as an acceptor and UDP-Glc as a sugar donor showed the product profiles of 

CxcUGT3, CxcUGT4, and CxcUGT6 possessed peaks with the expected m/z of a myricetin-

3-rhamnose glucoside, 625.0 [M-H](superscript -), that were absent in the negative control 

(Fig 4.7, Fig. S4.5). 

 
Figure 4.7: Select regions of extracted ion LC-MS chromatograph and corresponding 

mass spectra for C. x crocosmiiflora GT1 UGT enzyme assays.  (a) Protein derived from E. 

coli expressing a control vector and CxcUGT1 ï CxcUGT14 were incubated overnight with 1 

mM UDP-glucose and 100 ɛM myricetin-3-O-rhamnose and assessed for their ability to form 

myricetin-3-O-rhamnose glucoside (theoretical molecular weight of 626.49).  Trace shown for 

each sample is the extracted ion chromatograph for m/z of 625.0 [M-H](superscript -).  (b) 

Mass spectral analysis of potential myricetin-xyloside enzyme assay products.  Numbers next 

to chromatograph peaks correspond to mass spectra with associated number in the top right-

hand corner. 

 

LC-MS analysis of the enzyme assays for CxcUGT1 ï CxcUGT14 using myricetin-3-

O-rhamnoside as an acceptor and UDP-Xyl as a sugar donor showed the product profiles of 

CxcUGT5 and CxcUGT12 possessed peaks with the expected m/z of a myricetin-3-rhamnose 

xyloside, 595.0 [M-H](superscript -), that were absent in the negative control (Fig 4.8, Fig. 

S4.6). 
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Figure 4.8: Select regions of extracted ion LC-MS chromatograph and corresponding 

mass spectra for C. x crocosmiiflora GT1 UGT enzyme assays.  (a) Protein derived from E. 

coli expressing a control vector and CxcUGT1 ï CxcUGT14 were incubated overnight with 1 

mM UDP-glucuronic acid, 1 mM NAD+, 1 ɛM purified CxcUXS4, and 100 ɛM myricetin-3-

O-rhamnose and assessed for their ability to produce a myricetin-3-O-rhamnose xyloside 

(theoretical molecular weight of 596.49).  Traces shown for each sample is the extracted ion 

chromatograph for m/z of 595.5 [M-H](superscript -).  (b) Mass spectral analysis of potential 

myricetin-3-O-rhamnose xyloside enzyme assay products.  Numbers next to chromatograph 

peaks correspond to mass spectra with associated number in the top right-hand corner. 

 

In assessing the activity of CxcUGT1 ï CxcUGT14 towards the five hypothetical MbA 

intermediates, LC-MS analysis showed that MbA-CXRǋ appeared to have degraded, and the 

peak in the extracted ion chromatograph of 787.5 [M-H](superscript -) was no longer detected.  

The other four hypothetical intermediates produced by breakdown of MbA appeared to be 

intact. However, LC-MS analysis of assays with CxcUGT1 ï CxcUGT14 using MbA-Rǋ, MbA-

Gǋ, MbA-XRǋ, and MbA-CRǋ as acceptors and their corresponding putative sugar donors, UDP-

Rha, UDP-Glc, UDP-Xyl, and UDP-Rha, respectively, did not result in any observed activity 

(Fig. S4.8 ï S4.11).   

To further assess the potential role of the 14 candidate CxcUGTs in the biosynthesis of 

MbA, their ability to catalyze eight different combinations of acceptor and sugar donors was 

analyzed.  While some activity was observed when myricetin and myricetin-3-O-rhamnoside 

were used as acceptors, the conversion detected in overnight assays was very low.  Although 

some GT1 UGTs have been identified through in vitro assays as highly specific (Funaki et al., 

2015), most have been shown to be able to use multiple acceptors from closely related classes 
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of metabolites, or multiple UDP-sugar donors, at reduced levels of activity (Kovinich et al., 

2010; Masada et al., 2009; Song et al., 2015).  Accordingly, the low activity observed in these 

assays suggest the primary catalytic activity of the 14 candidate GT1 UGTs identified through 

the guilt-by-association are not the tested potential MbA biosynthetic reactions. 

 

4.4 DISCUSSION 

 Using transcriptome mining and biochemical approaches, I tested members of the C. x 

crocosmiiflora GT1 UGT family for possible activity in the biosynthesis of MbA.  Plant 

species whose GT1 UGTs have been previously characterized show large families containing 

up to several hundred GT1 UGTs (Barvkar et al., 2012; Caputi et al., 2012; Huang et al., 2015; 

Huang et al., 2009; Jaillon et al., 2007; Khorolragchaa et al., 2014; Paterson et al., 2009; 

Tanaka et al., 2008; Tuskan et al., 2006; Velasco, et al., 2010).  The phylogenetic clustering 

of GT1 UGTs into phylogenetic groups appears to be conserved across the vascular plants with 

previous studies identifying 17 phylogenetic groups, groups A ï Q  (Caputi et al., 2012; Li et 

al., 2001; Li et al., 2014b).  Analysis of the C. x crocosmiiflora transcriptome shows a similar 

pattern of large-scale gene expansion with at least 257 putative GT1 UGTs identified in the 

draft transcriptome and 160 sequences larger than 300 amino acids in length clustering into 15 

phylogenetic groups (Fig. 4.2; Table S4.2).  Interestingly, when compared to phylogenetic 

distribution of GT1 UGTs in other species, the C. x crocosmiiflora GT1 UGT family shows an 

asymmmetric distribution with fewer members in groups E, H, I, K, and L and expansions in 

groups D, F, N, and P.  Surprisingly, the transcriptome did not reveal any CxcUGTs of group 

H, which is different from other plant species.  Characterized group H UGTs of other species 

have been identified as cytokinin glycosyltransferases (Hou et al., 2004; Kudo et al., 2012; 

Wang et al., 2011).  The apparent absence of CxcUGTs in this group could be a result of the 

plant material used for RNA isolation perhaps not including developmental stages of active 

cytokinin metabolism (Sakakibara, 2006), and it may also be possible that group H CxcUGTs 

may be present among the shorter incomplete transcripts that were not included in the 

phylogeny.  Conversely, group D appears to have undergone a substantial expansion with 

approximately a third of CxcUGTs clustering in this group.  The most recently identified 

phylogenetic group, group Q, was identified in an analysis of Z. mays GT1 UGTs (Li  et al., 

2014b).  Analysis of the C. x crocosmiiflora and other monocot GT1 UGT families failed to 
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identify any members of this group.  Interestingly, an expanded phylogenetic analysis of 

CxcUGTs with the seven previously characterized group Q ZmUGTs showed all seven 

sequences clustered in group D (Fig. S4.12). These results contrast with those previously 

reported (Li  et al., 2014b).  Accordingly, based on the current sequence clustering, my results 

support the identification of 16 phylogenetic groups, A ï P, for the GT1 UGT family. 

While phylogenetic analysis has previously been proven to be useful for predicting the 

class of substrate acceptor or UDP-sugar donor used by a given GT1 UGT (Bowles et al., 

2005; Cartwright et al., 2008; Lim et al., 2003), more detailed predictions based on sequence 

phylogenies can be challenging (Hansen et al., 2003; Modolo et al., 2007).  The observed 

difficulty in predicting functions based on sequences alone is likely due to the species-specific 

variation in the evolution of the GT1 UGT family.  Evidence of this species-specific variation 

can be seen in three observations about plant GT1 UGT families. First, examination of 

available characterized GT1 UGT families shows expansion of individual GT1 UGT groups 

appears to have occurred at different rates in different species in a manner that is not correlated 

to genome size (Table S4.2) (Hellsten et al., 2013; Huang et al., 2009; Jaillon et al., 2007; 

Lamesch et al., 2012; Li et al., 2014a; Paterson et al., 2009; Schmutz et al., 2010; Schnable et 

al., 2009; Tanaka et al., 2008; Tuskan et al., 2006; Velasco et al., 2010; Wang et al., 2012).  

Second, within plant genomes, GT1 UGT co-localization within chromosomes is very common 

(Caputi et al., 2012).  Third, within individual phylogenetic groups, it was found that GT1 

UGTs cluster by taxonomy rather than by function (Caputi et al., 2012; Hansen et al., 2003; 

Modolo et al., 2007; Yonekura Sakakibara and Hanada, 2011).  The combination of these three 

observations suggest that the expansion of GT1 UGT families likely occurred through gene 

duplication and subsequent neofunctionalization, resulting in GT1 UGTs utilizing different 

metabolites as acceptors.  Thus, this lineage-specific expansion of GT1 UGTs and subsequent 

acquisition of new functions makes identification of GT1 UGT function by sequence alone 

challenging. 

Instead of solely relying on sequence relatedness as an approach to identify CxcUGTs 

as candidates for involvement in MbA biosynthesis, the work presented in this chapter 

employed a guilt-by-association approach.  A critical component of this approach is the 

identification of different plant tissues, growth stages, or environmental conditions in which 

active biosynthesis, and thus gene expression, of the target metabolite differ.  At the start of 
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the work presented in this chapter, the lack of data available on MbA biosynthesis in 

Crocosmia spp. presented a challenge for ensuring this candidate gene selection approach 

would be successful.  Based on other work in this thesis that developed resources for C. x 

crocosmiiflora, the guilt-by-association analysis was built on two main hypotheses: (i) that the 

expression of MbA biosynthetic genes correlates with MbA accumulation and (ii) that MbA 

biosynthesis genes are actively expressed in the plants used for RNA-sequencing. 

While low levels of in vitro activity were observed with some of the 14 candidate GT1 

UGTs, the low level of activity compared to what would be expected when GT1 UGTs are 

using their primary acceptor substrate suggests that these CxcUGTs are not involved in any of 

the tested putative MbA biosynthetic reactions.  There are at least three possible explanations 

for this negative result.  First, except for myricetin, none of the other tested substrates are 

known to be the in planta true intermediates in the MbA biosynthetic pathway.  Second, the 

use of a Hig-tag did not help improve the functional expression of the UGTs, resulting in lower 

levels of activity.  Third, and the more likely explanation, at least one of the two hypotheses 

employed in the guilt-by-association analysis was incorrect.  Several explanations for the 

breakdown of these hypotheses could exist: (i) observed levels of MbA accumulation was the 

result of prior biosynthesis and subsequent storage, and thus MbA was not being actively 

produced at the time of tissue sampling; (ii) MbA might be produced outside of the corm and 

transported into the corm; (iii) MbA might only be produced in specific tissues or cells within 

the corm and these would have to be isolated to enrich for the relevant transcripts; or (iv) 

patterns of expression of MbA biosynthetic genes may not correlate with patterns of MbA 

accumulation.  While the guilt-by-association approach can still hold true in further efforts to 

elucidate the MbA biosynthetic genes, our understanding of and resources for C. x 

crocosmiiflora must be expanded first to better ensure success of this approach.  Future work 

should focus on identifying specific growth stages, environmental conditions, or cellular 

structures that affect MbA accumulation levels for use as a more accurate model of MbA 

biosynthetic gene expression.  Such an approach is currently being employed by others in the 

Bohlmann lab, who will continue this research.  Future work could also be supported by 

additional approaches to identify the biosynthetic GT1 UGTs.  For example, it may be possible 

that both GT1 UGTs as well as core genes involved in MbA biosynthesis are colocalized in 

the genome, as has been seen for some specialized metabolic pathways (Kliebenstein and 
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Osbourn, 2012; Nützmann and Osbourn, 2014).  If this is the case, GT1 UGTs involved in 

MbA biosynthesis could be identified through sequencing the genomic regions around any 

GT1 UGT or other core genes characterized as part of MbA biosynthetic pathway. 

An alternative approach to identifying a GT1 UGT function would be a reverse genetics 

approach such as producing a knockout or through gene silencing.  However, with a non-model 

system such as C. x crocosmiiflora, such an approach is currently unavailable.  While testing 

a broad range of acceptors and sugar donors for higher levels of activity could be employed to 

identify activity of a GT1 UGT, their common broad substrate specificity can hinder the 

identification of their in vivo substrate (Achnine et al., 2005).  This broad specificity of 

recombinant GT1 UGTs in vitro may not provide insight into the in planta activity as substrate 

availability will also be relevant (Song et al., 2015).  A potentially more efficient approach 

may be to use a physiological aglycone library enriched in C. x crocosmiifloraôs naturally 

occurring aglycones, produced through enzymatic hydrolysis (Bonisch et al., 2014), as a pool 

of acceptor substrates.  However, as the structure of MbA shows, even this approach faces 

difficulties such as identifying the substrates for GT1 UGTs responsible for secondary and 

tertiary glycosylations.  As nine of the CxcUGTs presented here showed activity towards at 

least one flavonoid, future work could focus on screening these recombinant GT1 UGTôs 

activity against C. x crocosmiiflora-specific aglycone libraries in combination with LC-MS 

and NMR analysis to characterize the activities of these GT1 UGTôs in C. x crocosmiiflora. 

 

4.5 CONCLUSION 

The work presented in this chapter identified a large set of members of the C. x 

crocosmiiflora GT1 UGT family and tested the activity of 14 candidate GT1 UGTs that were 

selected through a guilt-by-association analysis for possible roles in MbA biosynthesis.  

Phylogenetic analysis of the C. x crocosmiiflora GT1 UGTs provided insight into the evolution 

of this family as it is the first member of the order Asparagales for which a comprehensive set 

of GT1 UGT sequences has been reported.  Distribution of CxcUGT into gene family 

phylogenetic groups showed a large expansion in group D and an apparent absence of group 

H members.  While minor levels of activity were observed with myricetin and myricetin-3-O-

rhamnoside, these in vitro assays suggested that none of the 14 candidate GT1 UGTs are 

involved in MbA biosynthesis.  As these results may be due to errors in the underlying 
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hypotheses of the guilt-by-association analysis used to identify these candidates, future work 

towards identifying the MbA biosynthetic genes should focus on identifying specific 

conditions that affect MbA accumulation levels for use as a model of MbA biosynthetic gene 

expression. 
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CHAPTER 5: PLASTICITY AND EVOLUTION OF (+) -3-CARENE SYNTHASE AND 

(ī)-SABINENE SYNTHASE FUNCTIONS OF A SITKA SPRUCE MONOTERPENE 

SYNTHASE GENE FAMILY ASSOCIATED WITH WEEVIL RESISTANCE  

 

The monoterpene (+)-3-carene is associated with Sitka spruce resistance against the 

white pine weevil, a major North American forest insect pest of pine and spruce.  High and 

low levels of (+)-3-carene in, respectively, resistant and susceptible Sitka spruce genotypes are 

due to variation of (+)-3-carene synthase gene copy number, transcript and protein expression 

levels, enzyme product profiles, and enzyme catalytic efficiency.  A family of multiproduct 

(+)-3-carene synthase-like genes of Sitka spruce includes the three (+)-3-carene synthases, 

PsTPS-3car1, PsTPS-3car2, PsTPS-3car3, and the (ï)-sabinene synthase PsTPS-sab.  Of 

these, PsTPS-3car2 is responsible for the relatively higher levels of (+)-3-carene in weevil-

resistant trees.  Here, the features of the PsTPS-3car1, PsTPS-3car2, PsTPS-3car3, and PsTPS-

sab proteins that determine different product profiles were identified by a series of domain 

swap and site-directed mutations, supported by structural comparisons.  This work identified 

the amino acid in position 596 as critical for product profiles dominated by (+)-3-carene in 

PsTPS-3car1, PsTPS-3car2, and PsTPS-3car3, or (ï)-sabinene in PsTPS-sab.  A leucine in 

this position promotes the formation of (+)-3-carene, whereas phenylalanine promotes (ï)-

sabinene.  Homology modeling predicts that position 596 directs product profiles through 

differential stabilization of the reaction intermediate.  Kinetic analysis revealed position 596 

also plays a role in catalytic efficiency.  Mutations of position 596 with different side chain 

properties resulted in a series of enzymes with different product profiles, further highlighting 

the inherent plasticity and potential for evolution of alternative product profiles of these 

monoterpene synthases of conifer defense against pests. 

 

5.1 INTRODUCTION  

White pine weevil (Pissodes strobi) is one of the most devastating insect pests of spruce 

(Picea spp.) and pine (Pinus spp.).  Sitka spruce (Picea sitchensis), a conifer species in which 

most genotypes are highly susceptible to weevils (King et al., 2004), is native to the temperate 

rainforest ecosystem of the North American Pacific coast and is also an economically valuable 

forest tree in Europe.  Susceptibility to weevils caused the nearly complete halt of commercial 
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Sitka spruce reforestation in the Pacific Northwest.  However, successful field trials identified 

a few highly resistant Sitka spruce genotypes; most notably genotype H898, which has become 

a focus for research and breeding of conifer resistance to stem boring insects (King et al., 

2004). 

One of the major defenses of conifers against insects is the chemically complex 

oleoresin, which includes dozens of different monoterpenes and diterpene resin acids (Keeling 

and Bohlmann, 2006a; Keeling and Bohlmann, 2006b; Phillips and Croteau, 1999; Zulak et 

al., 2009).  Previous work (Robert et al., 2010) explored the monoterpene and diterpene resin 

acid profiles of Sitka spruce from different geographic regions of the natural distribution where 

trees displayed strong, intermediate, or weak resistance.  Resistance was positively associated 

with higher levels of the bicyclic monoterpene (+)-3-carene (Robert et al., 2010).  

Subsequently, Hall et al. (Hall et al., 2011) used a combination of genomic, target specific 

proteomic, and biochemical approaches to study the basis of variation of (+)-3-carene levels 

in two contrasting genotypes of Sitka spruce, resistant genotype H898 trees with relatively 

high levels of (+)-3-carene and susceptible genotype Q903 trees with trace levels of (+)-3-

carene.  This work identified a small family of (+)-3-carene synthase-like genes in Sitka spruce 

that contains the three (+)-3-carene synthases PsTPS-3car1, PsTPS-3car2, PsTPS-3car3, and 

the (ï)-sabinene synthase PsTPS-sab.  Genotype-specific variations of gene copy number, 

transcript and protein expression, and catalytic efficiencies of members of this family are 

responsible for the difference in (+)-3-carene levels (Hall et al., 2011).  Specifically, the 

genomic presence, transcript and protein expression, and enzyme activity of PsTPS-3car2 

accounted for much of the high levels of (+)-3-carene in the resistant genotype. 

Members of the Sitka spruce (+)-3-carene synthase-like family showed between 82.5 

and 95.7% pairwise amino acid sequence identity.  These four enzymes are multiproduct 

enzymes with the same overall product profile of monoterpenes, however, with different 

relative amounts of individual compounds (Hall et al., 2011).  Most notably, PsTPS-3car1, 

PsTPS-3car2, and PsTPS-3car3 have (+)-3-carene as the predominant product, whereas 

PsTPS-sab forms (ï)-sabinene as the predominant product.  All four enzymes produce Ŭ-

terpinolene as the second most abundant product plus a set of additional minor products (Hall 

et al., 2011) (Table 5.1, Table S5.1).  These similar traits and the particular presence of a (ï)-

sabinene synthase as a closely related enzyme with a group of (+)-3-carene synthases suggested 
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a pattern of divergent evolution in which PsTPS-sab arose from a PsTPS-3car ancestor through 

gene duplication and shift of function (Hall et al., 2011). 

 

 
Figure 5.1: Amino acid sequence alignment of the C-terminal Ŭ-domain of spruce TPS-

3car and TPS-sab enzymes of a family of (+)-3-carene synthase-like monoterpene 

synthases.  The alignment includes protein sequences of (+)-3-carene synthases and (ī)-

sabinene synthase from Sitka spruce (P. sitchensis; PsTPS-3car1, PsTPS-3car2, PsTPS-3car3 

and PsTPS-sab (Hall et al., 2011)); as well as (+)-3-carene synthases from Norway spruce (P. 

abies; PaTPS-3car (Fäldt et al., 2003)) and white spruce (P. glauca; PgTPS-3car (Hamberger 

et al., 2009)).  Amino acids with highlighted with blue background colour are those different 

from the consensus.  A diagrammatic representation of the secondary structures of the C-

terminal domain of the (+)-3-carene synthase-like enzymes is shown with cylinders 

representing Ŭ-helices and ribbons represent loops.  The conserved DDxxD motif is identified 

by the red line.  Positions 595, 596, and 599 in helix J are marked with asterisks.  


