


 

Figure continued on the following page.   
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Figure S5.  The phytochemical analyses of Os-cps4 relative to its wild type:  A) CuCl2 leaf exudate, LC-MS.  
B) Root exudates, not induced, LC-MS/MS.  C) CuCl2 leaf tissue, LC-MS/MS.  D) MeJa root exudates, LC-
MS/MS.  E) CuCl2 root exudates, LC-MS/MS (Momilactone content shown in Figure 3D).   
The phytochemical analyses of Os-cps4i:  F) MeJa spray root exudates, LC-MS/MS (Momilactone content 
displayed Figure 3B).  G) CuCl2 root exudates, LC-MS/MS.    
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CHAPTER FOUR:  INVESTIGATING MOMILACTONE BIOSYNTHESIS 

 

Abstract 

 Using CRISPR/Cas9 genome editing in rice, five rice genes were knocked out in 

planta that were expected to be involved in momilactone biosynthesis based on past 

metabolic engineering experiments: OsCPS4, OsKSL4, OsKOL4, OsCYP76M7&M8 (double 

knockout), OsMS1, and OsCYP99A2.  OsCPS4, OsKSL4, and OsCYP99A2 are all 

incorporated into a biosynthetic gene cluster believed to be involved in momilactone 

biosynthesis.  All of these genes decreased momilactone production to varying degrees 

when knocked out which gives further confidence that these genes are indeed involved 

in momilactone biosynthesis.   

 

Introduction 

Momilactones act as allelochemicals against other plant species encroaching on 

the territory claimed by a rice plant (Xu et al., 2012; Kato et al., 1973).  They also play 

some role in rice defense against pathogens.  There are two known momilactones, A 

and B, in rice (Cartwright et al., 1981).  These momilactones differ in the presence of a 

lactol ring in B where there is a carbonyl in A (Figure 1).  The momilactones are 

presumed to be derived from syn-pimara-7,15-diene since they only differ from this 

carbon backbone in the placement of oxygenated species.  Syn-pimara-7,15-diene is 

derived from syn-CPP by OsKSL4, and syn-CPP is cyclized from GGPP by OsCPS4 (Wang 
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et al., 2010).  The enzymes used to build momilactones have been studied in E. coli 

through metabolic engineering, but have remained to be extensively studied in planta. 

The exact order and enzymes used in planta after syn-pimaradiene is a little less clear, 

though metabolic engineering does give some ideas.   

 There are two biosynthetic gene clusters in rice involved in diterpenoid 

biosynthesis.  These clusters are sets of genes close in proximity to each other in the 

genome that are involved in a similar purpose.  There is a 170 kilobase gene cluster on 

the fourth chromosome in rice (Sakamoto, 2004) that contains OsCPS4, OsKSL4, 

OsCYP99A2, OsCYP99A3, and OsMS1 (formerly known as Momilactone A synthase or 

OsMAS) (Figure 2).  Knowing that OsCPS4 and OsKSL4 are the enzymes that generate the 

precursors to the momilactones, it is hypothesized that the remaining genes in this 

biosynthetic gene cluster are involved in momilactone synthesis.   

Previously a double RNAi knockdown of the genes OsCYP99A2 and OsCYP99A3 

showed a decrease in momilactone levels, leading us to believe that at least one of these 

enzymes is involved in momilactone biosynthesis (Shimura, et al., 2007).  OsCYP99A3 

acts on syn-pimara-7,15-diene, making syn-pimaradien-19-oic acid (Figure 3), that can 

act as a precursor to form the lactone ring common to both momilactones (Wang et al., 

2010). Later on using recombinant expression, OsCYP99A2 was shown to be able to 

perform the same reaction as OsCYP99A3 on syn-pimaradiene (Kitaoka et al., 2015).  

OsMS1 acts on syn-pimara-7,15-diene, making the penultimate intermediate to 

momilactone A (Shimura et al., 2007).  OsMS1 can also catalyze the final reaction to 

create momilactone A from 3β-hydroxy-syn-pimaradien-19,6,β-olide; though the 

homologous OsMS2, also found in the chromosome 4 biosynthetic gene cluster, can 
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catalyze this step more efficiently according to recent kinetics data (Miyamoto et al., 

2016; Kitaoka et al., 2016).   

Other genes not in the chromosome 4 biosynthetic gene cluster also appear like 

they may be involved in momilactone biosynthesis.  OsCYP701A8, also known as 

kaurene oxidase like (OsKOL) enzyme 4, also acts on syn-pimara-7,15-diene to place a 

hydroxyl at the 3β position; this is the same position as the hydroxyl in momilactone B 

and as a ketone in momilactone A (Kitaoka and Wu et al., 2015) (Figure 4).  OsCYP76M8 

can hydroxylate syn-pimaradiene at the C6β position (Figure 5) and this could be 

important to form the lactone ring at this position in the momilactones (Wang et al., 

2012).  OsMS3 and Monocot I (OsMI3) 3, also could catalyze the same final step to form 

momilactone A as OsMS1 and OsMS2 (Kitaoka et al., 2016).   

Therefore these ten genes: OsCPS4, OsKSL4, OsCYP99A2, OsCYP99A3, OsCYP76M8, 

OsKOL4, OsMS1, OsMS2, OsMS3, and OsMI3 are crucial targets for gene knockouts in 

order to understand momilactone biosynthesis.  A knockout of any one of these genes 

should negatively affect the production of momilactones.  Five of these have been 

individually knocked out in this project and their diterpenoid content analyzed; 

OsCYP99A3, OsMS2, OsMS3, and OsMI3 remain to be transformed into rice, and 

OsCYP76M8 was knocked out in tandem with OsCYP76M7.   

 

Results 

 Data for OsMS1 and OsCYP99A2 was analyzed for CuCl2 leaf tissue extracts, while 

the remaining gene knockouts were analyzed using CuCl2 root exudates.  These are the 

same experiments that were performed for these lines throughout the dissertation.   
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The Os-ksl4 line had significantly decreased momilactones (Figure 6).  The Os-

cyp99a2 line is knocked down in momilactones and increased in oryzalexins (Figure 7).  

Both Os-kol4 lines are significantly decreased in both momilactone A and B though 

some still remains of each (Figure 8).  Both Os-ms1 lines show a decrease in 

momilactones, though only one is significant (Figure 9).  There is no change in either 

the phytocassanes or oryzalexins for the Os-ms1 lines.  Os-cyp76m7&m8 had a complete 

knockout of momilactone B and a knockdown in momilactone A as well.  Meanwhile, the 

single knockout line of Os-cyp76m7 had no change in momilactone production (Figure 

10).       

 

Discussion 

 The extreme knockdown in both momilactones A and B the Os-ksl4 line shows 

the necessity of OsKSL4 in momilactone production.  This aligns with what has 

previously been shown that OsKSL4 is the enzyme responsible for syn-pimaradiene 

production.  There are trace amounts of momilactones in every sample, which means 

that another KSL could be making negligent amounts of syn-pimaradiene.  The 

knockdown in momilactones by the Os-cyp99a2 leads to the conclusion that OsCYP99A2 

is also involved in momilactone biosynthesis, presumably alongside its tandem partner 

OsCYP99A3.  It cannot yet be ruled out that OsCYP99A2 is not redundant in action to 

OsCYP99A3.  A follow-up experiment would be to finish the Os-cyp99a3 knockout, and 

then look at a double knockout of the two genes.  A knockdown in momilactone 

production by a knockout of OsKOL4 shows that OsKOL4 does typically act as the 3β 

hydroxylase in both momilactone A and B production; however, clearly OsKOL4 is not 
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the only enzyme capable of catalyzing this reaction as there are still momilactones A 

and B in the rice root exudates.  The fact that little difference occurred from the Os-ms1 

lines displays that OsMS1 is not necessary for momilactone production, and is probably 

redundant in its roles with OsMS2 and OsMS3.  By looking at the single knockout Os-

cyp76m7 and comparing it to the double knockout of Os-cyp76m7&m8, we can say with 

reasonable confidence if OsCYP76M8 is necessary for the production of the 

momilactones, but OsCYP76M7 isn’t used in the process of building them.   
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Figures 
 

 

Figure 1.  Momilactone A (left) and momilactone B (right).   

 

 
Figure 2.  The biosynthetic gene cluster on chromosome 4 in rice contains 1 CPS, 1 KSL, 2 SDRs, and 2 
CYPs.   
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Figure 3.  The sequential reactions performed by OsCYP99A3 on syn-pimaradiene.   
 
 

 
 

 
Figure 4.  OsKOL4 acts on syn pimaradiene to add a 3β hydroxyl group.   
 

 
Figure 5.  OsCYP76M8 hydroxylates syn-pimaradiene at the C6β position.   
 

 
Figure 6.  LC-MS/MS analysis for momilactones Os-ksl4.  ** indicates a p-value < 0.01.     
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Figure 7.  LC-MS/MS analysis of phytoalexins in Os-cyp99a2.  * indicates p-value < 0.5.  ** indicates p-
value < 0.01.   
 

 
Figure 8.  LC-MS/MS analysis of momilactones in Os-kol4.  ** indicates p-value < 0.01.   
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Figure 9.  LC-MS/MS analysis of momilactones in the Os-ms1.  No change was seen in the phytocassanes 
or oryzalexins, and therefore they are not shown here.  ** indicates p-value of < 0.01.   
 

 
Figure 10.  LC-MS/MS analysis of momilactones in Os-cyp76m7&m8 double knockout (middle/red) with 
Os-cyp76m7 single knockout (right/green).  ** indicates p-value of < 0.01.    
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CHAPTER FIVE: INVESTIGATING ORYZALEXIN BIOSYNTHESIS 

 

Abstract 

 Four rice genes expected to be involved in oryzalexin biosynthesis based on 

previous metabolic engineering experiments were knocked out in planta: OsKSL10, 

OsCYP76M7&M8 (double knockout), OsCYP701A8/OsKOL4, and OsMS1.  Unfortunately, 

due to fiscal strains, data was unable to be obtained for an induction that produces 

ample amounts of oryzalexins.  However, two gene knockouts that were not expected to 

be involved in oryzalexin biosynthesis, Os-cyp99a2 and Os-cyp76m7, showed higher 

detectable amounts of oryzalexins leading to new hypotheses about their reactivity 

with substrates in the oryzalexin biosynthesis pathway.   

 

Introduction 

 Oryzalexins are a class of phytoalexins derived from ent-sandaracopimaradiene 

which in turn is formed from ent-CPP by OsKSL10, and ent-CPP is cyclized from GGPP by 

OsCPS2 (Otomo et al., 2004).  OsCPS1 also cyclizes the same reaction as OsCPS2 but was 

previously thought to be set apart for GA biosynthesis.  Oryzalexin S has a different base 

structure and a very different biosynthesis pathway and therefore will not be discussed 

in this chapter with the other oryzalexins.  In this work, when discussing oryzalexins, 

the author is referring to the oryzalexins A-F only.  Oryzalexins A, C, D, and E were able 
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to be isolated in this project; oryzalexins B and F remain to be found and confirmed in 

the current LC-MS/MS method.   

 In addition to the biosynthetic gene cluster on chromosome 4 in rice mentioned 

in chapter four, there is another biosynthetic gene cluster on chromosome 2 associated 

with the derivatives of ent-CPP (Prisic, 2004).  This 245 kb biosynthetic gene cluster 

includes the genes OsCYP76M6-8, OsKSL7, OsCYP71Z6-7, OsCPS2, OsKSL5, and OsKSL6 

(Figure 1).  The oryzalexins, phytocassanes, and oryzalides are derived from ent-CPP, 

and genes found in this gene cluster have been found to help build all three of these 

classes of compounds (Wu et al., 2011, 2013).   

Great work has been done through metabolic engineering in E. coli to elucidate 

the biosynthetic pathways of the oryzalexins.  OsCYP701A8/OsKOL4 acts on ent-

sandaracopimaradiene by adding a hydroxyl group at the 3α position (Wang et al., 

2012; Wang and Okada et al., 2012) (Figure 2).  3α-hydroxyl-ent-sandaracopimaradiene 

acts as the substrate for the two P450s OsCYP76M6 & M8.  OsCYP76M6 takes 3α-

hydroxyl-ent-sandaracopimaradiene and hydroxylates at the 9β position to form a diol 

known as oryzalexin E (Figure 3).  OsCYP76M8 takes 3α-hydroxyl-ent-

sandaracopimaradiene and hydroxylates at the 7β position to form a diol known as 

oryzalexin D (Figure 4).  OsCYP76M5 can also perform the same reaction as OsCYP76M8 

with 3α-hydroxyl-ent-sandaracopimaradiene (Wu et. al, 2013).  Oryzalexin D is the 

precursor to oryzalexins A, B, and C.  OsMS3, from the same family as OsMS1 and OsMS2, 

can catalyze the dehydrogenase reactions necessary to go from oryzalexin D to 

oryzalexins A, B, and C, while OsMS1 and OsMI3 have been shown to be able to oxidize 

oryzalexin D to become oryzalexin B (Kitaoka et al., 2016) (Figure 5).  It is not currently 
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known the exact path taken to biosynthesize oryzalexin F, though presumably it could 

be made from 3α-hydroxyl-ent-sandaracopimaradiene as well since it only differs by a 

single hydroxyl group added to the C18 carbon (Figure 6) (Peters, 2006).  

 Therefore these nine genes are crucial targets for gene knockout in order to 

understand oryzalexin biosynthesis in planta:  OsCPS2, OsKSL10, OsCYP76M8, 

OsCYP76M6, OsCYP76M5, OsCYP701A8/OsKOL4, OsMS1, OsMS3, and OsMI3.  Five of these 

genes have been targeted in this project; work has also been done on OsCYP76M5, 

OsCYP76M6, and OsMS3, nevertheless these gene knockouts were not completed in time 

for the write-up of this dissertation.  OsCYP76M8 was not knocked out alone, it was 

simultaneously knocked out with OsCYP76M7.  Work has also been started to construct 

a single gene knockout for OsCYP76M8.  

 

Results 

 The oryzalexins in general are hard to find from rice extracts.  They were most 

easily found in CuCl2 induced leaf extracts (Figure 7).  Unfortunately, the project ran out 

of money hours before CuCl2 leaf tissue extracts were finished being prepared for 

analysis and they are currently resting in a -80°C freezer awaiting the day they can 

present the realities of their metabolic profile to the scientific world. Because of this, 

barely discernable amounts of oryzalexins were quantified in the CuCl2 root exudates, 

and the error bars are near to the base line.  However, if oryzalexins were upregulated, 

this would be noticeable.   
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Os-kol4, Os-ms1, Os-cyp76m7&m8, and Osksl10 had no change in the level of 

oryzalexins (Figures 8 & 9).    However, two gene knockouts had an upregulation in 

oryzalexins, which was detectable: Os-cyp99a2 and Os-cyp76m7 (Figure 10).   

 

Discussion 

 Data was not obtained for oryzalexin B, which is the final product OsMS1 creates.  

So the lack of any change in observable oryzalexins is no surprise.  Though oryzalexin C 

can be derived from oryzalexin D, it can also be derived from oryzalexin A, so it is 

understandable that oryzalexin C content was not affected by Os-ms1.  If the LC-MS/MS 

method can be further optimized to isolate oryzalexin B, there will probably be a 

noticeable change in this oryzalexin content.  

 For all the genes in which decreased production was expected and no actual 

change was seen, it is assumed that this is because of the difficulty in finding 

oryzalexins in the rice extracts.  For OsKSL10 we also garner confidence that it is still 

the generator of ent-sandaracopimiradiene because the CR knockout has an increase in 

the phytocassane content.  This metabolic flux toward ent-cassadiene is what would be 

expected from an Os-ksl10 knockout if there were no other generator of ent-

sandaracopimaradiene.   

 We currently cannot detect and verify oryzalexin F on the LC-MS/MS.  But once it 

is found it will be important to look at Os-kol4, because it seems likely that this gene will 

be directly involved in oryzalexin F biosynthesis and Os-kol4 will severely inhibit if not 

knockout oryzalexin F biosynthesis.  And since it also seems likely that, similar to 

oryzalexin E, its biosynthesis is not tied to the biosynthesis of any of the other 
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oryzalexins, little information can be gained by looking at how gene knockouts affect 

the other five oryzalexins.   

If oryzalexins are increased when OsCYP76M7 is knocked out, then the most 

reasonable explanation is that OsCYP76M7 acts on a precursor to the oryzalexins to 

form a different compound, and when it is knocked out, metabolic flux drives the 

production of oryzalexins.  The known diterpene substrate used by OsCYP76M7 is ent-

cassadiene, not ent-sandaracopimaradiene, even though its subfamily member 

OsCYP76M5, 6, and 8 can hydroxylate ent-sandaracopimaradiene (Wang and Okada et 

al., 2012).  However, since it is known that the universal precursor to oryzalexin 

biosynthesis after ent-sandaracopimaradiene is 3α-hydroxyl-ent-

sandaracopimaradiene, it is reasonable to hypothesize that OsCYP76M7 might act on 

3α-hydroxyl-ent-sandaracopimaradiene.   

As seen in the previous chapter, Os-cyp99a2 had a large increase in oryzalexins 

relative to the wild type.  This was not due to metabolic flux from syn to ent 

stereochemistry diterpenoids, because the amounts of phytocassanes were unchanged 

(Chapter 4, Figure 7).  This would lead to the conclusion that OsCYP99A2 directly acts 

on the precursors for oryzalexins.  Oryzalexin F has a C18 hydroxyl group.  Since 

OsCYP99A2 has been shown to act on C19 for syn-pimaradiene, it is not hard to believe 

that it could act on the same position for ent-sandaracopimradiene (or 3α-hydroxyl-ent-

sandaracopimaradiene) to catalyze the final step in the biosynthesis of oryzalexin F 

(Figure 11).  Once oryzalexin F is verified in the LC-MS/MS method, then this 

hypothesis can be tested.   
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Figures 

 

 
Figure 1.  The biosynthetic gene cluster in rice that contains some of the enzymes necessary for 

oryzalexin, oryzalide, and phytocassane biosynthesis.  Genes that are colored in black are those 
that are induced by chitin, the polysaccharide in fungal cell walls.   
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Figure 2.  OsKOL4 hydroxylates on the 3α position of ent-sandaracopimaradiene, the precursor to the 

oryzalexins.   
 

  
Figure 3.  OsCYP76M6 acts sequentially after OsCYP701A8 to form oryzalexin E.   
 

 
Figure 4.  OsCYP76M5&M8 can hydroxylate the product of OsKOL4 with ent-sandaracopimaradiene to 
form oryzalexin D.    
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Figure 5.  The oryzalexin biosynthesis pathway from oryzalexin D through oryzalexins A and B to 
oryzalexin C.   
 

 
Figure 6.  The structure of oryzalexin F with the numbering scheme for each carbon.   
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Figure 7.  LC-MS/MS analysis of various induction methods on different tissues of Kitaake rice looking 
for the oryzalexins.  Two methods allow for quantifiable amounts of oryzalexins with reasonable error 
bars, CuCl2 leaf tissue, and MeJa root exudates.   
 

 
Figure 8.  LC-MS/MS analysis of the oryzalexin content in Os-ms1, Os-ksl10, Os-kol4, and Os-cyp76m7&m8.   
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Figure 9.  LC-MS/MS analysis of the oryzalexin (left) and phytocassane (right) contents in Os-ksl10.  * 
indicates a p-value of < 0.05.   
 
 

 
Figure 10.  LC-MS/MS analysis for oryzalexins in Os-cyp76m7 CuCl2 root exudates (left) and Os-cyp99a2 
CuCl2 leaf tissue extracts (right).  * indicates p-value < 0.05.    
 

 
Figure 11.  The proposed pathway for the biosynthesis of oryzalexin F in rice.    
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CHAPTER SIX: INVESTIGATING PHYTOCASSANE BIOSYNTHESIS 

 

Abstract 

 CRISPR/Cas9 knockouts of OsKSL7, OsCYP701A8/OsKOL4, OsCYP76M7, and 

OsCYP76M8 were built, and the phytocassane contents analyzed on an LC-MS/MS.  Os-

ksl7, Os-cyp701a8, and a double knockout of Os-cyp76m7&m8 had a reduction in the 

amount of phytocassanes produced, whereas the Os-cyp76m7 knockout had no change 

in phytocassanes.   

 

Introduction 

 Phytocassanes are a group of rice phytoalexins derived from ent-cassa-12,15-

diene. There are six known phytocassanes, A-F, that share the same ent-cassadiene 

backbone.  Ent-cassa-12,15-diene is formed from ent-CPP by OsKSL7. Ent-CPP, as 

described in the previous chapter, is cyclized by OsCPS2 from GGPP (Peters, 2006).  Ent-

cassa-12,15-diene can be acted upon by both OsCYP76M7 and OsCYP701A8.  OsCYP76M7 

is a C11α-hydroxylase for ent-cassa-12,15-diene (Swaminathan et al., 2009) as well as 

OsCYP76M8 (Wang and Okada et al., 2012), while OsCYP701A8 is a C3α-hydroxylase for 

ent-cassa-12,15-diene.  Both alcohols are components of every phytocassane, though 

neither OsCYP701A8 nor OsCYP76M7 can use as a substrate the direct product of the 

other enzyme (Wang et al., 2012).  OsMS1, OsMS2, and OsMS3 do not appear to be 

relevant to the oxidation of the 11α-hydroxyl cassadiene hydroxylated by OsCYP76M7/8 
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to form the 11-keto group that is in every phytocassane, though they might play a 

different role in phytocassane biosynthesis by oxidizing at another position (Kitaoka et 

al., 2016).   

OsCYP71Z7 catalyzes a 2α-hydroxylation (Kitaoka and Wu et al., 2015) that 

presumably occurs after the hydroxylations of OsCYP76M7/M8 and OsCYP701A8 based 

on unpublished OsCYP71Z7 RNAi data that down-regulated the production of 

phytocassanes A, B, and D (those containing a 2α hydroxylation), while up-regulating 

production of phytocassanes C and E (those without 2α hydroxylation) ten times higher 

than that of the wild type (Okada, 2011).  This idea of downstream hydroxylation is 

reinforced by kinetics data that shows that OsCYP71Z7 binds poorly to ent-cassa-12,15-

diene (Wu et al., 2011).  A study comparing Oryza sativa with the species Leersia 

perrieri (Lp), which lacks the OsCYP71Z7 ortholog, showed that Lp produced 

phytocassanes C and E, but not phytocassanes A, B,  and D, consistent with the 

OsCYP71Z7 RNAi data (Miyamoto et al., 2016) (Figure 1).   

Therefore, in order to adequately understand the pathway for biosynthesis of all 

the phytocassanes, it is necessary to knock out the genes OsCYP701A8/OsKOL4, 

OsCYP76M7, OsCYP76M8, OsCYP71Z7, OsCPS2, and OsKSL7.  These are only the beginning 

portions of the pathway; other genes than these 6 are likely involved in the full tailoring 

of the phytocassanes.   All of these genes have been knocked out in this project, save for 

a single mutant of OsCYP76M8 and OsCYP71Z7, but work has begun even on these genes.   
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Results 

 The two homozygous Os-ksl7 lines were significantly decreased in 

phytocassanes, but not entirely gone (Figure 2).  Os-cyp701a8/Os-kol4 had significantly 

decreased phytocassanes in one out of two homozygous lines (Figure 3).  The Os-

cyp76M7 homozygous line had no significant change in total phytocassane content 

(Figure 4).  Meanwhile, the homozygous double knockout Os-cyp76m7&m8 had a 

decrease in the phytocassanes (Figure 5).   

 

Discussion 

 The presence of phytocassanes in Os-ksl7 is concerning, because this implies that 

ent-cassadiene is being produced despite the missing KSL7 enzyme.  Other KSLs 

(perhaps one yet to be found in the genome) must be producing ent-cassadiene in 

planta, though which KSL is the culprit is unknown at this time.    As to the necessity of 

OsKOL4 in phytocassane production, since the phytocassanes are decreased, but not 

knocked out, it would appear that there is another enzyme catalyzing the same reaction 

as OsKOL4 in planta.  This further supports what was discovered from the Os-kol4 

momilactone data, and it is probable that this similar enzyme to OsKOL4 is acting both 

in momilactone and phytocassane biosynthesis.  Nevertheless, the fact that there is a 

reduction in phytocassanes further lends support to the hypothesis that OsKOL4 is 

involved in phytocassane production to some degree.   

 The knockout in phytocassane production by Os-cyp76m7&m8 supports the 

hypothesis that these two P450s act as the C11 hydroxylases needed to form all of the 

phytocassanes.  However, the data from Os-cyp76m7 is surprising in that not a single 
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phytocassane was significantly decreased.  This implies that OsCYP76M8 is more than 

competent to generate all of the 11-keto-ent-cassadiene on its own without OsCYP76M7.  

Perhaps it is the primary, even the only, actor in C11 alpha hydroxylation of ent-

cassadiene.  The completion of the Os-cyp76m8 and its metabolic characterization will 

either lend its support or discredit the idea of whether OsCYP76M8 is the only actor or if 

just one of the two genes is needed.   
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Figures 

 
Figure 1.  The biosynthetic pathway of the phytocassanes.  Dashed lines indicate the presence of the 
action of unknown enzymes.   

 

 
Figure 2.  LC-MS/MS analysis for the phytocassanes in Os-ksl7.  * indicates a p-value of < 0.05.  
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Figure 3.   LC-MS/MS analysis for the phytocassanes in the Os-kol4.  * indicates a p-value of < 0.05.  
 

 
Figure 4.  LC-MS/MS analysis for the phytocassanes in the Os-cyp76m7.  

 

 
Figure 5.  LC-MS/MS analysis for the phytocassanes in Os-cyp76m7&m8.  * indicates a p-value of < 0.05. 

0

10000000

20000000

30000000

40000000

50000000

60000000

70000000

80000000

90000000

100000000

Io
n

 C
o

u
n

t

Phytocassanes

Kit WT CuCl2
Root exudates

CRKOL4-6

CRKOL4-7-1

*

0

50000000

100000000

150000000

200000000

250000000

300000000

350000000

400000000

450000000

500000000

Io
n

 C
o

u
n

t

Phytocassanes

Kit WT CuCl2
Root exudates

CRM7-7-1

0

10000000

20000000

30000000

40000000

50000000

60000000

70000000

80000000

Io
n

 C
o

u
n

t

Total Phytocassanes

Kit WT CuCl2
Root exudates

CRM7&M8-10-2

*



 

 

98

 

CHAPTER SEVEN:  CONCLUSION AND FUTURE DIRECTIONS 

 

Conclusion 

 The utility of investigating metabolite production of rice enzymes in planta has 

clearly been demonstrated here.  By analyzing in planta metabolite data, novel 

biosynthetic pathways have been hypothesized, such as is the case with OsCYP99A2; 

insight has been gained into the possibility of additional hidden enzymes with similar 

catalytic activity, such as is the case with OsKOL4; and further confirmation for previous 

hypotheses have been established.   

 

Future directions 

There are still many genes in momilactone, oryzalexin, and phytocassane 

biosynthesis that need to be investigated in order to understand the biosynthesis of 

these defense compounds, namely: the OsCYP76M subfamily that share similar 

identities in sequence, yet have widely varying activities, and have been shown already 

to be involved in defense diterpenoid biosynthesis, OsCYP76M5, OsCYP76M6, 

OsCYP76M8, OsCYP76M14, OsCYP76M17; the SDRs, OsMS2, OsMS3, as well as the whole 

tandem SDR array on chromosome 7; OsKOL5, which is similar to OsKOL4 yet has not 

shown any activity in recombinant expression experiments; and OsCYP99A3, which is 

similar to OsCYP99A2 and contained within the chromosome 4 momilactone 

biosynthetic gene cluster, and has already been linked to momilactone biosynthesis.  
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These are the targets of any future efforts to complete our lacking understanding of the 

rice genome’s arsenal against pathogens with these classes of diterpenoids.   

Oryzalexin B and oryzalexin F, as well as the oryzalides, remain at large in the 

rice extraction and isolation method using the LC-MS/MS.  One way to possibly find the 

oryzalides is to look at Os-ksl6, which is involved in forming the precursor to the 

oryzalides, and comparing it on the LC-MS to the wild type, analyzing it to see what 

peaks drop out on the knockout.  This could illuminate not only where the oryzalides 

are in the samples, but also what the intermediates are in their production.   

In fact, using this method of analysis in combination with the different 

knockouts, the intermediates could also be found on the LC-MS or perhaps in 

combination with the GC-MS, rather than merely totaling the final products.  This would 

allow a final ordering of the sequence of enzyme action in production of these 

diterpenoids to be elucidated.  Finally, this method of analysis could allow us to find the 

final unknown products of certain genes like OsKSL5 and OsKSL11.    


