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Eucalyptus species synthesize a wealth of polyketide natural products, but no relevant

biosynthetic enzyme has been identified. Degenerate primers designed from conserved

regions of fourteen chalcone synthase superfamily enzymes were used to isolate gene

fragments from at least five different Type III polyketide synthases (PKSs) in

E. camaldulensis and E. robusta.

Medicinal plants have been used for thousands of years

in the treatment of numerous ailments.1 Modern analytical

techniques have been used to identify bioactive compounds in

plant extracts and approximately 25% of today’s medicines

are derived from plant natural products.2 Plant-derived poly-

ketides such as curcuminoids (curcumin) and flavonoids

(genistein, quercetin, resveratrol) are well-known complementary

therapies, with a growing body of evidence vis-à-vis their

usefulness as anti-inflammatory and anticancer agents.3,4

However, acylphloroglucinols, which make up the bioactive

constituents of both modern and traditional therapies, have

received comparatively little attention.

A number of plant species produce a wide variety of

phloroglucinol derivatives. The diversity of natural phloro-

glucinols comes both from the priming acyl-CoAs and elongating

acyl-CoAs used, and the transformations occurring after poly-

ketide synthesis. For example, phloroglucinol natural products

may be monomeric, dimeric, trimeric, or modified by prenyla-

tion or O- or C-glycosylation. These varied phloroglucinols

have many known bioactivities including anti-feedant, anti-

fungal, antibiotic, antitumor, antimalarial, antidepressant,

anti-dementia, antiviral, antioxidant, and anti-inflammatory

or anti-allergy activities.5

The phloroglucinol components of bioactive plants were

generally discovered by analyzing organic solvent fractions of

plant material. Searching databases of scientific literature

uncovered a number of target plants across a wide range of

species, and in nearly all cases, chemical characterization of

the phloroglucinol natural products was not followed by

investigation to discover the related biosynthetic enzymes.

Acylphloroglucinol compounds may be formylated or acyl-

phloroglucinol-terpene adducts (e.g. euglobals andmacrocarpals).

Eucalypt polyketide natural products are known to be antiviral,6,7

antibacterial,8 anticancer,9 and cariostatic (inhibit the growth

of bacteria that cause tooth decay),10,11 and Eucalypts

have been used by the Aboriginal people of Australia for the

treatment of colds, influenza, toothache, snakebites, fevers,

and other ailments.12 However, there has been no cloning of

relevant genes. Here we report the development of an effe-

cient strategy for cloning and characterizing Type III PKS

genes that are likely responsible for the synthesis of these

acylphloroglucinols.

The Type III PKSs are the smallest and simplest PKS

enzymes. They exist as homodimers with a molecular weight

of approximately 80 000–90 000 Dalton.13 In spite of their

simplicity, Type III PKSs produce a variety of aromatic products

with single or multi-ring structures including stilbenes, pyrones,

napthalenes, phloroglucinols, chromones and curcuminoids.

The best-studied plant Type III PKSs are the chalcone

synthases, which are involved in the synthesis of precursors

to defensive compounds and pigments. Among the various

Type III PKSs, only two acylphloroglucinol-producing enzymes

from plants have been studied in significant detail: isovalero-

phenone synthase from Humulus lupulus14 and PKS1 from

Hypericum perforatum,15 which synthesize isovalerophenone

and the precursor to hyperforin, respectively. Trees of the

genus Eucalyptus represent a group of plants in which acyl-

phloroglucinols are particularly abundant.

Two Eucalyptus species were chosen as inital targets for

Type III PKS discovery. Eucalyptus robusta produces the

dimeric and monomeric acylphloroglucinols Robustaol A

and B, respectively, as well as the acylphloroglucinol-terpene

adducts Robustadial A and B (Fig. 1).12 The leaves of

E. robusta are used to produce an antimalarial medicine,

‘‘Da Ye An,’’ in China, and also to treat bacterial illnesses

and dysentery.12,16 Eucalyptus camaldulensis, or red gum, was

chosen as the second target species. It is an abundant tree also

known to produce acylphloroglucinol-terpene adducts.17

Detection of genes by PCR is a commonly used strategy in

environmental and clinical molecular biology.18 By incorpora-

ting genetic diversity into a primer, it can hybridize with a

variety of related target gene sequences, in this case unknown

members of the chalcone synthase (CHS) family from various

medicinal plants. Fourteen enzymes in the plant Type III PKS

family, representing a broad spectrum of catalytic activities

(Fig. S1), were used as the templates for degenerate primer

design (details on degenerate primer design are given in the ESIw).
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Six regions of homology were identified from Clustal W

alignment19 of the Type III PKS mRNA sequences and

used to design three sets of nested degenerate primers. The

primers for amplifying the smallest fragment of approximately

400 nt were also designed such that the important residues

Thr-197 and Gly-256 (M. sativa CHS2 numbering) would

be represented (Fig. S2). The amino acids at those posi-

tions modulate active site volume and their identities suggest

the substrate preference and elongation number of a Type III

PKS.20

To validate the degenerate primers designed in this study,

Type III PKSs from Hypericum perforatum, also known as St.

John’s Wort, were isolated (see details in the ESIw). St. John’s
Wort is a medicinal plant and extracts of its aerial parts are

still commonly used for the treatment of mild to moderate

depression, and four Type III PKSs were identified from this

plant.21 Nested degenerate PCR was performed on a cDNA

library prepared from H. perforatum var. Topas seedlings

germinated on Murashige-Skoog media, and resulted in gene

fragments from three enzymes: H. perforatum chalcone

synthase, benzophenone synthase, and a previously uncharac-

terized chalcone synthase family enzyme.

Specimens of the target plants Eucalyptus camaldulensis var.

Silverton Province and Eucalyptus robusta were obtained for

study. Briefly, the collected leaf tissue was flash-frozen in

liquid nitrogen and crushed, and total RNA was extracted

from the plant tissue and used to create cDNA libraries. This

cDNA was used as the template for nested PCR. At each

stage, PCR products were analyzed by agarose gel electro-

phoresis, and in the initial step, an amplification of a fragment

of the abundant mRNA for RuBisCo (Ribulose-1,5-bis-

phosphate carboxylase oxygenase) was also used as a control.

The first and second amplifications did not result in bands of

the expected size, with the exception of the RuBisCo control,

but the final amplification gave a fragment of the appropriate

size (B400 nt). The fragments were then digested and ligated

into a vector for sequencing. The absence of product bands

until the third nested PCR indicates the need for this strategy

due to low abundance of the mRNAs of interest in Eucalyptus.

A total of 94 clones and 27 clones were sequenced from the

cDNA libraries created from the leaves of E. camaldulensis

and E. robusta, respectively. Depending on the threshold

(i.e. the number of different amino acids in the cloned DNA

fragments), the number of different genes could range from

5 to 97. If the threshold in the validation experiment was used

as a reference (i.e. genes with 80% sequence identity are

considered the same), the identified DNA fragments could

be classified into 11 groups, representing 11 unique putative

Type III PKSs genes (Table S4). To make it more stringent,

these 11 groups can be further consolidated into 5 groups

(PKS1-5) according to the characteristic residues (see below).

Representation of each group ranged from 1 to approximately

50 clones. Also, in each group, one of the three conserved

catalytic triad residues seen in all known Type III PKSs (His)

was present, as well as a highly conserved threonine residue

(CHS Thr-197 equivalent).

Based on the translated sequence, specifically on the

Gly-256 (M. sativa chalcone synthase numbering) equivalent

and nearby residues, the activity of a new Type III PKS could

be inferred. Enzymes utilizing coumaroyl-CoA as the priming

acyl-CoA (chalcone synthase and stilbene synthase enzymes)

typically possess a glycine at the equivalent of CHS Gly-256,

and a DGH (Asp-255, Gly-256, His-257) pattern, indicating

that PKS4 likely represents CHS or STS enzymes. Benzophenone

synthases possess a TAH pattern, which is shared by PKS2.22

Fig. 1 Polyketides and polyketide-terpene adducts from E. robusta.

Fig. 2 Alignment of Type III PKS fragments from five distinct enzymes discovered in this work. Catalytic histidine residue is marked in red.

The CHS Thr-197 and CHS Gly-256 equivalent residues are marked in blue.
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Two enzymes possessed unusual residues at those locations:

AGH was seen in PKS1, and AAH for PKS5.

The translated sequence of PKS3 shows that it possesses

the residues EGQ at the CHS Asp-255, Gly-256, His-257

equivalent positions. Clustal W alignment of representative

translated sequences from each group is shown in Fig. 2, and

highlights the diversity present among these five putative Type

III PKS enzymes. The phylogenetic relationships among the

Type III PKS fragments is given in ESI Fig. S6w.
To further validate the cloned putative Type III PKS

fragments, RACE-PCR (rapid amplification of cDNA ends-

polymerase chain reaction) was used to clone the full-length

gene of a member in the PKS1 group, EC2 (see ESIw). The
resulting full-length gene consists of 1170 nucleotides, which

corresponds to 389 amino acid residues. The gene was cloned

into the pET26b(+) vector and expressed as a soluble protein

in E. coli. Bioinformatic analysis indicates that the catalytic

triad residues (Cys, His, Asn) of Type III PKSs are all present

in this protein. Further biochemical characterization is in

progress.

Conclusions

In this study we developed a PCR-based screening method

able to identify novel Type III PKSs in medicinal plants.

Initial results from screening Eucalyptus species have been

promising, and led to the identification of gene fragments from

at least five putative Type III PKS enzymes between E. robusta

and E. camaldulensis, including two enzymes which appear to

be conserved in both species. Bioinformatic studies allowed us

to identify one putative benzophenone synthase and three

putative chalcone or stilbene synthases. RACE-PCR was used

to obtain the full-length gene for one Eucalyptus Type III PKS

and further biochemical characterization is under way. In

the future the acylphloroglucinol synthase enzymes present in

E. robusta and E. camaldulensis may be isolated by biochemical

characterization of the Type III PKS enzymes identified in

this work.
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