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Abstract A reliable method for measuring disease
progression is important when evaluating susceptibility
in host—pathogen interactions. We describe a sensitive
quantitative polymerase chain reaction (QPCR) assay
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that enables quantitative measurement of in planta
DNA of the necrotrophic pathogen, Phytophthora
cinnamomi, that avoids problems caused by variation
in DNA extraction efficiency and degradation of host
DNA during host tissue necrosis. Normalization of
pathogen DNA to sample fresh weight or host DNA in
samples with varying degrees of necrosis led to
overestimation of pathogen biomass. Purified plasmid
DNA, containing the pScFvB1 mouse gene, was added
during DNA extraction and pathogen biomass was
normalized based on plasmid DNA rather than host
DNA or sample fresh weight. This method is robust
and improves the accuracy of pathogen measurement
in both resistant (non-host A. thaliana—P. cinnamomi)
and susceptible (host Lupinus angustifolius—P. cinna-
momi) interactions to allow accurate measurement of
pathogen biomass even in the presence of substantial
host cell necrosis.

Keywords Arabidopsis thaliana - Internal control -
Lupinus angustifolius - Non-host resistance

Introduction

The oomycetes comprise many destructive plant
pathogens including those employing a biotrophic
lifestyle such as the downy mildews (e.g. Bremia
lactucae, Hyaloperonospora parasitica), white rusts
(4lbugo spp.), the hemibiotrophs (e.g. Phytophthora
infestans, P. sojae) and necrotrophs such as Pythium
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spp. and P. cinnamomi (Hardham 2007). Due to the
global impacts of plant diseases caused by Phytoph-
thora species, it is the most economically important
genus of plant pathogens worldwide (Erwin and
Ribeiro 1996). Among these, P. cinnamomi with a
host range of more than 3000 plant species is
considered to be one of the most pathogenic and
causes considerable damage to natural ecosystems,
agriculture, horticulture and forestry worldwide
(Shearer and Fairman 2007; Rookes et al. 2008;
Brasier 2008; Hansen 2008; Hardham 2005).

Studying interactions between Phytophthora
pathogens and their host plants is an important step
in disease control strategies; however, studying
interactions with native and crop plants is challenging
because of the limited knowledge of their genome
structure. To address this issue model plants such as
Arabidopsis thaliana have been used extensively for
studying various fungal, bacterial and oomycete
pathogen—plant interactions (Glazebrook 2001;
Thomma et al. 2001). However, most Phytophthora
species, including P. infestans and P. sojae, cannot
infect Arabidopsis suggesting that Arabidopsis
exhibits a strong non-host resistance to these species
(Kamoun 2001; Kamoun et al. 1999; Takemoto et al.
2003). Although some ecotypes of A. thaliana are
resistant to P. cinnamomi, this pathogen can infect
both roots and leaves of 4. thaliana, express
virulence and complete its life cycle on some A.
thaliana ecotypes (Robinson and Cahill 2003)
making Arabidopsis an attractive model plant to
investigate mechanisms of resistance to this
necrotrophic Phytophthora species. Although clear
differences between resistant and moderately suscep-
tible ecotypes exist, the limited extent of lesion
development, even on susceptible ecotypes, makes
traditional methods of visual assessment of the
symptoms and spore or colony counting difficult,
particularly in the early stages of infection when
resistance is first being expressed.

To overcome the problems associated with visual
assessments, quantitative polymerase chain reaction
(QPCR) assays have been used in a number of other
pathosystems (Bohm et al. 1999; McCartney et al.
2003; Schaad and Frederick 2002; Schaad et al.
2003). QPCR determination of in planta pathogen
biomass is rapid, sensitive, specific and very efficient
for detecting pathogen biomass even at early stages of
infection when little pathogen biomass exists. Despite
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the benefits of the technique, some inherent problems,
such as the requirement for a reliable normalization
technique, may confound results. Many studies
normalize the amount of pathogen DNA to host
DNA, however, DNA degradation during plant cell
collapse, such as that occurring during infection by a
necrotrophic pathogen, could lead to an overestima-
tion of pathogen biomass. To avoid this, some studies
have chosen to normalize their results to sample
surface area or weight (Brouwer et al. 2003; van Wees
et al. 2003). However, these comparisons are still
confounded by variability in DNA extraction yields
between samples of the same surface area or weight
(Gachon and Saindrenan 2004).

The objective of this study was to develop a
sensitive QPCR assay which can be used to quantify
P. cinnamomi, or other pathogen biomass at all stages
of the necrotrophic pathogen—host interaction by
avoiding problems caused by tissue necrosis including
host DNA degradation and variable DNA extraction
yield between samples. The method is based on the
addition of plasmid DNA as an internal control during
the DNA extraction stage and subsequently normalizing
pathogen biomass using the internal control. Several
animal, human and food studies have previously
described the addition of an internal control for accurate
quantification of target DNA (Damen et al. 2008;
Klerks et al. 2006; Halliday et al. 2010). In this study,
we tested the potential for overestimation of pathogen
DNA when measuring pathogen DNA relative to
sample fresh weight or host DNA without the use of
an internal control, and the efficacy of the use of an
internal control using two different plant—pathogen
interactions, the resistant 4. thaliana—P. cinnamomi
interaction and the susceptible Lupinus angustifolius—P.
cinnamomi interaction.

Materials and methods
Plant materials, growth conditions and inoculation

Arabidopsis thaliana ecotypes Landsberg erecta (Ler)
and Colombia (Col-0) were purchased from Lehle
Seeds (Round Rock, TX). Seeds were planted on the
surface of seed raising mix (Debco, Australia) in 5 cm
free-draining polyurethane pots pre-moistened with
distilled water. Seeds were stratified for 3 days at 4°C
in the dark before being transferred to a growth
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cabinet with a 10/14 hday/night photoperiod with
100 pmol m 2 s ™! at 21+1°C. The pots were watered
every second day. Leaves of four-week old A. thaliana
seedlings were inoculated with 5 ul of 1x10° P
cinnamomi zoospores ml~ ' on the abaxial surface and
pots were transferred into a box which was sealed
with aluminum foil (to maintain high humidity). After
12 h incubation in the dark at 25°C, the seedlings
were transferred to a growth cabinet with a 10/14 h
day/night photoperiod at 21+1°C to allow lesions to
develop. Tissue samples were collected 24, 48 and
72 h after inoculation.

Blue lupin (L. angustifolius L., cv. Mandalup)
seeds were obtained from Department of Agriculture
and Food, Western Australian (DAFWA). Seeds were
surface-sterilized in 70% ethanol for 2 min followed by
immersion in 50% bleach solution (6.25% available
chlorine) for 5 min. The sterilized seeds were germinated
on filter paper pre-moistened with distilled water at 25°C
in the dark for 3 days. The seedlings were transferred to
filter papers pre-moistened with half strength MS
medium (Murashige and Skoog 1962) in plastic Petri-
dishes (14 cm in diameter) and grown for a further
4 days. The seedlings were inoculated by placing a
2 mm diameter plug of P. cinnamomi mycelium at the
tips of roots and covering with filter paper pre-
moistened with sterile distilled water. Mycelial tissue
was removed from the surface of the roots and root
tissue samples collected at 24, 48, 72 and 96 h after
inoculation. It should be noted that different inoculation
procedures were used for Arabidopsis and lupin and
this should be taken into account if comparing the
degree of susceptibility of the two species.

Inoculum preparation

Phytophthora cinnamomi (isolate MP 94.48) was
obtained from the Centre for Phytophthora Science
and Management (CPSM) culture collection at
Murdoch University. The isolate was maintained
on 20% V8-juice agar (Erwin and Ribeiro 1996) at
25°C in the dark and sub-cultured every 7 days.
Preliminary trials found isolate MP 94.48 to show
similar infection characteristics to other P. cinnamomi
isolates tested but was more pathogenic on A4. thaliana
ecotype Ler and more consistently produced zoospores
in culture (data not shown). Phytophthora cinnamomi
zoospores were produced aseptically using the method
described by Byrt and Grant (1979). The zoospore

density was determined using a haemocytometer and
adjusted to a concentration of 1x10° zoospores ml
with sterile distilled water and used for inoculation of
A. thaliana leaves. For genomic DNA extraction, P
cinnamomi hyphae was harvested from patches of 5-
day old hyphae grown on filter papers placed on the
surface of V8 medium.

Plasmid DNA extraction

For the preparation of plasmid DNA, E. coli HB2151
containing the plasmid pScFvB1 (Manatunga et al.
2005) was grown in LB broth medium (Sambrook et
al. 1989) with 50 pg ml™" ampicillin for 24 h at 37°C
with shaking. Plasmid DNA was extracted using the
PureLink™ Quick Plasmid Miniprep Kit (Invitrogen)
following the manufacturer’s instructions.

Plant DNA extraction using plasmid DNA
as an internal control

Eight A. thaliana leaf discs (7 mm in diameter with an
average total weight of 50 mg per eight discs) that
included the entire area of a lesion were collected in a
2 ml tubes 72 h after inoculation. In the case of lupin,
either 50 mg or 100 mg of the infected roots were
weighed for each sample and transferred to a 2 ml
tube. Tissue samples were homogenized using Precellys
24 lysis and homogenizer (Bertin Technologies). DNA
was extracted from the tissue samples using the
Nucleon™ PhytoPure™ Genomic DNA Extraction
Kits (GE Healthcare) according to the manufacturer’s
instructions. Based on a preliminary experiment, 1 ng of
ScFvB1 plasmid DNA was added to all samples just
before the first centrifugation step.

Primer design

Phytophthora cinnamomi primers (forward 5'-GCT
AGC AAG CAC GTA TGA GG and reverse 5'-CGC
CCC AAC TAT ACG ACA AC) were designed for the
PDN gene (FJ493007). Actin (AT3G18780) primers
(forward 5'-CTT GCA CCA AGC AGC ATG AA;
reverse 5'-CCG ATC CAG ACA CTG TAC TTC
CTT) were used for amplification of both 4. thaliana
and lupin genome and the plasmid was detected using
the primers forward 5'-GGA TCG GAC ATC GAG
CTC AC; reverse 5'-CAC TTG AGC TGG CAC
TGC AG. All primers were designed using primer 3
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(v. 0.4.0) software (http://frodo.wi.mit.edu/) and tested
for their specificity by (a) comparing with the genome
sequences of A. thaliana, L. angustifolius, and P.
cinnamomi and (b) running PCR using all other
DNAs used in this study as templates. On the basis
of these analyses the primers were judged to be
specific for their target DNA templates. The P.
cinnamomi primers were designed to be specific to
P cinnamomi and not to bind to other Phytophthora
sequences in Genbank however when used on
samples potentially containing other Phytophthora
species, such as field soil samples, the specificity of
the primers should be experimentally determined.

QPCR amplification

The QPCR assays were conducted using a Light-
Cycler 480 (Roche Applied Science, Mannheim,
Germany). All DNA samples were analyzed by
QPCR assays using the specific primers and SYBR
Green 1 (Roche Applied Science, Mannheim,
Germany). QPCR was performed in a volume of
10 pl containing 5 pM forward primer, 5 pM
reverse primer, 5 pl of 2x SYBR Green 1 Master
Mix and 20 ng of DNA template. Thermal cycling
conditions were as follows; 2 min at 50°C, 2 min at
95°C followed by 40 cycles each consisting of 5 s
at 95°C, and then 10 s at 55°C and 10 s at 72°C.
Melting curve analysis was carried out using the
following program: 95°C for 10 s, followed by a
constant decrease in temperature from 95°C to 55°C ata
rate of 3.3°C per 30 s. The amplification efficiency for
each target gene was checked via the slope of a standard
curve constructed from amplification of 10-fold dilution
series of DNA (10,000 pg, 1,000 pg, 100 pg, 10 pg and
1 pg). The QPCR assay was tested with DNA from pure
tissues of A. thaliana, P. cinnamomi, plasmid, and L.
angustifolius.

Results

Assay specificity and sensitivity

To assess the specificity of primers for the plasmid
pScFvBl1, the primers were tested for amplification in
the presence of DNA from P. cinnamomi, A. thaliana,

or lupin, and in a no-template control. No amplifica-
tion occurred in any of these assays (data not shown).
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Similarly no amplification products were obtained
when the P. cinnamomi specific primer pair
(FJ493007) was used with A4. thaliana, pScFvB1, or
L. angustifolius DNA templates. Amplification with
the plant actin primer pair occurred only in the
presence of A. thaliana DNA or lupin DNA (data
not shown).

To test the sensitivity of amplification with the P
cinnamomi primer pairs and the effect of plant and
plasmid DNA on amplification by these primers, a
series of 10-fold dilutions of P. cinnamomi (ranging
from 10 ng to 1 pg) were prepared. To each PCR
reaction, 200 pg of plasmid DNA and 20 ng of 4.
thaliana DNA were added and QPCR was performed.
In additional, P. cinnamomi (100 pg) was assayed in
the absence of non-target DNA (4. thaliana and
plasmid) as a control. The concentrations of A.
thaliana and plasmid DNA were chosen to give Ct
values ranging from 18 to 20 based on a preliminary
experiment (data not shown). The results showed that
the presence of the plant and plasmid DNA in the
QPCR reaction did not affect amplification of P
cinnamomi DNA over this range of concentrations as
low as 1 pg for P. cinnamomi. Furthermore, amplifi-
cation of 10-fold dilution series of plasmid DNA
(ranging from 1 ng to 0.1 pg) was not affected by the
presence of 20 ng of A. thaliana DNA and 1 ng of P,
cinnamomi DNA compared to controls without non-
target DNA (4. thaliana and P. cinnamomi).The
efficiency of amplifications for P cinnamomi and
plasmid primers were 98% (slope = —3.399; R’=
0.999) and 96.5% (slope = —3.434; R*=0.999),
respectively.

Testing the inhibitory effect of DNA extracts
on plasmid amplification

To determine the presence of PCR inhibitors in the
DNA extracts from the pathogen culture, and plant,
amplification of plasmid DNA (10 pg) was carried out
in the presence of a 10-fold dilution series of P
cinnamomi and 20 ng of A. thaliana DNA. Further-
more, the amplification of plasmid DNA (10 pg) was
also measured in the presence of DNA extracts from
infected A. thaliana leaf samples (eight leaf discs;
around 50 mg) or lupin roots (100 mg) in four
biological samples. The Ct value for amplification of
the plasmid in the absence of P. cinnamomi and A.
thaliana DNA (control) was 19.28, and for amplifi-
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cation of the plasmid in the presence of five dilution
series of P. cinnamomi and 20 ng of infected/non-
inoculated A. thaliana DNA was 19.31 to 19.46, with
the plasmid ACt ranging from 0.03 to 0.18 (Table 1).
The Ct value for amplification of the plasmid in the
presence of infected/non-inoculated lupin DNA
ranged from 19.18 to 19.42 (Table 1). The similarity
in the Ct values shows that the plasmid amplification
was not affected by the presence of A. thaliana, lupin
or P. cinnamomi DNA, nor DNA extracted from
necrotic tissue.

Table 1 Testing the efficiency of plasmid DNA amplification
in the presence of DNA extracts from Phytophthora cinnamomi
culture, inoculated/non-inoculated Arabidopsis or Lupinus
angustifolius tissues with P. cinnamomi using QPCR

Infection® Arabidopsis P. cinnamomi ~ Ct° value for ACt°

DNA DNA (pg) plasmid
- 20 ng 10,000 19.32 0.04
- 20 ng 1,000 19.31 0.03
- 20 ng 100 19.31 0.03
- 20 ng 10 19.32 0.04
- 20 ng 1 19. 34 0.06
+ 20 ng Unknown 19.36 0.08
+ 20 ng Unknown 19.46 0.18
+ 20 ng Unknown 19.34 0.06
+ 20 ng Unknown 19.36 0.08
Lupin DNA

- 20 ng Unknown 19.18 —0.1
- 20 ng Unknown 19.39 0.11
- 20 ng Unknown 19.25 —-0.03
- 20 ng Unknown 19.42 0.14
+ 20 ng Unknown 19.33 0.05
+ 20 ng Unknown 19.22 0.06
+ 20 ng Unknown 19.30 0.02
+ 20 ng Unknown 19.37 0.09
=4 - - 19.28 -

 Infected leaves of A. thaliana or roots of lupin were collected
72 h after inoculation with P. cinnamomi (+) or distilled water (—)

°Ct (threshold cycle) is the number of PCR cycles at which a
fluorescence intensity crosses a threshold set as a statistically
significant increase in the SYBR fluorescence over all reactions
within a plate

°ACt = (Ct of plasmid in samples tested) — (Ct of plasmid
DNA in reactions without Arabidopsis, lupin or P. cinnamomi
DNA)

4 Control is the pure plasmid DNA in the absence of both plant
and pathogen DNA

Using plasmid DNA as an internal control
for measuring pathogen biomass

We demonstrated the efficiency of using plasmid
DNA as the internal control in two different plant—
pathogen pathosystems including the resistant A.
thaliana—P. cinnamomi interaction and the susceptible
L. angustifolius—P. cinnamomi interaction.

The A. thaliana—P. cinnamomi combination

To test the efficiency of this method, we took two
different approaches. In the first approach, either
100 ng or 1,000 ng of P. cinnamomi DNA were added
into tubes containing 0.1, 0.05 or 0.025 g of non-
inoculated A. thaliana leaves and DNA extracted with
the addition of 1 ng of plasmid DNA just before the
first centrifugation step. The concentrations of the
plasmid DNA (1 ng) added to samples were calculated
in such a way that after re-suspending DNA samples in
100 pl of distilled water, the QPCR fluorescence passed
the threshold line (Ct value) close to cycle 20 when
using 20 ng of sample in the PCR reaction.

In the second approach, 0.1, 0.05 or 0.025 g of
non-inoculated 4. thaliana leaves were weighed and
collected in 2 ml tubes. Then, either 0.01 g or 0.005 g
P. cinnamomi hyphae (2-fold differences) was added
to the tubes containing the A. thaliana leaves. One
nanogram of plasmid DNA was then added to each
sample and DNA extraction was carried out as
previously described.

Phytophthora cinnamomi biomass was calculated
based on either plasmid or Arabidopsis DNA using Ct
values according to Gao et al. (2004) with some
modifications as follows:

ACtp_ cinnamomi = Ctp. cinnamomi — CtPlasmid/Ambidops[s

AACt = ACtp, cinnamomi(S1) — ACtp, cinnamomi(S2)

S1 and S2 refer to different amounts of P.
cinnamomi mixed with Arabidopsis leaf samples.

Fold Pc amount = E~#AC! where E is the efficiency
of primer amplification for P. cinnamomi

The results of these approaches are presented in
Table 2. In both approaches, there was no significant
difference between the obtained and the expected
AACt values when the P. cinnamomi DNA amount
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Table 2 Accuracy of QPCR using plasmid as internal control in Arabidopsis thaliana—Phytophthora cinnamomi combination

Plasmid  Arabidopsis P cinnamomi ~ Mean ACt SE ACt AACt E 24¢ EXP. Fold y? Value P Value
DNA (ng) leaf (g) (Fold Pc Amount)
Values based on plasmid as an internal standard
1 0.1, 0.05, 0.025 1,000 ng DNA 2.85 0.24 3.39 9.9 10 0.830 0.362
1 0.1, 0.05, 0.025 100 ng DNA 6.25 0.22
1 0.05 0.01 g hyphae 3.56 0.02 0.77 1.7 2
1 0.025 0.005 g hyphae 2.79 0.16
Values based on Arabidopsis DNA as an internal standard
1 0.1, 0.05, 0.025 1,000 ng DNA 4.97 0.11 3.45 9.94 10 0.771 0.380
1 0.1, 0.05, 0.025 100 ng DNA 8.42 0.22
1 0.05 0.01 g hyphae 2.06 0.18 1.3 2.41 2
1 0.025 0.005 g hyphae 0.76 0.09

ACt = (Ct of P. cinnamomi) — (Ct of plasmid or A. thaliana); the values are the mean of five biological replicates

SE ACt is the standard errors of ACt

AACt is the variation between ACts of P. cinnamomi pairs (either P. cinnamomi DNA or P. cinnamomi hyphae)

E is the efficiency of P. cinnamomi primer amplification (1.95)

was normalized to Arabidopsis DNA (3°=0.771, P=
0.380) or to plasmid DNA (x°=0.830, P=0.362).

The lupin—P. cinnamomi combination

To demonstrate the validity of this method in the
susceptible lupin—P. cinnamomi pathosystem, the above
two approaches were repeated using lupin tissue.

In the first approach, P. cinnamomi DNA (100 ng or
1,000 ng) was added to tubes containing 0.1 g or
0.05 g of non-inoculated lupin root tissue and 1 ng
plasmid DNA added prior to the first centrifugation
step of DNA extraction. In the second approach, P
cinnamomi hyphae (0.01 g or 0.002 g) were added into
tubes containing 0.1 g or 0.05 g of non-inoculated
lupin root tissue. The results for analysis of the lupin-
P. cinnamomi combination are presented in Table 3.

In both approaches, there was no significant differ-
ence between the obtained and expected A ACt values
when the P. cinnamomi DNA amount was normalized
to lupin (x°=0.845, P=0.358) or plasmid DNA (y°=
0.841, P=0.359) showing that in samples with no
pathogen infection, normalization to plasmid DNA is a
valid method of pathogen biomass quantification.

Measurement of pathogen biomass in infected plants

The results showed that the relative amount of pathogen
can be measured according to either plasmid or plant
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DNA as internal controls in the absence of an infection
when pathogen DNA or hyphae is added to the plant
DNA extraction. To answer the question of whether
degradation of host DNA in infected tissue would lead to
an overestimation of pathogen biomass when normalized
to plant DNA, we conducted the following experiment.

Arabidopsis thaliana and lupin were grown and
inoculated as described. 50 mg of A. thaliana leaf
(eight discs; 7 mm in diameter) were collected as a
biological sample from infected areas of inoculated
leaves. Five independent biological samples were
assessed for pathogen biomass quantification. For
lupin, either 50 mg or 100 mg of infected root tissue
was collected in 2 ml tubes and eight independent
biological samples collected. DNA extraction was
conducted as described previously. Relative pathogen
biomass was measured based on both plant and
plasmid DNA. The results showed that there was
considerable overestimation when pathogen biomass
was calculated based on plant DNA for both the A.
thaliana—P. cinnamomi and lupin—P. cinnamomi
pathosystems. In all infected samples tested, there
were differences between ACt values when normal-
ization was based on host DNA compared to that of
based on plasmid DNA. The calculated overestima-
tion (EfAACt) of pathogen biomass for Arabidopsis
samples ranged from 1.56 to 3.19 fold (Table 4).
Overestimation of pathogen biomass for the lupin
samples was much greater than that of Arabidopsis
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Table 3 Accuracy of QPCR using plasmid as internal control in Lupinus angustifolius—Phytophthora cinnamomi combination

Plasmid Lupin P. cinnamomi Mean ACt SE ACt AACt E22¢ EXP. Fold »* Value P Value
DNA (ng) root (g) (Fold Pc Amount)

Values based on plasmid DNA as an internal control

1 0.1, 0.05 1,000 ng DNA 1.87 0.11 3.33 9.42 10 0.841 0.359
1 0.1, 0.05 100 ng DNA 5.20 0.07

1 0.1, 0.05 0.01 g hyphae -1.89 0.09 2.34 4.82 5

1 0.1, 0.05 0.002 g hyphae —4.23 0.16

Values based on lupin DNA as an internal control

1 0.1, 0.05 1,000 ng DNA 0.33 0.16 3.51 10.58 10 0.845 0.358
1 0.1, 0.05 100 ng DNA 3.83 0.19

1 0.1, 0.05 0.01 g hyphae —3.41 0.34 2.35 4.85 5

1 0.1, 0.05 0.002 g hyphae =575 0.26

ACt = (Ct of P. cinnamomi) — (Ct of plasmid or lupin); the values are the mean of five biological replicates
SE ACt is the standard errors of ACt
AACt is the variation between ACts of P. cinnamomi pairs (either P. cinnamomi DNA or P. cinnamomi hyphae)

E is the efficiency of P. cinnamomi primer amplification (1.95)

Table 4 Measurement of Phytophthora cinnamomi DNA in infected samples collected from the resistant Arabidopsis thaliana—P.
cinnamomi pathosystem and susceptible lupin— P. cinnamomi pathosystem

Sample Total DNA yield (ng)  Values based on plant DNA  Values based on plasmid DNA  AACt EAACt
amount ACt = CtPc_CtAt/Lupin ACt = Ctpc—Ctp]asmid

Arabidopsis—P. cinnamomi

50 mg (8 leaf discs) 17.1 7.12 8.16 -1.05 2.03
50 mg (8 leaf discs) 21.1 7.20 7.87 —0.67 1.56
50 mg (8 leaf discs) 19.6 7.78 8.71 -0.93 1.88
50 mg (8 leaf discs) 10.3 6.96 8.54 —-1.58 2.90
50 mg (8 leaf discs) 9.7 6.84 8.55 -1.72 3.19
lupin—P. cinnamomi
50 mg 6.1 10.21 5.95 —4.26 17.72
50 mg 33 10.17 6.34 -3.83 13.32
50 mg 8.0 11.29 7.44 -3.86 13.55
50 mg 8.2 11.59 7.98 -3.61 11.42
100 mg 37.0 12.30 8.95 -3.35 9.59
100 mg 24.7 10.63 7.97 —2.66 6.03
100 mg 20.1 9.27 6.54 -2.73 6.32
100 mg 254 6.31 3.35 -2.96 7.40

Ct (threshold cycle) is the number of PCR cycles at which a statistically significant increase in the SYBR fluorescence (greater than
background) can be detected

ACt is the variation between the mean of five Ct values obtained after amplification of P. cinnamomi DNA and the mean of Ct values
obtained after amplification of A. thaliana or plasmid DNA

AACt is the difference between ACt of P. cinnamomi based on Arabidopsis DNA and ACt of P. cinnamomi based on plasmid DNA
E is the efficiency of P. cinnamomi primer amplification (1.965)

E 24Ct s the fold pathogen biomass difference between ACt values obtained for P cinnamomi using either Arabidopsis or plasmid

DNA as internal control
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ranging from 6.03 to 17.72 fold (Table 4). This high
overestimation range in lupin root occurs since P,
cinnamomi extensively infested lupin root tissues
within 72 h causing considerable tissue necrosis.
These results suggest that the calculation of pathogen
biomass based on plant DNA can be misleading
(usually overestimated) in situations where extensive
plant cell death has occurred, such as during infection
by necrotrophic pathogens.

Differences between DNA yield during DNA
extraction

There were some variations between DNA yields
during DNA extraction in both lupin and Arabidopsis
samples (Table 4). DNA yields for Arabidopsis leaves
ranged from 9.7 to 21.1 pg when eight discs per
sample were used for DNA extraction. In the case of
lupin, the DNA yield was from 3.3 to 8.2 pg and 20.1
to 37.0 pg from 0.05 g to 0.1 g of infected root tissue,
respectively. These results showed that normalization
of pathogen biomass only based on tissue weight or
tissue surface area can generate biased results. Adding
plasmid as an internal control during DNA extraction
makes it possible to normalize not only DNA
extraction yield but also relative pathogen biomass.

Relative and total measurement of pathogen biomass
over time in susceptible/resistant hosts

Leaves of four-week-old A. thaliana ecotypes; Ler and
Col-0 were inoculated with P. cinnamomi zoospores as
described. For each ecotype, five biological samples
were collected and snap frozen at 24, 48 and 72 h after
inoculation. Each biological sample was a bulk of four
randomly chosen infected leaf discs (7 mm in
diameter). QPCR was conducted and relative and total
pathogen biomass calculated as follows:

Relative pathogen biomass

= [pathogen DNA amount in sample (pg)]/
[plasmid DNA amount in sample (pg)].

Total pathogen biomass in initial sample

= pathogen DNA in reaction (pg) X

plasmid dilution factor

@ Springer

Plasmid dilution factor

= plasmid amount used in DNA extraction (pg)/

plasmid amount in QPCR reaction (pg).

There were considerable differences in relative
pathogen biomass between ecotype Ler and Col-0
when pathogen DNA was normalized to host DNA
(Fig. 1a). Ecotype Col-0 was highly resistant to P
cinnamomi and showed no significant differences
among relative pathogen DNA over the different time
points; whereas ecotype Ler was moderately suscep-
tible to P. cinnamomi, showing a significant (P=
0.001) increase in pathogen DNA between 24 and
72 h (Fig. 1a).

There was a significant (P<0.001) difference
between the two ecotypes (Ler and Col-0) of A4.
thaliana with regard to total pathogen biomass. In
ecotype Ler, the total pathogen biomass reached
3.7 ng pathogen DNA in 72 h compared to 1.1 ng
in ecotype Col-0 (Fig. 1b).

Root tips of 4-day-old blue lupin (L. angustifolius)
seedlings were inoculated using P. cinnamomi myce-
lial plugs. Root samples (0.1 g) were collected at 24,
48, 72 and 92 h after inoculation. QPCR results
revealed that lupin was highly susceptible to P.
cinnamomi showing a large increase in pathogen
biomass in the course of 24 h. Relative pathogen
biomass reached more than 7 ng within 96 h (Fig. 1c).

In lupin, pathogen growth was much faster than
that in A. thaliana and total pathogen biomass reached
335 ng by 72 h (Fig. 1d). The results of relative
pathogen biomass (normalized based on plasmid) and
total pathogen biomass were highly (»=0.98 P<
0.001) correlated. The visual assessments of lesion
size (Fig. le and f) supported the QPCR results
(Fig. 1a and c).

Discussion

Early detection and quantification of pathogen bio-
mass is one of the essential steps for determination of
disease resistance. To date, several QPCR assays have
been developed to detect different oomycete patho-
gens in planta such as Phytophthora infestans and
Phytophthora citricola (Béhm et al. 1999), Phytoph-
thora capsici (Silvar et al. 2005), P. cinnamomi (Kong
et al. 2003), and other pathogens (Lievens et al. 2006;
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Brouwer et al. 2003). In these QPCR assays, the
pathogen biomass was measured and normalized
either to host plant DNA or the sample surface or
weight of collected sample. However, measurement of
the pathogen biomass relative to the amount of plant
DNA may lead to an overestimation of pathogen
biomass especially at late stages of infection, where
host DNA degradation is often associated with host
cell death (Brouwer et al. 2003; van Wees et al. 2003).
Furthermore, the validity of pathogen biomass
measurements based on sample surface or weight
may also be significantly affected by variable DNA
extraction yield between the samples (Gachon and
Saindrenan 2004).

The use of host plant DNA for normalisation of
pathogen biomass was shown to lead to overestimation
of growth of P cinnamomi, in both resistant (4.
thaliana) and susceptible (lupin) interactions. More-
over, the degree of overestimation was shown to be
related to the degree of tissue necrosis, as susceptible
lupin, with extensive tissue necrosis, showed a higher
impact on the accuracy of pathogen DNA quantifica-
tion than resistant Arabidopsis (Fig. 1). The occurrence
of overestimation during the quantification of in planta
levels of necrotrophic pathogens relative to plant DNA
has been suggested previously; however, solutions
including normalizing pathogen DNA according to
tissue weight or surface area were implemented in
some pathosystems (Brouwer et al. 2003; van Wees et
al. 2003). In our study, DNA yield was shown to vary
considerably in samples for which the equivalent
amount of starting tissue was used, even when the
degree of disease did not differ significantly according
to lesion size suggesting the potential for inaccuracy in
relative pathogen quantification.

To address these issues as they relate to the
Arabidopsis—P. cinnamomi pathosystem, a QPCR
based assay that enables the measurement of both
relative and total amount of P. cinnamomi was
developed. The method described in this study where
1 ng of plasmid DNA was added during DNA
extraction, accounted for the variation in DNA yields
and enabled the calculation of the total amount of
pathogen DNA present in the initial leaf or root
sample. Furthermore, the broad dynamic range of the
QPCR technique allowed useful information to be
gained from both resistant/moderately susceptible
interactions (e.g. A. thaliana—P. cinnamomi) where
pathogen biomass may remain low throughout the
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experiment and susceptible interactions (e.g. L.
angustifolius—P. cinnamomi) where in planta patho-
gen biomass may reach high levels.

The results demonstrating the utility of adding an
internal control DNA during sample DNA extraction
are in accordance with previous results from several
studies investigating human and animal systems
(Damen et al. 2008; Beld et al. 2004; Erdner et al.
2010). In a recent study, Diguta et al. (2010) also
noted the potential for inaccuracy of pathogen
quantification using normalization to host DNA or
sample fresh weight and they added intact yeast,
Yarowia lipolitica, as an internal control prior to DNA
extraction for detection of the fungal pathogen
Botrytis cinerea on grapes. However, variation in the
efficiency and reproducibility of a given DNA
extraction method for extracting the yeast DNA may
still influence the accuracy of pathogen quantification.
The use of previously purified and quantified plasmid
DNA in the methods described in this study avoids
this possible additional variation. Plasmid DNA was
chosen as the internal control because a) the small
size of the plasmid requires a little amount of plasmid
(1 ng) to be added to each sample, and b) a QPCR
target sequence within the plasmid can be selected
that has no homology to either host or pathogen to
ensure the specificity of the primers. The plasmid
used in this study contains the mouse ScFvBlI
sequence and thus should be useful for a wide range
of plant—pathogen systems, having no significant
homology in known plant and fungal genomes. We
showed that plant and plasmid DNA in the QPCR
reaction did not affect amplification of pathogen
DNA over a range of different concentration as low
as 1 pg and similarly that plasmid DNA amplifica-
tion was not affected by extracts from P cinna-
momi, plant host or necrotic tissue in the QPCR. The
use of internal controls in the form of intact bacteria
containing plasmid vector or plasmid DNA have
been successfully demonstrated in several studies
quantifying human or animal diseases/pathogens
(Damen et al. 2008; Klerks et al. 2006; Halliday et
al. 2010).

In conclusion, we demonstrate the potential for
overestimation of pathogen biomass both in resistant
interactions, with limited pathogen growth and necro-
sis, and susceptible interactions, with a high degree of
necrosis, when pathogen DNA is normalized to either
sample weight or host DNA. The addition of plasmid
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DNA into the biological samples during DNA
extraction was an efficient way to overcome issues
of variation in DNA extraction efficiency and degra-
dation of host DNA. This method described herein
should be applicable to a wide range of plant—
pathogen systems.
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