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Camalexin is the key phytoalexin in Arabidopsis thaliana and crops such as Camelina sativa. It is typically quantified by
liquid chromatographic methods using camalexin dilutions as external standards. Alternatively, 6-fluoroindole-3-carboxal-
dehyde (6-FICA) is used as an internal standard with the advantage that identical conditions can be used for the analyte
and standard, but two detectors are needed (ideally fluorescence for camalexin; UV for 6-FICA). We established an easy
method to use readily available, cheap thiabendazole as a novel internal standard, facilitating the use of a fluorescence
detector for standard and analyte for fast, reliable camalexin quantification in samples of diverse biological origin.
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Introduction

Phytoalexins are ubiquitous, specialized plant metabolites
of low molecular weight, derived from various metabolic
pathways and accumulate in response to pathogen infec-
tions, having defensive antioxidative and antimicrobial
activities against various pathogens (e.g., Ahuja et al. 2012;
GroBkinsky et al. 2012b; Jeandet 2018). The indole deriva-
tive camalexin [[UPAC: 2-(1 H-indol-3-yl)-1,3-thiazole]
was originally identified as a phytoalexin in the crop Came-
lina sativa (Browne et al. 1991) and is now well-established
as the key phytoalexin in Arabidopsis thaliana (Glawis-
chnig 2007; Tsuji et al. 1992). Camalexin has been stud-
ied as an important part of inducible defence in response to
infections with pathogens, such as Pseudomonas syringae,
Alternaria alternata, Botrytis cinerea, or Hyaloperonospora
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parasitica (e.g., Kliebenstein et al. 2005; Mert-Tiirk et al.
2003; Nguyen et al. 2022a; Schuhegger et al. 2007; Tsuji et
al. 1992) and of induced systemic resistance mediated by
beneficial microbes (Li et al. 2024; Nguyen et al. 2022a,
b), revealing antimicrobial activities to control pathogen
spread (Chassot et al. 2008; Liao et al. 2022; Rogers et al.
1996). Components of the biosynthetic pathway of cama-
lexin and related regulatory elements have been identified in
A. thaliana (e.g., Glawischnig 2007; Li et al. 2022; Rawat
et al. 2023; Schuhegger et al. 2006; Zook 1998). Further-
more, camalexin has been studied in relation to phytoalexin
detoxification mechanisms in certain pathogens (Pedras
and Khan 2000; Stefanato et al. 2009). In addition to their
functions in specific plant—pathogen interactions, the poten-
tial use of phytoalexins including camalexin for increasing
plant resistance to pathogens is being studied, e.g., by opti-
mizing their activities or introducing phytoalexins into other
plant species to expand their pathogen resistance (Ahmed
and Kovinich 2021; GroBkinsky et al. 2012b). Interest-
ingly, the cytotoxicity of camalexin is not limited to only
microbial cells; it can also restrict cancer cell proliferation
(Sierostawska and Rymuszka 2023; Smith et al. 2013) and
may thus have medical applications (Ahmed and Kovinich
2021). Therefore, the biological functions of camalexin, its
regulation and biosynthesis are important research areas,
which require reliable procedures for extracting and quan-
tifying camalexin in numerous samples needed to compare
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treatments and/or different genotypes. However, no com-
mon method for determining camalexin has been used
(Beets and Dubery 2011), and methods are often based on
external standardization (Bréard et al. 2022; Kopriva et al.
2023). Hence, methods for the robust extraction and reliable
determination of camalexin are desirable.

Analytical methods can benefit from the use of inter-
nal standards in comparison to sole external quantification
(McNally et al. 2015) because both analyte and standard are
processed identically during extraction and analyzed using
the same chromatographic conditions (e.g., matrix effects).
Nevertheless, only a few methods have used external stan-
dards for camalexin determination because of the challenge
of finding an appropriate internal standard. Indolepropi-
onic acid [IUPAC: 3-(1 H-indol-3-yl)propanoic acid] has
been used for GC-MS analyses (Mishina and Zeier 2006)
and 6-fluoroindole-3-carboxyaldehyde (6-FICA; TUPAC:
6-fluoro-1 H-indole-3-carbaldehyde) for HPLC analysis
(GroBkinsky et al. 2014; Kottb et al. 2015; Loeffler et al.
2005; Raacke et al. 2006; Saga et al. 2012), which are pri-
marily deployed for camalexin determination (Beets and
Dubery 2011). Although 6-FICA appears to be a suitable
internal standard, it requires a UV detector, whereas cama-
lexin is ideally detected via fluorescence.

Considering known procedures, we aimed to facilitate
camalexin determination via HPLC by implementing a novel
internal standard with similar structural properties (Fig. 1),
namely, thiabendazole [TBZ; IUPAC: 4-(1 H-1,3-benzodi-
azol-2-yl)-1,3-thiazole], allowing the use of a fluorescence
detector for both internal standard and analyte. Furthermore,
TBZ is readily available and relatively cheap compared to
authentic camalexin used for external standardization and
to 6-FICA for internal standardization. The TBZ-based
method was developed for one HPLC system using plants of
A. thaliana inoculated with a bacterial pathogen. To verify
the method, we used an independent HPLC system to ana-
lyze C. sativa treated with silver nitrate. Here we present an
easy and robust extraction method for camalexin and sub-
sequent HPLC determination using TBZ as a novel internal
standard.
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Fig. 1 Chemical structure of camalexin, the novel internal standard
thiabendazole (TBZ) and previously used standard 6-fluoroindole-
3-carboxyaldehyde (6-FICA). Chemical structures were drawn with
the MolView application (https://molview.org/)
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Materials and methods
Plant materials and treatments

Arabidopsis thaliana ecotype Col-0 was grown in growth
chambers at 18 °C to 22 °C, 8 h day/16 h night for 6 to
8 weeks (GroBkinsky et al. 2012a). Then, fully expanded
leaves were inoculated with 10° cfu/ml Pseudomonas syrin-
gae pv. tomato DC3000 (PtoDC3000) by injection with
a needleless syringe to induce camalexin production and
incubated in the growth chamber. Leaves of a minimum of
10 replicate plants were harvested at 0 h post inoculation
(0 hpi; non-inoculated control) and at 24 and 48 hpi, snap-
frozen in liquid nitrogen and stored at — 80 °C until used for
extractions.

Camelina sativa cv. Celine was grown in a greenhouse
at 20 °C to 25 °C, 12 h day/12 h night for 4 weeks, then
sprayed with 5 mM AgNO; with 0.05% v/v Tween 20 as
described for inducing camalexin biosynthesis in A. thali-
ana (Bottcher et al. 2009). Plants were incubated for 2
days more in the greenhouse. Leaves were sampled from
untreated plants and 24 h and 48 h after AgNO; treatment,
snap-frozen in liquid nitrogen and stored at — 80 °C until
used for extractions. Each sample consisted of three biologi-
cal replicates.

Camalexin extraction

Leaf material was ground in liquid nitrogen. After we
reviewed published procedures (Beets and Dubery 2011;
GroBkinsky et al. 2014), we modified the method of
GroBkinsky et al. 2014 for the extraction protocol. Cama-
lexin was extracted using 80% v/v methanol, then up to
500 mg of ground material was combined with 250 pl
6-FICA (200 pg/ml in 80% methanol; Loeffler et al. 2005)
and/or 50 ul TBZ (20 pg/ml in 80% methanol); 80% metha-
nol was added to the sample for a final volume of 1.25 ml.
Samples were vortexed, then incubated for 30 min at 4 °C,
and centrifuged (30 min, 4 °C, 20,000 x g). If any debris
remains in the supernatant after centrifugation, extracts can
be passed through regenerated cellulose filters to remove
the debris. Supernatants were then used for HPLC analysis.
6-FICA (98% purity) and camalexin (>98% purity, HPLC)
were purchased from Sigma-Aldrich and methanol (gradi-
ent grade for LC) from Merck.

HPLC analyses

Two independent HPLC systems were tested using the
same conditions. The first system tested was an UltiMate
3000 (Dionex, Sunnyvale, CA, USA) including a tempered
autosampler unit (8 °C). Camalexin (excitation at 318 nm,
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emission at 370 nm) and TBZ (excitation at 300 nm, emis-
sion at 350 nm) were detected via a fluorescence detector,
6-FICA (absorption at 280 nm) with a UV detector. The
standard curve (linear fitting) was generated using 10 ul of
standard dilutions of authentic camalexin (0.005, 0.01, 0.02,
0.05,0.1,0.2,0.5, 1, 2, and 5 pg/ml) and samples containing
0.8 ug/ml TBZ and/or 40 pg/ml 6-FICA as internal standards
were loaded onto a Dionex Acclaim 120 C-18 reversed-
phase column (5 pm, 4.6 X250 mm) set to 30 °C, and eluted
at a flow rate of 1 ml/min with mobile phase A consisting
of methanol-water—acetic acid (50:49.9:0.1) and mobile
phase B consisting of methanol-acetic acid (99.9:0.1) for
chromatographic separation. The elution consisted of a lin-
ear gradient from 0 to 100% of mobile phase B in 15 min,
with 100% mobile phase B maintained for 5 min. The col-
umn was then equilibrated with 100% mobile phase A for
9 min before each analytical run. Under these conditions,
the retention times were 11.07 min for camalexin, 5.34 min
for TBZ, and 7.25 min for 6-FICA. Peak areas were quanti-
fied using Dionex Chromeleon software (version 6.80). An
extended standard curve and exemplary chromatograms of
standards and samples are shown in Supplementary Fig. 1.
The robustness of the method was verified using an Agi-
lent 1100 HPLC (Agilent Technologies, Santa Clara, CA,
USA) with an Agilent ZORBAX Eclipse Plus C-18 col-
umn (5 pm, 4.6 X 150 mm) using the same conditions and
chromatographic settings as for the first HPLC. Retention
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Fig. 2 Mean (£ SD) camalexin levels in Arabidopsis thaliana leaves
at various hours post inoculation (hpi) with Pseudomonas syringae
pv. tomato DC3000 based on two internal standards using (a) 6-FICA
and TBZ as internal standard and (b) at 48 hpi using FICA and TBZ
together or separately as internal standards. Means are for four inde-
pendent extractions

times were 8.49 min for camalexin and 2.99 min for TBZ.
The obtained chromatograms and relevant peak areas were
analyzed using the Chem Station HPLC software (Agilent
Technologies). The standard curve and exemplary chro-
matograms of standards and samples are shown in Supple-
mentary Fig. 2.

Results
Quantification of camalexin levels

To prove the suitability of TBZ as an internal standard, we
first aimed to detect and quantify camalexin induced in
response to the infection of 4. thaliana with PtoDC3000.
In untreated leaves, levels of camalexin in A. thaliana were
always below the detection limit. At 24 hpi, approximately
0.1 ng/g FW of camalexin was quantified, indicating that
camalexin biosynthesis had been induced. By 48 hpi, cama-
lexin had increased greatly (1.8 pg/g FW, Fig. 2a). No
significant differences between the two standards in quan-
tifying camalexin levels were found for any analyzed time,
verifying the suitability of TBZ as an internal standard to
determine camalexin levels. Furthermore, quantifications
with both internal standards were comparable to previously
reported camalexin levels (Mishina and Zeier 2006; Simon
et al. 2010), indicating that the quantified levels of cama-
lexin were physiologically reasonable.

To test the potential influence of the varying addition of
the internal standards to different extracts, we compared
the results of 48-hpi samples supplemented with TBZ or
6-FICA alone or with both standards (four replicates each).
No significant differences were detected in relation to the
addition of one or both internal standards and with respect
to the internal standard used for quantification (Fig. 2b).
Thus, the results obtained from quantifications with TBZ
as the internal standard for camalexin determination can be
considered reasonable and reliable.

Reproducibility of camalexin extraction and
recovery rates

The reproducibility of the extraction method using TBZ as an
internal standard was tested using 10 leaf samples (250 mg
FW each) from A. thaliana at 48 hpi with PtoDC3000 that
were extracted in parallel. Camalexin levels in these sam-
ples appeared highly reproducible (Supplementary Table 1)
with an average of 1.75 pg/g FW camalexin and relative
standard error of 1.18%. The stability of the method was
further supported by the recovery of authentic camalexin
that was added to the samples before extraction. For mim-
icking physiological camalexin levels at 24 and 48 hpi
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with ProDC3000 (Fig. 2a), 9-160 pl of authentic standard
(2.8 pg/ml) were added to non-inoculated samples (0 hpi),
which corresponded respectively to 0.0252 pg and 0.448 pg
camalexin per extract. The average recovery based on
four replicates was 85.77% with a relative standard error
of 0.01% for the lower concentration and 101.24% with a
relative standard error of 0.01% for the higher concentra-
tion. Differences between the theoretical and recovered
camalexin amounts for the lower concentration may be the
result of higher relative losses during extraction and higher
variations due to pipetting smaller volumes. Nevertheless,
the quantity extracted was reproducible with high recovery
rates.

Reproducibility of HPLC measurements

For validating the reproducibility of HPLC measurements,
three subsamples from each of three extracts, each from a
250 mg FW sample of leaves from A. thaliana at 48 hpi with
PtoDC3000, were analyzed with the HPLC. For the three
measurements of the three extracts, an average of 1.82, 1.71,
and 1.66 pg/g FW of camalexin was detected with relative
standard errors of 0.68%, 0.85%, and 0.51%, respectively.
Furthermore, for all samples, the average retention time for
TBZ was 5.29 min with a maximum relative standard error
of 0.0004% and 10.98 min for camalexin with a maximum
relative standard error of 0.0001%, indicating stability of
the HPLC run with a high grade of reproducibility.

Sample stability

Since the determination of camalexin should also facilitate
the analysis of big sample sets, extracts must be stable dur-
ing the handling and storage time in the autosampler. Thus,
we compared camalexin levels in four extracts (48 hpi
PtoDC3000) directly after extraction and after 48 h at 8 °C
(autosampler temperature). The average camalexin level at
both time points was 1.76 png/g FW with a relative standard
error of around 2%. This result indicates good sample stabil-
ity facilitating the screening of a high number of samples.

Extraction robustness and response linearity

To determine the linear range in which the extract of fresh
leaves of A. thaliana is proportional to the amount of
camalexin detected, we extracted camalexin from samples
with six different masses from 20 to 500 mg (four repli-
cates per mass) using a consistent extraction volume of
1.25 ml of 80% methanol containing the internal standard.
For the whole range of sample masses, a linear correlation
was found (R*=0.9985; Fig. 3a), which also confirms that
250 mg FW is appropriate for testing other variables. Also

@ Springer

when the ratio of the quantified camalexin to the recov-
ered TBZ was plotted against the different sample amounts
extracted, a linear relation was obtained over the whole
range of sample quantities (R>=0.9957; Fig. 3b). Based on
these linear correlations, a wide range of sample amounts
can reliably be analyzed without adjusting the volume of
extraction agent, thus facilitating camalexin quantification
within a reasonable detection range.

Verification of TBZ-based camalexin quantification
of leaves of C. sativa using the second HPLC system

The usability and robustness of the new method to quan-
tify camalexin using TBZ as a novel internal standard was
then verified using a second HPLC system and leaves of C.
sativa 24 and 48 h after treatment with AgNOj; or untreated
(0 h) and mock-treated (24 h and 48 h). None of the controls
contained camalexin, and camalexin levels were higher at
24 h and even higher at 48 h after the treatment (Fig. 4). The
test of the reproducibility of the extraction and the run sta-
bility of the second HPLC device using 10 leaf samples of
C. sativa at 48 h post AgNOj; treatment that were extracted
in parallel showed that camalexin quantification was also
highly reproducible (mean 2.70 pg/g FW with a relative
standard error of 1.48%; Supplementary Table 2) and in a
reasonable physiological range (Purnamasari et al. 2015;
Sigareva and Earle 1999).

Discussion

Our data demonstrated that the new HPLC-based method
to quantify camalexin using a highly sensitive and selective
fluorescence detector and TBZ as a novel internal standard
yielded robust camalexin data within the known physiologi-
cal range in A. thaliana (Mishina and Zeier 2006; Simon
et al. 2010) and C. sativa (Purnamasari et al. 2015; Siga-
reva and Earle 1999). Since it enables the detection of TBZ
and camalexin with the same detector, this method facili-
tates the direct determination of camalexin, benefitting from
the advantages of internal standardization (McNally et al.
2015). After proper correlation with external standards, this
new method facilitates compensation for sample variation
(matrix effects, extraction efficiency, deviations in process-
ing) and internal control for large sample sets (instead of
repeated/additional runs of external standards). Hence, it
can complement camalexin quantification based on exter-
nal standards, while costs and laborious technical steps such
as the use of a second detector (as for 6-FICA) or external
quantification with an expensive authentic standard can be
minimized. In addition, TBZ may also be used as an inter-
nal standard for more complex extractions needed for more
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