
Methods

A novel panel of yeast assays for the assessment of thiamin and
its biosynthetic intermediates in plant tissues

Simon Strobbe1 , Jana Verstraete2 , Teresa B. Fitzpatrick3 , Maria Faustino4 , Tiago F. Lourenc�o4 ,

M. Margarida Oliveira4 , Christophe Stove2 and Dominique Van Der Straeten1

1Laboratory of Functional Plant Biology, Department of Biology, Ghent University, K.L. Ledeganckstraat 35, B-9000 Gent, Belgium; 2Laboratory of Toxicology, Department of Bioanalysis,

Ghent University, Ottergemsesteenweg 460, B-9000 Gent, Belgium; 3Vitamins and Environmental Stress Responses in Plants, Department of Botany and Plant Biology, University of

Geneva, Quai E. Ansermet 30, 1211 Geneva, Switzerland; 4Instituto de Tecnologia Qu�ımica e Biol�ogica Ant�onio Xavier, Universidade NOVA de Lisboa, Plant Functional Genomics –

GPlantS Lab, Av. da Rep�ublica, 2780-157 Oeiras, Portugal

Authors for correspondence:
Simon Strobbe

Email: Simon.Strobbe@UGent.be

Dominique Van Der Straeten

Email:
Dominique.VanDerStraeten@UGent.be

Received: 1 November 2021

Accepted: 5 January 2022

New Phytologist (2022)
doi: 10.1111/nph.17974

Key words: biofortification, metabolic
engineering, microbiological assays,
nutritional improvement, Saccharomyces
cerevisiae, turbidimetry, vitamin
quantification.

Summary

� Thiamin (or thiamine), known as vitamin B1, represents an indispensable component of

human diets, being pivotal in energy metabolism. Thiamin research depends on adequate

vitamin quantification in plant tissues. A recently developed quantitative liquid chromatogra-

phy–tandem mass spectrometry (LC–MS/MS) method is able to assess the level of thiamin,

its phosphorylated entities and its biosynthetic intermediates in the model plant Arabidopsis

thaliana, as well as in rice. However, their implementation requires expensive equipment

and substantial technical expertise. Microbiological assays can be useful in deter-

mining metabolite levels in plant material and provide an affordable alternative to MS-based

analysis.
� Here, we evaluate, by comparison to the LC–MS/MS reference method, the potential of a

carefully chosen panel of yeast assays to estimate levels of total vitamin B1, as well as its

biosynthetic intermediates pyrimidine and thiazole in Arabidopsis samples.
� The examined panel of Saccharomyces cerevisiae mutants was, when implemented in

microbiological assays, capable of correctly assigning a series of wild-type and thiamin biofor-

tified Arabidopsis plant samples.
� The assays provide a readily applicable method allowing rapid screening of vitamin B1 (and

its biosynthetic intermediates) content in plant material, which is particularly useful in

metabolic engineering approaches and in germplasm screening across or within species.

Introduction

Thiamin is an essential micronutrient and was the first compound
characterized within the group of B vitamins, hence vitamin B1
(vitB1) (Lonsdale, 2006; Fitzpatrick & Chapman, 2020).
Although only minute amounts are present in the human body,
the active derivative of thiamin, thiamin pyrophosphate (TPP),
serves as a cofactor of several enzyme complexes (transketolase,
pyruvate dehydrogenase, a-ketoglutarate dehydrogenase and
branched-chain ketoacid dehydrogenase) involved in energy
metabolism. Despite having lost the ability to synthesize thiamin
de novo, the human body does have the metabolic capacity to inter-
convert the different (non-)phosphorylated entities of vitB1 (thi-
amin, thiamin monophosphate (TMP) and TPP), referred to as
B1 vitamers (Rao & Butterworth, 1995; Nosaka et al., 2001).

Given that the body only stores limited amounts of thiamin,
humans are relying on a continuous dietary intake of vitB1 via
consumption of thiamin-rich foods. The recommended daily
allowance (RDA) for thiamin is 1.2 mg d�1 for men and 1.1 mg
d�1 for women, with increased requirements during pregnancy
(1.4mg d�1) and lactation (1.5 mg d�1) (Whitfield et al., 2018).
Severe thiamin deficiency can result in a pathological disorder
called Beriberi, which can be divided in wet and dry
Beriberi depending on whether it manifests in the cardiovascular
or nervous system, respectively (DiNicolantonio et al., 2018;
Wilson, 2020).

Biofortification, which involves the enhancement of micronu-
trient levels in crops, via conventional breeding or genetic engi-
neering, has been stated as a cost-effective strategy to increase the
natural thiamin content in food crops (Goyer, 2017; Strobbe &
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Van Der Straeten, 2018; Fitzpatrick & Chapman, 2020). Both
metabolic engineering strategies as well as conventional breeding
endeavors can be considered powerful and sustainable method-
ologies to enhance thiamin intake of populations suffering
from deficiency, as these can be continually deployed requiring a
one-time investment only (Bouis & Saltzman, 2017; Garg et al.,
2018; Van Der Straeten et al., 2020).

However, the set-up and monitoring of both approaches relies
on adequate vitamin quantification in plant tissues. Indeed, con-
ventional breeding requires assessment of the vitamin content in
sexually compatible germplasm to allow the selection of interest-
ing varieties to be included in the breeding program (Saltzman
et al., 2013; Jiang et al., 2021). Similarly, metabolic engineering
strategies rely on accurate vitamin measurement to select the
most successful strategies as well as transgenic events (Verstraete
et al., 2020, 2021). Moreover, quantification of biosynthetic
intermediates is highly recommended, particularly in the assess-
ment of metabolic engineering approaches (Farre et al., 2014).
The reasoning behind this is two-fold. First, assessment of inter-
mediate accumulation can provide information to identify
metabolic hurdles, which could be obstructing satisfactory
biosynthetic flux towards the end product (Schaub et al., 2005;
Blancquaert et al., 2013; Pourcel et al., 2013; Strobbe et al.,
2021b). Second, high accumulation of intermediates, occurring
as an undesired side effect of the metabolic engineering strategy,
should be monitored and limited (Schaub et al., 2005;
Blancquaert et al., 2013; Pourcel et al., 2013; Strobbe et al.,
2021b). Metabolic engineering also requires in-depth genetic
knowledge on the biosynthesis of the desired metabolite, thiamin
in this case (Goyer, 2017; Strobbe & Van Der Straeten, 2018;
Fitzpatrick & Chapman, 2020), which in turn relies on adequate
quantification of both the end product and its biosynthetic inter-
mediates.

Quantification of thiamin and its phosphate esters can be
achieved via high-performance liquid chromatography (HPLC)
(Moulin et al., 2013; Martinis et al., 2016; Noordally et al., 2020).
Recently, we described a quantitative liquid chromatography–
tandem mass spectrometry (LC-MS/MS) method for the determi-
nation of thiamin, its biosynthetic intermediates (4-amino-2-
methyl-5-hydroxymethylpyrimidine (HMP) and 4-methyl-5-(2-
hydroxyethyl) thiazole (HET)) and phosphate derivatives (TMP
and TPP) in Arabidopsis thaliana (Verstraete et al., 2020) and in
rice (Oryza sativa) (Verstraete et al., 2021). As A. thaliana serves as
a reference plant for plant genetics, the plant material is perfectly
suited to perform preliminary genetic research to gain new insights
into (regulation of) thiamin biosynthesis (Dong et al., 2015;
Noordally et al., 2020; Strobbe et al., 2021b). Although the afore-
mentioned HPLC and LC–MS/MS methods are highly sensitive,
specific and precise, an extensive sample preparation procedure is
required (Martinis et al., 2016; Verstraete et al., 2020). Moreover,
these methods involve a substantial investment as specialized
equipment is used, and implies substantial technical expertise.
Alternatively, microbiological assays have been traditionally used
to monitor the vitamin contents of foods (Schultz et al., 1942;
Niven & Smiley, 1943; Edwards et al., 2017), in assessing crop
natural variation (Mangel et al., 2017), and in determination of

vitamin content (Tambasco-Studart et al., 2005; Titiz et al., 2006;
Raschke et al., 2007, 2011; Coquille et al., 2012; Li et al., 2015;
Mangel et al., 2019). Affordability as well as simplicity are two
important assets of microbiological assays. However, main disad-
vantages are their commonly low specificity and sensitivity. Tur-
bidimetric assays for thiamin determination have been developed
using a variety of organisms (for a historical overview, we refer to
Edwards et al., 2017). Utilization of baker’s yeast, Saccharomyces
cerevisiae, offers the advantage to exploit the expanding library of
mutant backgrounds, as well as the use of standard laboratory pro-
cedures to allow straightforward cultivation. More recently, such a
yeast assay has been described for the determination of total vitB1
in Arabidopsis and cassava (Manihot esculenta) plant materials
(Raschke et al., 2007; Mangel et al., 2017). However, no additional
information about the biosynthetic intermediates (HMP and
HET) was deduced using this assay. An overview of the de novo
thiamin biosynthesis pathway in yeast, with indication of the
orthologous Arabidopsis genes, is shown in Fig. 1(a). The afore-
mentioned yeast assay uses a thiamin auxotrophic thiazole biosyn-
thesis mutant (thi4) (Raschke et al., 2007; Chatterjee et al., 2011)
(Fig. 1). The latter is proposed to be rescued by a range of metabo-
lites, not only including the thiamin vitamers, but also thiazole
biosynthetic intermediates (both HET and HET-P; Fig. 1b)
(Nosaka, 2006). Indeed, based on the knowledge of thiamin
biosynthesis in S. cerevisiae (Nosaka, 2006; Fig. 1), supplementa-
tion of both HET and HET-P (as well as the different B1 vita-
mers) should be able to restore prototrophy in the thi4 strain, as
these metabolites can be converted to B1 vitamers without the
need for THI4 activity. Therefore, utilization of this strain in a
microbiological assay might not be able to distinguish between
these thiamin-related metabolites, thus hampering the assessment
of lines harboring high thiazole (e.g. resulting from metabolic engi-
neering interventions).

The use of a panel of different mutant yeast strains, aux-
otrophic for different metabolites (Fig. 1b), may represent a
novel way to gain insight into the metabolite profile of plant
samples. Therefore, we examined the potential of using parallel
yeast (S. cerevisiae) assays to assess the content of vitB1 (sum of
thiamin, TMP and TPP) as well as its biosynthetic intermedi-
ates (pyrimidine and thiazole derivates; representing the totality
of HMP and HET with their phosphorylated entities, respec-
tively) in the model plant A. thaliana, by comparison with the
LC–MS/MS method (Verstraete et al., 2020), which served as
the reference method. These analyses revealed that the turbidi-
metric yeast assays enabled in planta identification of vitB1
accumulation and can pinpoint high thiamin plant lines as
determined by the reference method. Moreover, combination of
multiple assays allows an insight into the accumulation of
biosynthetic intermediates. The metabolite levels determined via
the assays often depict a discrepancy as compared to the LC–
MS/MS reference method and should, therefore, be considered
semi-quantitative. This study demonstrates the potential that
lies in the application of a carefully chosen panel of S. cerevisiae
assays to estimate the levels of thiamin and its biosynthetic
intermediates in plant samples, whether or not genetically
engineered.
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Materials and Methods

Plant material

Analyses (both LC–MS/MS and microbiological) were per-
formed on A. thaliana (Colombia-0) plant material, unless stated
otherwise. Plants were grown under 16 h : 8 h, light : dark regime
(150 µmol m�2s�1, white light) at 21°C on solidified half
strength Murashige & Skoog medium (Murashige & Skoog,
1962) supplemented with 10 g l�1 sucrose.

In the case of plant material used for metabolite-spiked sam-
ples, complete seedlings were harvested after 15 d of growth on
thiamin-free half strength Murashige & Skoog medium. For
the analysis of thiamin-supplemented plants, true leaf material
was harvested after 35 d of in vitro growth on half strength

Murashige & Skoog medium plates with or without 1 µM of
thiamin. This concentration was previously shown to have an
effect on the thiamin content of Arabidopsis plants (Pourcel
et al., 2013). Analysis of metabolically engineered lines
(Strobbe et al., 2021b) was performed on complete seedlings,
harvested after 15 d of growth on thiamin-free half strength
Murashige & Skoog medium. Additionally two thiamin
biosynthesis mutants, tpk1/tpk2 (Ajjawi et al., 2007a) and pale
green1 (Hsieh et al., 2017), which lacks TH2 activity (Mimura
et al., 2016; Hsieh et al., 2017), were included in this analysis.
Arabidopsis tpk1/tpk2 double mutants and pale green1 mutant
line were kindly provided by Prof. David Shintani and Prof.
Ming-Hsiun Hsieh, respectively. The engineered lines are indi-
cated as ‘THIC’, ‘THI1’, ‘TT’ and ‘TTT’, referring to the
single-gene (THIC and THI1) and multi-gene (TT (THIC

(a)

(b)

Fig. 1 Thiamin metabolism in yeast and Arabidopsis and implications for rescuing yeast biosynthesis mutant lines. (a) Thiamin biosynthesis in
Saccharomyces cerevisiae (Sc) and Arabidopsis thaliana (At). Full arrows indicate the thiamin biosynthesis de novo steps, dashed arrows indicate
breakdown and enzymatic salvage of HMP and HET. The yeast (Sc) and Arabidopsis (At) genes, coding for the enzymes catalyzing the specific enzymatic
step, are indicated. AtTH1 (Ajjawi et al., 2007b) codes for a multifunctional enzyme executing steps catalyzed by the yeast enzymes coded by ScTHI20,
ScTHI21 and ScTHI6. Note that thiamin biosynthesis enzymes involved in the pyrimidine branch utilize different precursors in Arabidopsis as compared to
yeast. The metabolites able to alleviate thiamin deficiency in human metabolism, therefore B1 vitamers, are indicated within the green square. The
pyrimidine and thiazole branches of vitamin B1 (vitB1) biosynthesis are indicated within the blue and orange squares, respectively. (b) Five different S.
cerevisiaemutant lines are listed and the different metabolites proposed to rescue each strain, based on the genetic and biosynthetic knowledge, are
summarized. The list of metabolites is based on their occurrence in the thiamin biosynthesis pathway (metabolites downstream and/or able to bypass the
mutated enzyme are proposed to rescue the mutant strain). The list of rescuing metabolites is deduced from the current knowledge of yeast thiamin
metabolism, and assumes that (phosphorylated) metabolites can be adequately taken up by yeast cells. Supply of one (or multiple) of the listed metabolites
is hypothesized to suffice to restore growth. Abbreviations: PLP, pyridoxal-50-phosphate; His, histidine; AIR, aminoimidazole ribonucleotide; Gly, glycine;
Cys, cysteine; NAD, nicotinamide adenine dinucleotide; HMP-PP, 4-amino-2-methyl-5-hydroxymethylpyrimidine ((pyro)phosphate); HET-P, 4-methyl-5-
b-hydroxyethylthiazole (phosphate); TMP, thiamin monophosphate; TPP, thiamin pyrophosphate.
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and THI1) and TTT (THIC, THI1 and TH1)) engineering
approaches. The engineering strategies as well as their outcome
and discussion are part of a previous metabolic engineering
study (Strobbe et al., 2021b).

LC–MS/MS analysis

For a detailed description, we refer to Verstraete et al. (2020),
where we described the development and validation of an
LC–MS/MS procedure to determine thiamin, its intermediates
and phosphate derivatives in A. thaliana. A summary of the
applied sample preparation procedure is given in Supporting
Information Fig. S1. In short, the LC–MS/MS method allows
accurate quantification of thiamin, TMP and TPP as well as
HMP and HET. Furthermore, the phosphorylated equivalents
of the pyrimidine (HMP-PP) and thiazole (HET-P) entities
are assessed by comparing measurements in phosphatase
treated and nontreated samples (split in two). Note that the
methodology is not able to distinguish between HMP-P and
HMP-PP; their sum is measured as phosphorylated HMP.
The method was fully validated according to international
guidelines (Verstraete et al., 2020), and has shown its applica-
bility in characterization of engineered transgenic Arabidopsis
lines (Strobbe et al., 2021b).

Yeast assays

The yeast assays were performed according to an adapted proto-
col based on the described microbiological assay utilizing the S.
cerevisiae thi4 strain (Kall, 2003; Raschke et al., 2007; Mangel
et al., 2017). The practical execution, considering both the plant
extracts and the different yeast strains used, is comprehensively
described in the Methods S1–S5. A schematic representation of
the practical execution of the microbiological assays is shown in
Fig. S2, while the experimental setup used to analyze metabolite-
spiked plant extract is shown in Fig. S3.

Data analysis

Data were analyzed using EXCEL software v.16.0 (Microsoft
Corporation, Redmond, WA, USA). A Shapiro–Wilk test was
applied to determine the normality of the data, in order to
decide whether a parametric (in case of normality) or nonpara-
metric test should be applied on the data. To evaluate whether
differences among multiple groups were significant, ANOVA
(in the case of normal distribution of data) or a Kruskal–Wallis
test (in the case of nonnormal distribution) was performed, fol-
lowed by post-hoc Tukey (ANOVA) or a Dunn’s test (Kruskal–
Wallis). Upon examination of the engineered lines, however,
statistically significant differences as compared to the wild-type,
was assessed by using an unpaired, two-sided t-test (in case of
normality) or a Mann–Whitney U test (nonparametric, in case
of nonnormality). The t-tests were preceded by an F-test to
determine homoscedasticity or heteroscedasticity. The engi-
neered lines were analyzed using three biological replicates,

which were then compared to wild-type, which consisted of six
biological replicates. Statistically significant differences in the
figures were indicated by a single asterisk (P < 0.05) or double
asterisks (P < 0.01). Indicated values depict mean� SE. Violin
plots were generated using free source RSTUDIO software
v.1.4.1106 (RStudio®, Boston, MA, USA).

Results

Multiple thiamin auxotrophic mutants show a dose-
dependent response to thiamin supplementation

Implementation of yeast in a microbiological assay panel to esti-
mate the level of vitB1 and/or vitB1-related metabolites relies
on the availability of thiamin auxotrophic strains. These include
S. cerevisiae strains harboring one or multiple mutations in cru-
cial steps of the thiamin biosynthesis de novo (or salvage), there-
fore requiring thiamin (or biosynthetic intermediates) for their
growth. Several thiamin auxotrophic yeast strains have been
described, including RWY16 (thi5/thi11/thi12/thi13 quadruple
mutant, affected in four members of the THI5 gene family,
functionally redundant in terms of HMP formation (Wightman
& Meacock, 2003)), thi20/21 (affected in the phosphorylation
of HMP-P) (Llorente et al., 1999; Kawasaki et al., 2005), thi4
(affected in the synthesis of the thiazole moiety) (Raschke et al.,
2007; Chatterjee et al., 2011), thi6 (affected in the condensation
of pyrimidine and thiazole moieties to form vitB1) (Nosaka
et al., 1994) and thi80 (affected in the synthesis of TPP)
(Nosaka et al., 1993). In the latter, thiamin pyrophosphokinase
activity (THI80), was described to be lowered, but not abol-
ished (Nishimura et al., 1991). These mutant S. cerevisiae strains
were acquired (Table S1) and their growth was examined in
response to thiamin or TPP (in the case of the thi80 strain), by
measurement of the optical density (OD). The five strains
examined all depicted a clear correlation (R2 > 0.95) between
growth and the concentration of thiamin (or TPP in the case of
strain thi80) in the medium (Fig. 2). However, the variation in
OD observed with the thi80 (Fig. 2e) strain was much lower as
compared to the other strains, since it could grow better in the
absence of vitB1. The thi80 strain was, therefore, not further
evaluated in this work. Strains RWY16, thi20/21, thi4 and thi6,
however, proved to be well-suited candidates to serve in a
microbiological assay panel, given their distinct responsiveness
to varying levels of thiamin (Fig. 2a–d). In general, these assays
should ideally be applied in the linear to early logarithmic phase
of the growth response curve, as this would ensure the highest
sensitivity and still allow assessment of up to five-fold changes
in vitB1 levels (gray zones in Fig. 2a–d). The observations con-
firm the ability of the different strains to respond to thiamin in
a dose-dependent manner (Nishimura et al., 1991; Nosaka et al.,
1994; Wightman & Meacock, 2003; Kawasaki et al., 2005;
Raschke et al., 2007). Assessing these strains in parallel corrobo-
rate the potential usage of these strains in microbiological
assays, as a promising extension of the described assay utilizing
thi4 (Raschke et al., 2007).
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(a) (b)

(c)

(e)

(d)

Fig. 2 Dose–response curves for yeast microbiological thiamin assays. Dose–response curves are depicted for all five auxotrophic strains, being RWY16 (a),
thi20/21 (b), thi4 (c), thi6 (d) and thi80 (e). The microbiological assays show a clear correlation (R2 > 0.95) between the measured yeast optical density
(OD) and the thiamin concentration added in the assay (standard). The OD values represent direct measurements from the TECAN Infinite 200 Pro plate
reader (not corrected for path length) and should only be used for relative comparison. The gray crosses on the y-axes indicate the OD values
corresponding to 0 nM vitamin B1 (vitB1) standard (not included in the trendlines). Values represent the mean� SE of four technical replicates. Dose–
response curves (equations) are considered to enable estimation of metabolites from unknown samples, based on the relation between the OD and thiamin
concentration, provided by the equation, expressed as molar thiamin equivalent (MTE) (e.g. for thi6: MTE = e(OD+0.2214)/0.0726). The MTE value
corresponds to the amount of metabolites having the same growth restoring capacity as that amount of thiamin (expressed in nmol g�1). The range in
which such a relation is optimal is indicated in gray.
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Yeast assays to identify increased metabolite levels in
spiked plant extracts

Given the different genetic backgrounds of the yeast strains,
each mutant line is predicted to be rescued by a distinct set of
metabolites, downstream of the defective enzymatic function
(see biosynthesis scheme in Fig. 1a, and hypothesized growth
restoring metabolites in Fig. 1b). For example, strain thi6 is the
only strain which is hypothesized to specifically respond to
vitB1 (thiamin, TMP and TPP), while the other strains are pre-
sumably also rescued by at least one biosynthetic intermediate
(Fig. 1b). Therefore, an experiment was set up aimed at examin-
ing the collective ability of the different yeast assays employing
the set of available mutants to identify plant samples with
enhanced levels of different metabolites. The experiment con-
sisted of making a bulk sample of plant material followed by
preliminary assessment of vitB1 content using the thi6 yeast
assay (Fig. S3; Methods S6). The resulting estimation of vitB1
content, calculated based on the relation between OD and thi-
amin concentration (‘molar thiamin equivalent (MTE)’)
(Fig. 2d) (thi6 microbiological assay), was set as baseline vitB1
level of the bulk plant material. Subsequently, this bulk material
was divided into 60 separate samples, to which thiamin-related
metabolites; HMP, HET, thiamin, TMP or TPP, were added.
All metabolites were spiked at the same concentration to the
plant extracts, in such a way that the MTE baseline level was
surmounted by three-fold. This spiking level was based on dif-
ferences obtained in genetically engineered samples (see further;
Strobbe et al., 2021b) and was considered to be low enough to
impose a challenge when aiming at distinguishing spiked from
nonspiked samples. This yielded six sample sets (mock (i.e.
nonspiked), HMP, HET, thiamin, TMP and TPP), each con-
sisting of 10 samples, which were randomized prior to blind-
coded analysis. The application of each assay on the complete
sample set resulted in the allocation of the samples into two
groups for that specific assay; a group with low (baseline) and a
group with higher MTE (Figs 3a, S4). Through the application
of a ‘scoring grid’ (Fig. 3b), which was established based on the
proposed list of rescuing metabolites (Fig. 1b; based on knowl-
edge of the genetic background of the auxotrophic strains), the
specific metabolite with which a certain sample was spiked
could be predicted. For example, HET spiked samples are
expected to result in higher MTE for thi4 assay, while depicting
baseline MTE in RWY16, thi20/21 and thi6 assays. Samples
spiked with vitB1 (thiamin, TMP or TPP), however, are
expected to display increased MTE in all four microbiological
assays (Fig. 3b). Note that HMP-PP spiked samples would be
expected to result in a higher MTE for the thi20/21 assay (as
well as the RWY16 assay), however, HMP-PP could not be
included in the spiking experiment as this compound is not
commercially available. The screening of the complete sample
set using the established scoring grid (shown in Table S2)
allowed us to correctly allocate all 60 (blind-coded) samples into
four groups (mock, HMP, HET and vitB1 spiked) (Fig. 3c).
Although no distinction could be made between the different
B1 vitamers spiked, a clear insight into the presence of the

specific pyrimidine (HMP) and thiazole (HET) vitB1 biosyn-
thetic intermediates could be obtained. After samples were cor-
rectly allocated to the different groups, the effect of each
metabolite on the result of the specific yeast assay could be
examined. Spiking samples with nonrescuing metabolites (e.g.
HMP or HET to thi6) resulted in MTEs which were indistin-
guishable from baseline in all assays tested (Figs 4, S4), while
rescuing metabolites, downstream of the lost enzymatic step,
did result in a significant increase in the retrieved MTE (Figs 4,
S4). The different assays did report a difference in absolute
MTE measured, as shown by the different scale of the Y-axis in
the different panels of Fig. 4. Moreover, it should be noted that
HET (and to a lesser extent, thiamin) had a relatively lower
impact on the observed MTE as compared to TMP and TPP
(and HMP in RWY16). Samples spiked with fresh stock solu-
tions of the metabolite set were subsequently tested (Fig. S4), to
confirm that this effect is not caused by variation in stock dilu-
tions. The discrepancy in MTE values obtained from the same
molar concentrations of metabolites indicates that these metabo-
lites exhibit a different power to restore growth of the yeast
cells. In this way, the thi4 assay seems to have a slightly lower
sensitivity for HET. The results obtained from this experiment
underscore that application of the yeast assay panel, when exe-
cuted and interpreted in a conjoint manner, allows insight into
whether different levels of vitB1, as well as its biosynthetic inter-
mediates, are present in spiked plant material.

Yeast assays are able to identify in vivo thiamin
accumulation in A. thaliana

The analysis of spiked plant extracts showed that the utiliza-
tion of different yeast assays allowed the relative estimation of
thiamin and thiamin-related metabolites in tested samples.
However, the question remains whether or not these assays can
detect alterations in actual metabolite levels in planta. There-
fore, Arabidopsis plants were grown on medium containing
thiamin (1 µM), known to alter the plant thiamin content
in vivo (Pourcel et al., 2013). The resulting plant material was
analyzed via the aforementioned yeast assays as well as with
the validated LC–MS/MS method (Verstraete et al., 2020),
which served as the reference method. For both methodologies,
the metabolite content is expressed as nmol g�1 of plant mate-
rial, which is further specified as MTE for the yeast assays,
since all were calibrated based on a thiamin standard (Fig. 2).
While both the yeast assays and the LC–MS/MS analysis con-
firmed the increased vitB1 content in vivo (Fig. 5), the resulting
quantitative data differed between both methodologies. This
became evident when comparing the LC–MS/MS data with
those obtained by the different yeast assays (total vitB1 for the
thi6 assay; sum of vitB1 and pyrimidine for the RWY16 yeast
assay, sum of vitB1 and thiazole for the thi4 assay) (Fig. 5).
However, a relative comparison of supplemented (1 µM thi-
amin) and nonsupplemented plants resulted in the same con-
clusion when analyzed using the assays or the LC–MS/MS
reference method, namely a three- to five-fold increase in
metabolite levels upon growth on thiamin. Here, metabolite
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level refers to the specific sum of the set of metabolites mea-
sured, depending on the microbiological assay used, as com-
pared to their LC–MS/MS counterpart. These results show
that, though not providing similar absolute quantification (ex-
act nmol g�1 amount), the relative comparison of metabolite

levels using the microbiological assays allowed equal conclu-
sions as the LC–MS/MS reference method, enabling adequate
detection of in planta metabolite increases. Note that the
microbiological assay using thi20/21 (Fig. S6) has no specific
LC–MS/MS reciprocal, as the LC–MS/MS methodology is not

(a)

(b)

(c)

Fig. 3 Assessment of the ability of the yeast
assays to detect thiamin-related metabolites
by the analysis of spiked plant extracts.
Arabidopsis plant extracts were spiked with
either HMP, HET, TMP, thiamin, TPP or
nonspiked (mock). The resulting 60 samples,
10 samples per spiking condition, were
independently coded to allow blind analysis.
(a) By applying the four different yeast assays
(RWY16, thi20/21, thi4 and thi6), the blind-
coded samples could be divided into a low
and high metabolite group for each assay, as
shown in the violin plots (raw data in
Supporting Information Fig. S5). Violin plots
were generated using free source RSTUDIO

software v.1.4.1106 making use of the
GGPLOT2 data visualization package. The
width of the ‘violin’ plot reflects the
distribution of the data, indicating that two
groups can be distinguished. (b)
Representation of the ‘scoring grid’,
established based on the genetic background
and hence the list of rescuing metabolites of
the autotrophic strains (Fig. 1b), which may
allow to predict with which specific
metabolite a sample was spiked. White grid
sections represent absence of restored
growth, while black represents prototrophic
growth of the specific yeast strain. Based on
the hypothesized list of growth restoring
metabolites (Fig. 1b), certain patterns of
growth restoration/nonrestoration are
possible, whilst others are expected to not
occur (e.g. if thi6 or thi20/21 are restored,
RWY16 and thi4 should also be restored,
hence the incorrect grid). Allocation of the
samples to certain groups can be achieved by
examining the sample by all four assays and
allocating them within a high metabolite or
low metabolite group, represented by black
and white in the scoring grid respectively.
The results of the separate yeast assays on all
60 samples are presented in Fig. S5, while the
application of the scoring grid on the
complete list of samples is shown in
Supporting Information Table S2.
(c) Application of the scoring grid on the
complete sample set (Table S2) allowed to
correctly identify the spiked sample
subgroups (mock, HMP, HET and vitB1).
Abbreviations: HMP, 4-amino-2-methyl-5-
hydroxymethylpyrimidine; HET, 4-methyl-5-
b-hydroxyethylthiazole; TMP, thiamin
monophosphate; TPP, thiamin
pyrophosphate.
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capable of distinguishing between the different phosphorylated
pyrimidine entities (HMP-P and HMP-PP) (Verstraete et al.,
2020). In conclusion, while the yeast microbiological assays are
capable of detecting in planta vitB1 alterations, they provide
relative rather than absolute metabolite information.

Yeast microbiological assays can provide a crude profiling
of vitB1 and its biosynthetic intermediates in transgenic
Arabidopsis lines

The ability of the different yeast assays to detect in vivo varia-
tions of vitB1 content as well as their responsiveness towards
different sets of metabolites (sum of vitB1 and pyrimidine for
RWY16; sum of vitB1 and thiazole for thi4), raises the question
whether these assays can be applied to estimate the content of
vitB1 and its biosynthetic intermediates in different plant
genetic backgrounds. To explore this, an array of genetically
altered Arabidopsis lines was employed. Lines originating from
an earlier metabolic engineering strategy (Strobbe et al., 2021b),
which aimed at elevating the vitB1 content in Arabidopsis
plants, were used. This array further included thiamin biosyn-
thesis mutants tpk (tpk1/tpk2 double mutant (Ajjawi et al.,
2007a)) and th2 (Mimura et al., 2016; Hsieh et al., 2017). The
tpk and th2 lines are an interesting addition to the array of engi-
neered lines as they have been described to have altered thiamin
metabolism and both can be maintained in vitro until sampling
at 15 d of age, despite their aberrant growth on soil in the
absence of TPP supplementation. The results endorse that lines

with aberrant B1 content can be detected with the yeast assays,
as verified with the LC–MS/MS method. LC–MS/MS analysis
confirmed the altered vitB1 status of the analyzed lines, reaching
an approximately three-fold increase over wild-type in high
vitB1 lines (Fig. 6a). Assessing the vitB1 status by utilization of
the thi6 yeast microbiological assay (Fig. 6b) confirmed the pat-
tern observed from the LC–MS/MS analysis (Fig. 6a), although
absolute values differed. Indeed, the yeast thi6 assay was able to
accurately identify high vitB1 lines harboring an above 1.5-fold
increase in vitB1 content (Fig. S7). This was also consistent for
the thi20/21 yeast assay (Fig. S6b), indicating that in these sam-
ples thi20/21 also estimated total vitB1 levels. This, however,
does not give any indication that the thi20/21 assay is unable to
detect HMP-PP (Fig. S8a), as HMP-PP is not commercially
available and the LC–MS/MS method is unable to distinguish
the different phosphorylated HMP entities.

Moreover, assessment of the engineered lines using RWY16
and thi4 assays demonstrated that these assays predict the accu-
mulation of combined vitB1 and pyrimidine or thiazole, respec-
tively (Fig. 7). Interestingly, the combination of these assays
could provide identification of lines exhibiting high accumula-
tion of the biosynthetic intermediates. Theoretically, a rough esti-
mation of both the pyrimidine and thiazole intermediates can be
obtained by subtracting the RWY16 and thi4 yeast assay MTE
values, respectively, with the MTE results measured in the thi6
assay (Fig. 1b). Indeed, the latter approach allowed us to pick up
the high accumulation of pyrimidine (Fig. S9) and/or thiazole
(Fig. S10) in several engineered Arabidopsis lines. Finally, these

(a) (b)

(c) (d)

Fig. 4 Effect of spiking a particular
metabolite on the results of the different
yeast assays. The measured MTE (molar
thiamin equivalent) values upon spiking with
the different thiamin-related metabolites are
depicted for yeast assay RWY16 ((a) can be
rescued by HMP-PP, TMP, thiamin and TPP),
thi20/21 ((b) can be rescued by HMP-PP,
TMP, thiamin and TPP), thi4 ((c) can be
rescued by HET-P, TMP, thiamin and TPP)
and thi6 ((d) can be rescued by TMP, thiamin
and TPP). Bars indicate the mean � SE of 10
samples, whether or not spiked with a
particular metabolite. Significant differences
were determined via nonparametric tests, as
the experiments were found, using Shapiro–
Wilk test, to have one or multiple nonnormal
distributed datasets. Kruskal–Wallis test
revealed presence of significant differences
within the groups, which were identified
using post hoc Dunn’s test. Different
lowercase letters indicate significant
differences between groups (P < 0.05).
Abbreviations: HMP-PP, 4-amino-2-methyl-
5-hydroxymethylpyrimidine ((pyro)
phosphate); HET-P, 4-methyl-5-b-
hydroxyethylthiazole (phosphate); TMP,
thiamin monophosphate; TPP, thiamin
pyrophosphate.
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results show that deploying a carefully designed panel of yeast
assays can be used to perform vitB1 profiling in an array of differ-
ent genetic backgrounds and even holds the potential to indicate
high intermediate accumulating lines.

Discussion

Within this study, we comprehensively evaluated the potential of
applying yeast assays to assess the content of vitB1 and its inter-
mediates in plants, using A. thaliana as a reference. The results,
as compared to LC–MS/MS data, revealed the suitability of the
proposed assay panel to serve as a simple and inexpensive alterna-
tive to allow the rapid screening of thiamin metabolite levels in
plant material.

Evaluation of the extended yeast assay procedure

This study involves assessment of the value of including addi-
tional biosynthesis mutants of S. cerevisiae to extend the previ-
ously used thi4 microbiological assay (Raschke et al., 2007;
Mangel et al., 2017), to more accurately measure (a specific set
of) metabolites of interest, whilst comparing their potential to
the validated LC–MS/MS reference method (Verstraete et al.,
2020). The thi80 mutant did not display a severe TPP dependent
growth, making it an unsuitable candidate to be used in microbi-
ological assays aimed at quantifying this B1 vitamer. This further
hints that the thi80 strain is indeed not a null mutant, and still
exhibits at least some thiamin pyrophosphokinase activity. Usage
of the other different yeast mutants, each deprived of a specific
enzymatic activity in vitB1 biosynthesis (RWY16, thi20/21, thi4
and thi6), allowed us to distinguish between total vitB1, pyrim-
idine and thiazole moieties. As expected, the growth of the differ-
ent strains could only be enhanced by all products downstream
of the mutated enzymes (Figs 1b, 4). By doing so, the previously
undesired sensitivity towards the vitB1 biosynthetic intermediates
can be turned into an advantage by carefully selecting different
mutant strains and comparing their results in microbiological

(a)

(b)

(c)

Fig. 5 Different yeast assays allow observing an increase in thiamin-related
metabolites in planta upon thiamin supplementation. Leaf material of
Arabidopsis plants, grown on half strength Murashige & Skoog medium
with or without 1 µM of thiamin for 35 d, was used to test the ability of
the yeast assays to distinguish in planta differences in thiamin-related
metabolites. Based on the knowledge of Saccharomyces cerevisiae thiamin
biosynthesis genes presented in Fig. 1, strain thi6 is considered to allow
estimation of the total vitamin B1 (vitB1) content of plant samples.
Similarly, utilizing strains RWY16 and thi4 in yeast assays may provide
information regarding the sum of total vitB1 and pyrimidine and the sum
of total vitB1 and thiazole, respectively. The metabolite levels acquired via
the liquid chromatography–tandem mass spectrometry (LC–MS/MS)
reference method are expressed in nmol g�1, while the metabolite levels of
the yeast assays are also expressed as nmol g�1 (MTE, molar thiamin
equivalent), thereby allowing adequate comparison. (a) Levels of total
vitB1 as estimated by the thi6 assay, as well as quantified by LC–MS/MS.
(b) Yeast assay RWY16 was used to estimate the sum of total vitB1 and
pyrimidine, and compared to LC–MS/MS results. (c) Yeast assay thi4was
used to estimate the sum of total vitB1 and thiazole, and compared to LC–
MS/MS results. Mean values� SE of five biological replicates are shown.
The datasets were found to depict normal distribution, as verified via
Shapiro–Wilk test. Statistically significant differences were detected via
two-sided t-test (scedasticity depending on the outcome of preceding F-
test) and are indicated by a single asterisk (P < 0.05) or double asterisks
(P < 0.01).
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assays. Although with this approach we could obtain an estima-
tion of total vitB1 (Fig. 6b), HMP (by comparison of thi6 and
RWY16) and HET (by comparison of thi6 and thi4) levels in
transgenic plant samples (Figs 5, 6, respectively), the comparison
of data with those obtained from LC–MS/MS analysis indicates
that the yeast assays provide semi-quantitative results, serving
comparative purposes. Since thiamin was used to calibrate all
assays, all measurements refer to MTE, and biological activities
may differ across the different analytes, the data cannot be con-
sidered as absolute and should rather be seen as valuable esti-
mates. From Fig. 4(c), it could be derived that HET, while able
to restore and enhance the growth of thi4, harbored a lower activ-
ity compared to thiamin, although spiked at the same molar con-
centration. Therefore, based on these differences in activities,
HET levels could be considered slightly underestimated.

Nevertheless, similar trends in metabolite changes upon engineer-
ing could be discerned in the transgenic lines, irrespective of the
applied assay, demonstrating the feasibility of the yeast assay
panel to support the screening of a variety of lines to assess varia-
tion of vitB1 and its biosynthetic intermediates. This demon-
strates that, despite serving semi-quantitative analysis only, the
assays can pinpoint high-metabolite lines and provide an idea
about the fold enhancement reached. The combined use of the
yeast assays provides a simple tool to pinpoint changes (increase/
decrease) in thiamin metabolite levels, which require interpreta-
tion in a semi-quantitative manner. In summary, these results
illustrate that screening data using microbiological assays, while
valuable, should always be confirmed using highly accurate meth-
ods, such as LC–MS/MS, to obtain a quantitatively reliable pro-
file of the thiamin (or related metabolites) content in plants.

(a)

(b)

Fig. 6 Comparison of total vitamin B1 (vitB1) levels in genetically engineered Arabidopsis lines, measured by the thi6 yeast assay and liquid
chromatography–tandem mass spectrometry (LC–MS/MS) method. The engineered lines overexpressing AtTHIC (THIC), AtTHI1 (THI1), both AtTHIC and
AtTHI1 (TT) or AtTHIC, AtTHI1 and AtTH1 (TTT), described by Strobbe et al. (2021b), were utilized. Mean values� SE of three (transgenic) or six (WT)
biological replicates are shown. (a) Levels of total vitB1 (nmol g�1; sum of thiamin, TMP and TPP) measured via LC–MS/MS after phosphatase treatment.
(b) Levels of total vitB1 (MTE), measured by thi6 yeast assay. The datasets were tested for normality via Shapiro–Wilk test. In case of normality, statistically
significant differences were detected via two-sided t-test (scedasticity depending on the outcome of preceding F-test). In case of nonnormality, Mann–
Whitney U test was used. Significant differences, by comparison to WT plants, are indicated by a single asterisk (P < 0.05) or double asterisks (P < 0.01).
Abbreviations: WT, wild-type; TMP, thiamin monophosphate; TPP, thiamin pyrophosphate; MTE, molar thiamin equivalent.
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(a)

(b)

(c)

(d)

Fig. 7 Comparison of the sum of total vitamin B1 (vitB1) and its intermediates in genetically engineered Arabidopsis lines, measured by the RWY16 or thi4
yeast assay vs liquid chromatography–tandem mass spectrometry (LC–MS/MS) method. The engineered lines overexpressing AtTHIC (THIC), AtTHI1
(THI1), both AtTHIC and AtTHI1 (TT) or AtTHIC, AtTHI1 and AtTH1 (TTT), described by Strobbe et al. (2021b), were utilized. Mean values� SE of three
(transgenic) or six (WT) biological replicates are shown. (a) Sum of total pyrimidine and total vitB1 levels (nmol g�1) as measured by LC–MS/MS. Levels of
total vitB1 and total pyrimidine were obtained by quantifying thiamin and HMP levels, respectively, after phosphatase treatment. (b) Total vitB1 and
pyrimidine levels (MTE), as measured by the RWY16 yeast assay. (c) Sum of total thiazole and total vitB1 (nmol g�1) as measured by LC–MS/MS. Levels of
total vitB1 and total thiazole are obtained by quantifying thiamin and HET levels, respectively, after phosphatase treatment. (d) Total vitB1 and thiazole
levels (MTE) as measured by the thi4 yeast assay are shown. The datasets were tested for normality via Shapiro–Wilk test. In case of normality, statistically
significant differences were detected via two-sided t-test (scedasticity depending on the outcome of preceding F-test). In case of nonnormality, Mann–
Whitney U test was used. Significant differences, by comparison to WT plants, are indicated by a single asterisk (P < 0.05) or double asterisks (P < 0.01).
Abbreviations: WT, wild-type; HMP, 4-amino-2-methyl-5-hydroxymethylpyrimidine; HET, 4-methyl-5-b-hydroxyethylthiazole; MTE, molar thiamin
equivalent.
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Comparison of the microbiological assay vs LC–MS/MS

Every analytical approach is accompanied by advantages and dis-
advantages, as illustrated in Table 1 and already briefly touched
upon earlier, and they should all be evaluated on a case-by-case
basis, taking into account the warranted application of the analyt-
ical technique. While the lack of required specialized equipment
using yeast assays can definitely be considered an advantage in
terms of cost of the analysis to screen plant samples for their thi-
amin profile, it may come at the expense of sample throughput.
However, the implementation of a multiple-well plate reader, as
applied in this study, also ensures that high-throughput
turbidimetry-based screening is feasible. Although this adds to
the cost of the assays, the required investment for a plate reader is
still approximately 10-fold lower compared to the purchase of an
LC–MS/MS instrument, as the latter can easily cost around
200 000 euros. The microbiological assays also demand sterile
laboratory conditions, requiring an autoclave as well as a sterile
flow cabinet, both of which can cost up to a few thousand euros.
This gives an indication that, considering required equipment,
microbiological assays are an order of magnitude cheaper as com-
pare to their LC–MS/MS counterpart.

Both methodologies, microbiological and LC–MS/MS,
involve a time-consuming incubation step, i.e. 17 h incubation of
the yeasts with the plant extracts and 24 h incubation of the sam-
ples to allow phosphatase treatment, respectively. However, the
actual hands-on-time of both methods is relatively limited. The
chromatographic separation of the thiamin-related metabolites
from other constituents in the plant extracts limits the risk of
interferences, thereby improving the accuracy of the results.
While total vitB1, HMP and HET levels can be quantified in
one analytical run using LC–MS/MS analysis, multiple microbi-
ological assays using different yeast strains (RWY16, thi6 and

thi4) should be combined to estimate the levels of vitB1 interme-
diates. Given that the yeast assays are biologically based, this
methodology has the advantage of being able to detect a whole
set of biologically active compounds, independent of their chemi-
cal structure. However, this advantage comes at the price of a
lower specificity and accuracy. A good illustration thereof
involves the inability of the yeast assays to distinguish between
different B1 vitamers (TMP, thiamin, TPP), which is feasible
using the LC–MS/MS method. Another potential downside of
the turbidimetric assays involves their reliance on sufficient stabil-
ity of the metabolite during the relative long (17 h) growth of the
yeast cells. Furthermore, it is important to indicate that the yeast
assays exhibit a limited range within which the metabolites can
be assessed, corresponding to the linear range of the dose–re-
sponse curves (Fig. 2). This was seen in diluted samples, in which
clear drops in MTE values were more clearly observed when the
original samples depicted high MTE values, indicating dilutions
are only appropriate when the samples were at the higher end of
the linear range (Fig. S8b, the tpk sample being an exception).
This highlights the need to assure (via dilution) that the mea-
sured OD values are within the acceptable concentration range as
indicated on the growth curves (Fig. 2).

Although the results generated by the yeast assays were repro-
ducible, LC–MS/MS analysis has the possibility of including a
stable isotope-labeled analog of the analytes of interest in the
method, which may serve as an internal standard to compensate
for any variation during the analytical procedure, and will conse-
quently benefit the comparison of results across laboratories. The
latter is important in the context of nutrition labeling of food
products, whether or not fortified, where labels should represent
the true nutritional value of a product when entering the market,
irrespective of the analyzing laboratory. However, in an initial
stage of food crop development, either through breeding or
genetic engineering, the comparative analysis employing microbi-
ological assays is fit-for-purpose as it may serve as a rapid screen-
ing tool. Since biofortification strategies mostly target
populations in low- and middle-income countries, the inexpen-
siveness and simplicity of microbiological assays, omitting the
need for highly trained analysts, may stimulate local biofortifica-
tion endeavors. This is of high importance, since biofortification
interventions aim at providing self-reliance to local populations.

Application potential

Given the equipment and expertise required for precise vitB1
determination, only a limited number of groups can do so. Strik-
ingly, in planta quantification of the thiamin biosynthetic inter-
mediates has only been achieved very recently (Verstraete et al.,
2020, 2021). The described turbidimetric yeast assays can,
depending on the purpose, be a valid alternative to obtain relative
vitB1 levels. The described yeast assays promise to be well suited
for implementation in thiamin biofortification/metabolic engi-
neering endeavors. The previously reported application of the
thi4 assay in screening of cassava lines (Mangel et al., 2017) as
well as its use in scoring genetically engineered rice lines (Mangel,
2016) together with our results of both brown and polished rice

Table 1 Comparison of microbiological and liquid chromatography–
tandem mass spectrometry (LC–MS/MS) analysis to evaluate the profile of
thiamin and its intermediates in food products.

Microbiological assay LC–MS/MS

Cost + +++
Specificity + +++
Sensitivity + +++
Time commitment ++ ++
Accuracy + +++
Measurement of activity + �
Required experience + +++
Interferences + �
Standardization � +
Sample throughput +++ +
Sterile conditions + �
Multi-assay procedure + �

Here, both the microbiological assays as well as the LC–MS/MS method
are evaluated based in different criteria, in which a minus sign represents
the lowest score, while (multiple) plus signs indicate ascending higher
scores. Note that higher scores are not always beneficial, as for cost, time
commitment, required experience, interferences and sterile conditions a
lower score would be preferred.
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seeds (Fig. S11), demonstrates the potential implementation of
the assay in analysis of different plant tissues and/or species. In
this regard, a fast, easy and cheap method for vitamin quantifica-
tion facilitates the unraveling of genetic factors underlying thi-
amin accumulation. Examples include genome-wide association
studies (GWAS) of massively consumed crops such as wheat
(Triticum aestivum) (Li et al., 2018), as well as orphan crops such
as foxtail millet (Setaria italica) (Trivedi et al., 2018). Moreover,
availability of trustworthy microbiological assays makes identifi-
cation of elite, thiamin rich germplasm, such as thiamin rich
potato lines (Goyer & Sweek, 2011), more easily achievable.
These assays make measurement of vitB1 content more easily
obtainable, which turns it more appealing as an additional
parameter when assessing nutritional value of plant products.

On top of quantification of vitB1, being able to make a
(rough) estimation of the biosynthetic intermediates, via the
combined application of these assays, can be a valuable asset. The
latter is particularly true in the case of metabolic engineering.
Indeed, metabolic engineering approaches aim at overcoming
metabolic hurdles, by over-activation of rate-limiting steps, and
are often obstructed by insufficient downstream processing, con-
sequently leading to accumulation of undesired intermediate
products. Therefore, a quick scan of engineered lines to assess
adequate metabolic flux towards the desired products, whilst lim-
iting the build-up of unwanted intermediates can be advanta-
geous. Examples of such studies include the enhancement of
vitB1 in Arabidopsis (Bocobza et al., 2013; Dong et al., 2015;
Strobbe et al., 2021b), rice (Dong et al., 2016; Strobbe et al.,
2021a) and Lotus japonicus (Yin et al., 2019). In some cases, high
levels of these metabolites are to be avoided since not all com-
pounds are generally regarded as safe (GRAS (generally recog-
nized as safe) compounds). By doing so, the metabolic flux can
be directed towards the desired metabolite, vitB1 in this case,
thus limiting the metabolic burden of intermediate over-
production.

Although the combined application of the different microbio-
logical assays on the transgenic lines has allowed us to estimate
changes in levels of the pyrimidine and thiazole moieties (Figs S8,
S9), these changes upon genetic engineering, compared to wild-
type, are relatively high. By contrast, when considering biofortifi-
cation through breeding, changes may be more subtle due to the
limited natural variation in thiamin and thiamin-related metabo-
lites. For these purposes, yeast microbiological assays will likely
only be useful for the assessment of total vitB1, as the intermedi-
ates can be overshadowed since these metabolites typically only
reach a fraction of the molar total vitB1 concentration (Strobbe
et al., 2021a,b). Breeding of crops towards higher vitamin con-
tent has shown to be a successful method to ensure higher vita-
min consumption by certain populations (Bouis & Saltzman,
2017). This methodology is, however, reliant on availability of
appropriate germplasm and screening for desired variation in
vitamin content (Van Der Straeten et al., 2020). As this could
involve testing vast amounts of plant material, microbiological
assays could provide a high-throughput, inexpensive and crude
method for screening of potential candidates as has been shown
by Mangel and colleagues for cassava (Mangel et al., 2017). Post

hoc verification, using trustworthy methodologies such as LC–
MS/MS (Verstraete et al., 2020, 2021) at a later stage in the
breeding process will remain necessary to confirm and acquire
deeper insight into the metabolite profile, particularly relating to
quantitative aspects.

Furthermore, on top of their applicability in screening for
vitB1 content in different crop cultivars (Mangel et al., 2017) or
following metabolic engineering strategies, these microbiological
assays could prove useful in fundamental research (Raschke et al.,
2007). In that perspective, yeast assays could be used to assess
whether a specific stress response is accompanied by alterations in
vitB1 levels, given that vitB1 levels are known to be influenced by
both biotic and abiotic stress conditions (Wang et al., 2016;
Kamarudin et al., 2017; Kartal & Palabiyik, 2019; Fitzpatrick &
Chapman, 2020). Moreover, their ability to provide an indica-
tion of the accumulation of thiamin biosynthesis intermediates
could make these assays useful in the characterization of thiamin
biosynthesis genes from different species.

Finally, the described panel of different yeast strains can also
be applied in the broader context of food analysis. Traditionally,
microbiological assays have been applied to a variety of food
products, including milk and other dairy products (Niven &
Smiley, 1943). Although the estimation of the pyrimidine and
thiazole content of foods does not reflect on their nutritional
quality, it may provide insights into the stability of the B1 vita-
mers upon food processing.

In conclusion, our results show that the proposed panel of
yeast assays can be used as an inexpensive, high-throughput
screening method of vitB1 content in plant tissues, and can even
provide information on accumulation of thiamin intermediates.
Future breeding and metabolic engineering strategies can utilize
these methods in a pre-screening phase, after which promising
candidates can be verified using validated mass spectrometric
analysis.
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