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Abstract

Background Understanding thiamin (thiamine; vitamin B,) metabolism in plants is crucial, as it impacts plant nutri-
tional value as well as stress tolerance. Studies aimed at elucidating novel aspects of thiamin in plants rely on ade-
quate assessment of thiamin content. Mass spectrometry-based methods provide reliable quantification of thiamin

as well as closely related biomolecules. However, these techniques require expensive equipment and expertise. Micro-
biological turbidimetric assays can evaluate the presence of thiamin in a given sample, only requiring low-cost, stand-
ard lab equipment. Although these microbiological assays do not reach the accuracy provided by mass spectrometry-
based methods, the ease with which they can be deployed in an inexpensive and high-throughput manner, makes
them a favorable method in many circumstances. However, the thiamin research field could benefit from a detailed
step-by-step protocol to perform such assays as well as a further assessment of its potential and limitations.

Results Here, we show that the Saccharomyces cerevisiae thiamin biosynthesis mutant thi6 is an ideal candidate to be
implemented in a turbidimetric assay aimed at assessing the content of thiamin and its phosphorylated equivalents
(total vitamer B,). An optimized protocol was generated, adapted from a previously established microbiological

assay using the thi4 mutant. A step-by-step guidance for this protocol is presented. Furthermore, the applicability

of the assay is illustrated by assessment of different samples, including plant as well as non-plant materials. In doing
s, our work provides an extension of the applicability of the microbiological assay on top of providing important
considerations upon implementing the protocol.

Conclusions An inexpensive, user-friendly protocol, including step-by-step guidance, which allows adequate estima-
tion of vitamer B, content of samples, is provided. The method is well-suited to screen materials to identify altered
vitamer B, content, such as in metabolic engineering or screening of germplasm.
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Background

Thiamin metabolism is essential in all life forms, as it is
required to supply a cofactor in multiple crucial reac-
tions in central energy metabolism [6, 13]. Thiamin
and its phosphorylated entities, thiamin monophos-
phate (TMP), thiamin pyrophosphate (TPP) and thia-
min triphosphate (TTP) [10] are collectively referred
to as B, vitamers (vitB;). These B1 vitamers are chemi-
cal derivatives that can be interconverted within the
human body. Therefore, adequate metabolic function
of our body, which requires TPP, relies on a form of B,
vitamer. Humans are unable to biosynthesize thiamin
de novo, and are thus almost exclusively relying on their
diet for sufficient acquisition of vitB,, as the gut micro-
biome only supplies a fraction of the vitB, required [14].
The recommended daily allowance (RDA) for vitB, is
set at 1.2 mg for adult men and women and 1.4 mg for
pregnant women [32]. Severe or chronic vitB, insuffi-
ciency is known to have a devastating impact on human
health, as the effects include cognitive impairment and
cardiovascular pathologies [38]. Ensuring satisfactory
thiamin intake in different populations can be enforced
via dietary diversification, supplementation, food pro-
cessing and biofortification [39]. The latter involves the
enhancement of natural vitB, levels in crops via breeding,
genetic engineering or agronomic interventions [7]. In
this respect, metabolic engineering of vitB; content has
been undertaken in the crop species rice (Oryza sativa)
[4, 29] as well as in the model plant Arabidopsis thaliana
[3, 30]. While metabolic engineering via genetic engi-
neering primarily relies on adequate knowledge of plant
vitB; metabolism [7, 11, 22, 24, 26, 27], breeding is more
dependent on sufficient variability in vitB, content in the
available sexually compatible germplasm of the particu-
lar crop of interest [9, 15, 16, 34]. Both these interven-
tions, however, are reliant on adequate assessment of
vitB, content in the edible tissues of the crop of interest.
Quantification of vitB, in plant samples can be achieved
using high-performance liquid chromatography (HPLC)
or mass spectrometry (MS)-based methodologies [18,
35]. Unfortunately, these techniques require expensive,
specialized equipment as well as skilled operators. Eas-
ily applicable, inexpensive methods for vitB; quantifica-
tion can be very valuable, having an application potential
beyond the aforementioned plant improvement, as they
could also serve to investigate variations in vitB, content
of a wide range of samples, such as different plant mate-
rials as well as animal-derived products and even food
supplements. Historically, multiple methods of thiamin
quantification have been utilized, including microbio-
logical assays as well as fluorescence-based methods [5].
The latter includes the thiochrome assay, which quanti-
fies blue fluorescent thiochrome that is formed after the
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oxidation of thiamin. Thiochrome assays are widely used
but are known to exhibit interference from antioxidant
products such as ascorbate (vitamin C, ascorbic acid) and
polyphenols [5]. Microbiological assays have proven their
usefulness to quantify thiamin in biological samples [2, 5,
19] and have more recently been shown to be a fast and
low-cost alternative to HPLC or MS-based methods [8,
15, 16, 24, 28]. A variety of organisms have been used in
these turbidimetric assays, including Streptococcus sali-
varius [19] and Lactobacillus viridescens [1, 2, 8, 9] and
Saccharomyces cerevisiae [15, 16, 24, 28]. These assays are
predominantly turbidimetric, exploiting vitB; dependent
growth of microorganisms. The methodology makes use
of mutant strains, wherein a specific step in vitB; biosyn-
thesis is affected. In those cases, depending on the exact
step of the biosynthesis that was omitted, several other
thiamin-related metabolites could be interfering with the
microbiological assay [19, 28]. Indeed, pyrimidine and
thiazole metabolites, present as metabolic intermediates
in vitB, biosynthesis as well as occurring as breakdown
products, have been reported to interfere with the meas-
urement of vitB; microbiological assays [5, 19, 28]. This
highlights the necessity of selecting ideally suited mutant
lines to allow a correct estimation of the desired metabo-
lites. Recently, we have exploited the available genetic
resources in Saccharomyces cerevisiae, by examining dif-
ferent strains mutated in vitB; biosynthesis, to assess the
applicability of different strains to determine vitB; con-
tent [28]. This revealed that the Saccharomyces cerevi-
siae strain thi6, which is unable to condense pyrimidine
and thiazole intermediates to form TMP (the first vitB;
vitamer in vitB; biosynthesis) [20, 21], is the strain of
choice to be deployed in a microbiological assay deter-
mining vitB; [28]. Interestingly, its combined use with
the RWY16 strain [40] and the previously described assay
utilizing the thi4 strain [15, 24], enabled rough estima-
tion of pyrimidine and thiazole content in plant samples,
respectively [28]. This nicely illustrates how a panel of
different vitB, mutant strains within the same organ-
ism can be addressed to permit a more profound insight
into metabolites involved in vitB; metabolism, via their
implementation in microbiological assays. Furthermore,
Saccharomyces cerevisiae is an ideal tool, as it is a model
organism, which is considered safe and can be grown fast
in standardized growth conditions.

Here, we demonstrate the applicability of the Saccha-
romyces cerevisiae strain thi6 in a microbiological assay
aimed at estimating vitB; content and provide step-by-
step guidance (in the form of a lab protocol). Important
considerations regarding the execution and reproducibil-
ity of the assay are examined and elaborately discussed.
Finally, we illustrate the application of the assay by
screening rice samples as well as a more varied set of
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plant- and non-plant-derived samples. Together, our
work presents support for the wide applicability of the
assay and provides the necessary information to allow
user-friendly implementation of the methodology.

Results

Timing of thiamin dependent growth in thi6 strain and its
response to different vitamers

It was recently shown that the Saccharomyces cerevisiae
strain thi6 can serve in a vitB; turbidimetric assay, as it
is responsive to thiamin, TMP and TPP in approximately
equal molar quantities [28], which is in line with the cur-
rent understanding of yeast vitB; metabolism and the
positioning of the omitted step, executed by THI6, within
the pathway [20, 21]. To confirm the vitB;-dependent
growth of this strain, as well as to obtain a deeper insight
into the timing of its growth, the ¢4i6 strain was exam-
ined at varying vitB, concentrations (Fig. 1). This is rel-
evant to optimize the turbidimetric assay with respect
to the time needed during the growth phase on the one
hand and to get an idea of the severity of impact of devi-
ating from this timing on the other hand. The results
show that after 8 h of growth, a clear distinction was
observed between the thi6 culture grown in thiamin-
deprived conditions (C1; 0 nM control) as compared to
thiamin-supplemented conditions (Fig. 1A). It is impor-
tant to note that, in certain cases, some aberrant growth
was observed, reflecting the highest growth during the
early stages of the assay (e.g. C4 at 8 h, Fig. 1A). This can
potentially be caused by impurities or condensate forma-
tion on the 24-well plate, also indicating that attention
should be paid to the proper reading of optical densities,
which should be done after longer periods of growth. The
17, 20 and 24 h timepoint were selected to assess the thia-
min growth concentration-response curve, for which the
17 h timepoint most closely correlated (R*>>0.95) to the

(See figure on next page.)
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logarithmic mathematical approximation of the growth-
concentration—response curve (Fig. 1B-D). Analysis
of the correlation between measured optical densities
(OD) and thiamin concentration provides an idea of
the optimal time of growth for measurements, display-
ing the highest correlation. Focusing on the optimal
concentration (i.e. excluding the 2 lowest and 2 highest
concentrations) revealed that the highest correlations of
OD and thiamin concentration were indeed obtained at
the start of the plateau phase of growth, after 16, 17 and
18 h of growth, with an R? value of 0.98 (14 h, R*=0.951;
15 h, R”*=0.972; 16 h, R*=0.979; 17 h, R*=0.981; 18 h,
R?>=0.979; 19 h, R*=0.971). Interestingly, the results
show that suboptimal supplementation of thiamin (e.g.
C7; 36.7 nM; Fig. 1A) not only slows thi6 growth, but
also results in lowered plateau of OD reached. The
results indicate that a > 17 h growth time allows adequate
vitB; estimation. The three thiamin related B, vitamers
most commonly found in biological samples, depicted
in Fig. 1E, had an equal effect on the growth of the thi6
strain, when provided in the same molar concentrations
(Fig. 1F), confirming similar detectability of the differ-
ent phosphorylated entities as compared to thiamin
itself [28]. Indeed, testing different mixtures (33.3% each,
50:25:25, 25:25:50) of these three vitamers demonstrated
that growth of ¢hi6 was dependent on the molar concen-
tration of total vitB; (sum of the different vitamers) in the
assay media (data not shown).

Other nutritional components as well as the age

of the yeast stock can impact growth

Similar to investigating the timing of the growth, it is
important to explore which other factors have an impact
on the yeast growth, as this could potentially influence
the outcome of the microbiological assay. Such insight
provides the user with knowledge on how stringent

Fig. 1 Timing of thi6 thiamin concentration-responsive growth. The thié Saccharomyces cerevisiae mutant strain depicts a thiamin
concentration-responsive growth when grown on different concentrations of thiamin standards [28]. A Quantification of the growth of thié

was monitored in real-time as a proxy for thiamin content (see methods) using a TECAN Infinite 200 pro plate reader. The graph depicts the thi6
growth progression by monitoring Optical Density (OD), for twelve different thiamin concentrations, at 30 min timepoint intervals, for a total
period of 24 h (h). Each concentration of the thiamin standard was tested in two technical replicates (2 x 12; 24 well plate). The data represent

the mean + Standard Error of at least 7 repeats (7 different days of measurements). Gray rectangles indicate timepoints that were used to generate
growth concentration-response curves of the thi6 strain in the microbiological assay. Concentration-dependent growth curves were assessed

at 17 h (B), 20 h (C) and 24 h (D) of growth. The correlation (R?) between the concentration of thiamin standard added, and the OD for a given
timepoint of measurement is indicated. Taking the example of the 17 h timepoint, the concentration of thiamin in the standard is estimated

by the following formula: concentration (nM) =e(©P+02248)

/00658 Note that the concentrations depicted (ranging from 0-421 nM) arise

from the thiamin standard dilution series (ranging from 0-3770 nM) as used in the assay protocol (see methods for the preparation of the thiamin
standard series and assay). E Chemical structure of most common vitamin B, vitamers. F Concentration-dependent growth of thi6 strain using two
distinct concentrations of the most common vitamin B, vitamers (mean = Standard Error of 3 repeats (analysis days) each consisting of 2 technical
repeats, are shown). OD values were derived from the TECAN Infinite 200 pro plate reader, in which the measurements represent the measured OD
subtracted by the OD measured at timepoint 0. Moreover, as the reading does not include correction for path length, OD values should only be
interpreted in a relative way. TMP thiamin monophosphate, TPP thiamin pyrophosphate
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Fig. 1 (See legend on previous page.)

certain factors should be controlled. Testing the ability
of ‘older’ yeast stocks, being yeast cultures washed and
stored at OD 0.5 at 4 °C to be used in the assay, would
eliminate the necessity to prepare a fresh yeast culture

for each assay day (see “Preparation of the yeast cul-
ture”). Our results show that using yeast cultures, stored
for up to 4 months, still depict clear vitB,-responsive
growth, albeit to a lower extent as compared to the fresh
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stock (Fig. 2A). Though this effect is much more clear
for higher vitB, concentrations, in the lower linear range
of the curve (which is the recommended range of the
assay [28]), adequate concentration-dependent growth
is observed. Conversely, using a twofold higher concen-
tration of growth media, the concentration-responsive
growth is extended, as the ¢41i6 mutant grows to a higher
OD (Fig. 2B). Similarly, this effect is limited in the earlier,
linear, phase of the curve. This observation illustrates that
certain components of the plant extracts, unintentionally
co-extracted together with vitB,;, could also influence the
assay outcome.

Reproducibility

The reliability of an assay depends on its accuracy and
consistency. To estimate this, we conducted five micro-
biological assays on the same 353 nM thiamin test con-
centration. This concentration resides within the optimal
measuring range and was prepared as a twofold dilu-
tion of the stock concentration C9 (see “Preparation of
the thiamin standard series”). The measured mean val-
ues of the repeats were found to be within a range of
353 nm +12% for the 5 analysis days, provided that each
assay was accompanied by a standard curve to derive
the concentration—response relationship (Fig. 3A). To
evaluate whether the latter is imperative, the concentra-
tion—-response equation, derived from the first analysis
day, was used (or reused) to estimate the concentration
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of the test solution of the other analysis days. Reitera-
tive application of the concentration—response curve led
to inaccurate estimation of the concentration and thus
higher variation between different analysis days (Fig. 3B).
Independent of whether or not the standard series were
correctly included, outliers were found, demonstrating
that high variation can occur for a limited number of rep-
licates. Therefore, it is crucial to include adequate repli-
cates to be able to identify these values as outliers, which
could originate from errors in OD reading, condensate
formation (on plate), coagulations of the yeast and impu-
rities on the plate (when using a plate reader).

Application of the thi6 yeast assay on rice and other plant
and non-plant samples

To illustrate the applicability in relevant plant tissue sam-
ples depicting different vitB, profiles, the thi6 assay was
used to examine the vitB; content of both brown and pol-
ished transgenic Nipponbare japonica rice, with a large
discrepancy in total vitB, level [29]. Note that vitB; con-
centrations, as estimated via the assay, are expressed as
Molar Thiamin Equivalent (MTE), as the assay is unable
to distinguish between the different vitB, entities and
relies on comparison to a thiamin standard series. Here,
brown (unpolished) rice was estimated to contain about
14.4 nmol/g MTE or 383 pg/100 g thiamin (Fig. 4a),
which is in the same order of magnitude as 413 pug/100 g
reported by the USDA Food Data Central [33] as well as

B Effect of non-vitB1 media constituents on yeast growth
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Fig. 2 Factors influencing yeast growth during assays. The thiamin concentration-responsive growth of the thié Saccharomyces cerevisiae mutant
strain, used for turbidimetric assay of vitB, quantification [28], was examined upon usage of fresh or stored yeast cultures (A) or higher nutrient
composition of the TFYM growth medium (B). Following the assay protocol, Optical Density (OD) was measured after 17 h of growth. A Here,
however, small adaptations to the protocol were tested, as stored, washed yeast cultures of different age (stored at 4 °C for 1, 3 or 4 months) were
utilized to test their thiamin concentration-responsiveness. Note that the cultures were tested at a similar time, meaning that these originated
from different thi6 cultures separately washed (not one culture tested at different timepoints). B Similarly, thi6 growth was followed upon growth
in double concentration TFYM, to examine whether higher nutrient composition can have an effect on the assay outcome. Error bars represent

standard deviation as measured from 4 technical replicates
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Fig. 3 Standard series are required for reproducibility of the microbiological assay. The vitB, thi6 microbiological assay was used on a 353 nM
thiamin aqueous test solution. Each analysis day (17 h assay incubation) consisted of a standard series (12 concentrations, 4 technical replicates,
48 wells in total) and 24 technical replicates of the 353 nM test solution (24-well plate). The box plots show the median and quartiles, where X
represents the mean. Measurements, including outliers, are shown as points. The red crossed line indicates the expected, true, concentration

of the test sample, 353 nM. Each result is calculated by using the concentration-response curve from the standard series, which is measured

in parallel for each analysis day (A). Analyses in which no standard series are included for each day are presented in B. Here, the equation derived
from the assay of the first analysis day (box plot on the left) was reused to calculate the test solution in the subsequent analysis days

the 295 pg/100 g found earlier via MS-based quantifica-
tion [29, 36]. The assay was able to identify significant
differences, as compared to the wild type, in brown rice.
In polished white rice on the other hand, no significant
differences were found, although all polished samples
were observed to significantly differ from the unpolished
ones (p<0.05) (Fig. 4B). Clearly, the assay can be applied
to examine samples with a large variety in vitB, content,
as brown rice was found to contain above 15-fold more
vitB, as compared to polished white rice. This example
also illustrates that, although measured variation can be
high in low vitB; samples, the assay can provide an esti-
mate on losses during practices such as polishing.
Furthermore, the assay was used to estimate vitB; con-
tent in different plant tissues as well as potential samples
of interest from non-plant origin. Fresh edible portions
of a few crop plants, including tomato, avocado, lettuce,
basmati rice and quinoa were examined (Fig. 5A). It is
noteworthy that the basmati rice samples (Indica, long

grain), though exceeding its expected vitB, content, had
only 50% of the vitB; content observed in Nipponbare
(Japonica, short grain) (Fig. 4A). On top of plant-derived
samples, liquid thiamin containing sports drinks as well
as vitamin supplements, were examined as non-plant
materials (Fig. 5B). The results demonstrated that the
assay is able to quantify vitB; content from this variety of
samples, roughly corresponding to the expected thiamin
content, with the exception of the lettuce samples. Note
that the high thiamin levels in the supplements were
quantified by making consecutive dilutions of the sample
and using the data for which the measurements reside in
the optimal early phase of yeast growth (see also point-
by-point protocol “Preparation of plant tissue samples”).
In doing so, this methodology allows for vitB, estimation
of samples with very high expected vitB, content, such as
supplements. This showcases how the assay can provide
an insight into vitB; content of many different types of
materials in a relatively easy way.
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Fig. 4 VitB, estimation in different samples using thi6 yeast microbiological assay. The thi6 yeast assay, as described, was used to assess vitB,
content in different samples. An estimate of vitB, content was obtained for brown (unpolished) (A) and polished (B) rice, including wild type (WT)
and different genetic backgrounds generated in an earlier biofortification project via genetic engineering [29]. Values represent means + standard
deviation (SD) of 3 (WT, N=6) biological repeats, each consisting of 2 technical replicates. Significant differences (p <0.01; 2 asterisks; 0.01 < p <0.05,
1 asterisk) were evaluated via a 2-sided Student’s t-test, of which the scedasticity was depending on the outcome of the F-test, as wild type values
were found to depict normal distribution (Shapiro-Wilk test) allowing for parametric tests. Comparison of brown vs. polished wild type rice seeds
revealed a significant (p <0.001) drop in vitB; upon polishing
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Fig. 5 VitB, estimation in plant as well as non-plant samples. The thi6 yeast assay, as described, was used to assess vitB; content in plant (A)

and non-plant (B) samples. Values represent means + standard deviation (SD) of 3 biological repeats (A) or technical (B) replicates. The plant
materials (A) consisted of the edible tissues of the included crops (tomato and avocado, fresh fruit tissue; lettuce, fresh leaves, basmati rice

and quinoa, complete seeds). Non-plant materials (B) consisted of 2 liquid sports drinks and 2 solid vitamin supplements. The latter were first
dissolved and homogenized in water, after which all samples were sterilized and included in the yeast assay, similar to the plant extracts. Red bars
indicate expected vitB, content based on reported thiamin content on the USDA Food Database [33] for the plant material (with the exception

of basmati rice for which data from Sood and colleagues [25] was used) or the manufacturer’s reported thiamin content for the non-plant materials
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Discussion

The results illustrate the applicability of the thi6 Saccha-
romyces cerevisiae strain to determine, in a semi-quanti-
tative (relative) way, vitB; content and further reveal its
versatility and robustness. The experiments provide an
insight into the conditions to take into account when
conducting the turbidimetric assay as well as in the types
of samples that can be examined.

The observation that the t4i6 yeast strain displays a dif-
ferent plateau depending on the added concentration of
thiamin (Fig. 1A) has interesting implications as it indi-
cates that some variation is allowed in the actual timing
of OD measurements. This flexibility in timing is use-
ful, as some inevitable time lost between measurement
of samples and standards will not have a detrimental
impact on the measurement variation as the OD is enter-
ing a plateau phase in time (Fig. 1A). This becomes par-
ticularly interesting if no automated OD measurement is
available. Conversely, limiting the required growth time
aids in reducing the total time required to perform the
analysis as well as limiting the potential harmful effect
of contamination. This favors the 17 h timepoint, which
also depicted the highest correlation efficient (R% 0.9588)
with the logarithmic description of the relation between
OD and thiamin concentration. The thiamin dependent
growth experiments (Fig. 1A) also revealed that growth
on the lowest thiamin concentration (C2; 5.2 nM) was
adequately distinguishable from growth in the absence
of thiamin (C1; 0 nM). Therefore, a 5 nM concentra-
tion in the assay volume can be considered adequately
detectable. Given that the sample is ninefold diluted in
the assay mixture (see “Preparation of the assay”), this
requires samples to contain approximately 50 nM vitB,
to be detectable. This sensitivity could likely be increased
by increasing the amount of sample in the assay, from
10 to 50% of the assay volume (i.e. replacing the sterile
water). In doing so, the limit of detection can be lowered
to 10 nM of vitB, in a sample.

By examining growth of yeast cultures stored for longer
periods of time it was revealed that older yeast cultures
can be used, but this could narrow the range and sensitiv-
ity of the assay (Fig. 2A). The observation that a higher
concentration of growth media (double concentrated
TFYM) significantly impacted the yeast growth (Fig. 2B)
is a warning that other compounds, potentially included
in the crude vitB, extract, can also influence growth and
hence the outcome of the assay. Moreover, some samples
may contain growth inhibiting compounds, such as anti-
fungal alkaloids [23]. This effect can be, at least partially,
avoided by only comparing samples of similar content,
having a similar matrix in which vitB; was extracted (e.g.
seeds from different rice lines; stored and non-stored
supplements).
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Some adaptations to make the assay less labor inten-
sive, were explored. This includes the aforementioned
use of older yeast cultures, as well as reusing previ-
ously analyzed standard series. The latter was shown to
severely diminish the accuracy of the assay (Fig. 3B) and
is, therefore, strongly discouraged. It is indeed tempting
to reuse an obtained concentration-response curve for
future analysis days, thereby saving the need for a spe-
cific standard series per analysis, which depending on the
number of samples, can become a significant part of the
measurements. The results in Fig. 3, however, emphasize
the harm of omitting this step, as reusage of concentra-
tion—response equations greatly increases variation and
has the potential to lead to inaccurate results. A standard
should therefore only be used together with samples aris-
ing from the same assay master mix on a specific analysis
day.

The assay has at least the possibility to provide rela-
tively accurate measurements, shown by the limited
variability witnessed in Fig. 3A. This should, however,
be approached with caution, as this was demonstrated
on an aqueous solution, with a high number of technical
repeats (n=24), representing optimal conditions. Taking
factors such as sampling, weighing, extraction and han-
dling errors into account, variability can greatly increase.
Furthermore, it is important to keep in mind that the
assay results should be interpreted relatively, and used to
compare similar sample materials, so that factors such as
growth inhibiting compounds and extraction efficiency
are similar between different samples.

The results in Fig. 5 show that the assays can be
deployed in a wide range of materials. It is important,
however, to get an idea about the expected vitB, con-
centration and dilute the sample to fit within the optimal
range of the assay (see “Preparation of plant tissue sam-
ples”), as was done for the vitB; supplements (Fig. 5B).

It is important to keep in mind that the assay is a very
crude estimation and should be utilized in experiments
in which such estimation is sufficient or within prelimi-
nary experiments, requiring verification via MS-based
methods.

Conclusions

The thi6 yeast turbidimetric assay can be used to provide
estimates of vitB; content in different samples. However,
this requires relatively fresh yeast stocks and a standard
series included for each analysis day. The assay assesses
vitB; levels as a sum of the different vitamers, measured
as molar thiamin equivalent (MTE), as it cannot distin-
guish between these different metabolites. The resulting
measurements should be considered as relative estimates
rather than absolute quantification and can be used for
semi-quantitative purposes, as in screening of large
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germplasm populations. The provided step-by-step pro-
tocol and the accompanying considerations allow for easy
implementation of the turbidimetric thi6 assay.

Methods

Herewith, an elaborate description of the procedures
involved in the microbiological assay is provided. The
methodology and its preparations can be subdivided in
four parts, the preparation of the plant extracts, the thia-
min standard dilution series, the preparation of the yeast
culture and the combination of the aforementioned parts
into the actual turbidimetric assay. In the following sec-
tions, these procedures will be reviewed and followed by
a comprehensive step-by-step protocol. A flowchart of
the complete procedure is presented in Fig. 6.

Detailed protocol

Thiamin extraction

The extraction of vitB; from plant material is based on
previously described extraction methods for vitamin B6
[12, 17, 31], adapted for vitB, [8, 15, 24].

To create a sample extract, as low as 100 to 200 mg of
plant material can be used. The amount of material is
chosen based on availability as well as on the expected
vitB; content, where 100 mg would be sufficient for high
vitB; sources (e.g. green plant tissues such as Arabidop-
sis leaves), while 200 mg is required for plant material
with a low vitB; content (e.g. polished rice seeds). The
weight of each sample is accurately measured. Ideally, the
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sample material should be flash frozen in liquid nitrogen
and stored frozen (preferentially at —80 °C) until down-
stream processing. The material should be completely
powdered to ensure efficient extraction. This can be done
in an automated way (milling machine) or using mortar
and pestle (both cooled using liquid nitrogen). In case the
latter option is chosen, swift weighing of the plant mate-
rial after homogenization will be required due to poten-
tial losses during handling. After homogenized samples
are obtained, 1.5 ml of 22 mM of sulfuric acid (H,SO,)
is added and the samples are heated to 95 °C for 60 min.
This high temperature step assists in adequate extraction
of vitB; from the plant tissues while providing steriliza-
tion of the material, which is required as contamination
could obstruct the assay, as described previously for vitB6
[12] and vitB; [24]. Moreover, the low pH aids in limit-
ing thiamin breakdown, as thiamin is very stable in acidic
conditions [37]. All subsequent steps are performed in
sterile conditions to avoid contamination of the sample
extracts. To neutralize the solution to a pH of 5.7, 240 pl
of sterile (autoclaved) 3 M sodium acetate (C,H;NaO,)
is added to the sample. To eliminate the presence of cel-
lular debris and other impurities, which could interfere
with optical density (OD) measurements, extracts are
centrifuged (14,000g; 4 °C) after which the supernatant
is collected in a sterile microcentrifuge tube. This aque-
ous vitB; extract is then directly used in the yeast assay
(described below) or stored at — 80 °C for future analysis.

Thiamin standard [ ] @]

[a]los[e]al

@ [ [ao]ar]az]

[=)
[ o] a7 | oa

| 141 | 188 | 235 [ 329 | 471 | 707 | 942 | 1885 [3770 [nm

1

Collect 100-200 mg of plant material

(freeze in liquid nitrogen)

Pulverize/homogenize the plant material
(in liquid nitrogen) .

Add 1,5 ml of 22 mM sulfuric acid (H,S0,)

Centrifuge 5 minutes 14,000 g (4°C)

Transfer supernatant to sterile 2 ml
microcentrifuge tube

!

Plant samples

Add mastermix to assay (24-well) plate:

250 pl of 2xTFYM (double concentrated)
50 l yeast (OD =0,5) e
l . 233 pl water

—>— Add 67 pl sample
(plant extract or thiamin standard)
(600 l total assay volume) Resolve cells in 0,85% NaCl
Keep at 95°C for 60 minutes (sterile, in water)
(sterilzation, all subsequent steps should be performed in l
sterile conditions) o
Incubate 17 hours (200 rpm, 28°C) Pellet down and resolve again in 0,85% NaCl
l l (washing, repeat 3 times)
Add 240 pl sterile 3 M sodium acetate
(Neutralization, pH should be = 5,7) Measure OD Pellet down and resolve in 10 ml TFYM

Obtain dose-response curve
l (using thiamin standard series)

Calculate sample thiamin concentration

Inoculate yeast strain (thi6) on YPD plate

(rich media, allows growth of auxotrophic yeast)

Grow a single colony in 50 mI TFYM
Supplemented with 100 ng/ml thiamin

|

Pellet down cells (1,700 g, 5 minutes)

Dilute to OD of 0,5 in TFYM

Yeast strains

Obtain plant thiamin content
(using weight of the original sample)

Fig. 6 Flowchart of yeast microbiological assay for thiamin determination. The green frame represents the preparation of the plant samples. The
blue frame shows the 12 concentrations (C1 to C12) of the thiamin standard in nM. The red frame covers the preparation of the yeast cultures.
YPD, yeast extract-peptone-dextrose medium; TFYM, Thiamin-free yeast medium (ForMedium: CYN4701 +ForMedium: DCS0011 + 1% sucrose); OD,

optical density
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Thiamin standards

Thiamin hydrochloride (Duchefa Biochemie TO0614;
molecular weight (MW), 337.3 g/mol) is used to create a
vitB, dilution series in sterile distilled water, serving as a
standard to deduce quantitative information in the yeast
assays. Sterility of the thiamin stock solution is achieved
via filter sterilization. Twelve different concentrations
(ranging from 47 to 3770 nM, including a blank con-
trol) are included to obtain the concentration—response
curves, which are used to deduce vitB; content of the
extracts (Fig. 6; described further).

Yeast culture

The Saccharomyces cerevisiae knockout mutant thi6
(BY4741 background, MATa, YPL214C mutation) was
purchased from the Euroscarf collection (EUROpean
Saccharomyces Cerevisiae Archive for Functional analy-
sis). Yeast extract-Peptone-Dextrose (YPD) medium
is used to propagate and maintain the strain, as this
medium contains a sufficient amount of vitB;. A cell cul-
ture of the thi6 strain is grown, originating from a single
colony on a YPD plate, in Thiamin-Free Yeast Medium
(TFYM), supplemented with 100 ng/ml (377 nM) filter-
sterilized thiamin (MW: 265.3). TFYM combines the
yeast nitrogen base without amino acids and without
thiamin (CYN4701, ForMedium), enriched with com-
plete supplement medium (DCS0011, ForMedium) and
1% sucrose. Following the manufacturer’s instructions
to make 1 L double concentrated TFYM (2xXTFYM),

c10

Cc7 C8 Cc9
Fig. 7 Picture of a standard series 24-well plate and check-up for yeast culture contamination. A 24-well plate used for the assay standard series
curve is depicted after 17 h of growth (A). In this plate, each standard concentration (C1-C12) is included in duplicate. With the naked eye,
increasing turbidity from C1 to C12 is visible. Yeast cultures can be spotted (30 pl) on solidified TFYM (TFYM medium + 1% ultrapure agarose)
plates to test for contamination (B). WT (Wild Type; BY4741) yeast depicts clear growth on TFYM, while thi6 shows no growth. Contamination,
by inoculating the thi6 strain with 1/100 (1 07%) or 1/10.000 (107 dilution of WT, shows that absence of prototrophic cells can be verified easily
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13.8 g CYN4701, 1.58 mg DCS0011 and 20 g sucrose
are dissolved in distilled water and autoclaved. TFYM
supplemented with 377 nM thiamin is used to grow
the thi6 culture (OD>1) overnight (28 °C, 200 rpm).
Subsequently, the thi6 culture is pelleted by centrifuga-
tion (1700g, 5 min), washed 3 times with sterile aqueous
0.85% NaCl solution (for elimination of residual thiamin)
and re-dissolved in TFYM at an OD of 0.5. The diluted
thi6 culture solution (OD: 0.5) can be directly used in the
assay or stored at 4 °C.

Assay

The assay is conducted in a 24-well plate (Greiner),
using a 600 pl reaction in each well. This 600 pl reac-
tion volume consists of 250 pl 2xTFYM, 50 pl thi6 (OD:
0.5) and 233 pl sterile water (which are combined and
added to the wells as 533 pl of master mix) and 67 pl
sample or standard. For each analysis day, the stand-
ard, consisting of multiple (2—4) technical repeats of
all 12 standard concentrations, needs to be included.
The OD (600 nm) of all wells is measured after 17 h
of growth, thereby limiting time differences between
measurements of standards and samples. An example
of a 24-well plate containing a standard series is pre-
sented in Fig. 7A. OD measurement can be done by
spectrophotometry (measurement of optical density at
600 nm) or using an automated system such as a plate
reader. Here, a TECAN Infinite 200 pro plate reader is
used to acquire OD data. Plotting the average observed

thi6
Contaminated
102

thi6
Contaminated
102

Cl1
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OD for all specific standard concentrations allows the
generation of a (logarithmic) concentration-response
curve [28]. By using the logarithmic equation describ-
ing the correlation between the observed OD and the
vitB; concentration of the standard, the vitB; content
of the samples is calculated. Taking a standard series
concentration-growth curve in Fig. 1B as an exam-
ple, the thiamin concentration of an unknown extract
is derived using the following equation: concentration
(nM) = ¢(OP+02248)/00658 - 1phortantly, this measure-
ment should be expressed as molar thiamin equivalent
(MTE), as it represents the molar quantity of multiple
vitB, vitamers (thiamin, TMP, TPP), as compared to a
standard series with known thiamin content [28]. The
vitB; content of the original plant samples is thereaf-
ter deduced from the amount of material used for the
extraction.

Point-by-point protocol
Preparation of plant tissue samples

+ Precisely weigh 20-200 mg of fresh plant tissue
material in a 2 ml tube

o If this knowledge is available, aim at utiliz-
ing material containing 100 to 500 pmol of
vitB,. Given that the samples are homogenized
in 1.74 ml of solvent (see further steps), the
vitB, concentrations in the extracts will be in
the range of the C2 to C5 standards, for 100 to
500 pmol vitB, starting material, respectively.
Utilizing Arabidopsis leaf material as an exam-
ple, which contains around 2 nmol/g vitB, [30],
100 mg sample weight can be used.
In the case of liquid starting material, dilutions
in water can be made to match the expected
50-200 nM concentration (in range of standards
C2 to C5).
Weights should be accurately listed, as the result
of the assay needs to be corrected for the amount
of starting material.
« Samples should be flash frozen to be used imme-
diately or to be stored at —80 °C

.

.

+ Homogenize the samples

« Plant tissue samples can be homogenized by addi-
tion of glass or metal beads followed by vigorous
shaking in specific homogenization equipment,
while keeping the samples frozen.

+ Alternatively, mortar and pestle can be used,
though this should precede the weighing step, as
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collection of the complete powdered material is
difficult.

o Add 1.5 ml of 22 mM of sulfuric acid (H,SO,) to
homogenized samples
« Thiamin is more stable in acidic conditions (pH
~1.5).
« Incubate the acidified samples at 95 °C for 60 min

« For safety and to prevent sample losses, seal the
tubes with parafilm.

» Note that this extraction step also serves as the
sterilization. In all subsequent steps, any contami-
nation should avoided.

+ Add 240 ul of 3 M sodium acetate (C,H;NaO,)

+ This step ensures neutralization to a pH of 5.7.

+ Centrifuge samples, 5 min at 14,000g (4 °C)

+ This step ensures adequate retrieval of clear
extracts, as residual turbidity can impact the turbi-
dimetric assay.

+ Transfer the supernatant to a sterile 2 ml tube

+ These samples can be used immediately and/or be
stored at — 80 °C.

« Each extract provides sufficient material for over
20 assay reactions.

Preparation of the thiamin standard series

+ Make a sterile 100 pg/ml thiamin stock solution
(vitB, stock)

« This can be achieved by adding 127 mg of thiamin
hydrochloride in 1 L of distilled H,O, given the
ratio of the molecular weights of thiamin and its
hydrochloride form, in which it is typically pur-
chased (thiamin MW: 265.3; thiamin hydrochlo-
ride MW: 337.3 g/mol), followed by filter or heat
sterilization.

« This is a 377 pM stock solution, used to acquire
the thiamin dilution series.

+ Make thiamin concentrations C1-C12, using the
377 uM stock solution (100 pg/ml)

« The concentrations are as follows: C1, 0 nM; C2,
47 nM; C3, 94 nM; C4, 141 nM; C5, 188 nM; Cé,
188 nM; C7, 329 nM; C8, 471 nM; C9, 707 nM,;
C10, 942 nM; C11, 1885 nM; C12, 3770 nM.

+ The concentrations for all standards are made by
diluting the following amounts of the 377 uM thia-
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min stock solution (100 pg/ml) in sterile H,O up
to 40 ml: C1, 0 ul; C2, 5 pl; C3, 10 pl; C4, 15 pl; C5,
20 pl; C6, 25 ul; C7, 35 ul; C8, 50 pl; C9, 75 pl; C10,
100 pl; C11, 200 pl; C12, 400 pl.

+ Solutions should be stored and —20 °C and can be
used multiple times

Preparation of the yeast culture

+ Inoculate YPD plate (containing vitB;) with yeast
strain (thi6), to allow single colony growth
o The presence of vitB; in this complex growth
medium ensures growth of the auxotrophic yeast
strain.
+ Inoculate 50 ml liquid TFYM, supplemented with
thiamin (100 ng/ml) and cultivate until growth is vis-
ible (OD 0.5-1.5; 16 h at 28 °C, 200 rpm)

+ The same TFYM medium as will be used in the
assay is utilized here, with the exception that it is
supplemented with 377 nM (100 ng/ml; 1000x
dilution of the 377 uM solution, see ‘preparation
of the thiamin standard series’).

+ The 50 ml culture should support a sufficient
amount of yeast material for over 1000 assay reac-
tions, as 50 ul of 0.5 OD is used per assay (see
‘preparation of the assay’).

+ Collect yeast cell pellet by centrifugation (1700g,
5 min)

«+ The forces applied should be non-destructive, as the
living cells are needed for the downstream assay.

+ Gently resuspend yeast cell pellet in 0.85% NaCl
(sterile!) and pellet down (1700g, 5 min)

+ This washing step is included to eliminate the pres-
ence of vitB, (needed for growth), while limiting
osmotic shock to the cells.

+ Repeat washing step 3 times.
+ Resolve pellet in 10 ml TEYM (no vitB,!).
+ Dilute to an OD of 0.5

+ Checking whether the culture is contamination-
free can be done by growth on solidified TFYM
plates (TFYM+ 1% ultrapure agarose) (Fig. 7B).

Preparation of the assay

+ Create a ‘mastermix’ for 100 assay reactions: 25 ml
2xTFYM, 5 ml yeast culture at OD 0.5, 23.3 ml water
(sterile!)

+ This mastermix can be used for the complete assay.
Here the volume for 100 reactions is given as an
example.
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+ DPipet 533 ul mastermix in all assay recipients (e.g.
wells of a 24-well plate).

+ Reserve 36 reactions for the thiamin standards series,
in which 67 pl of standard is added to 533 ul of mas-
termix, 3 times for each of the 12 standards (see
‘Preparation of the thiamin standard series’).

+ Add 67 pl of thiamin extract to 533 pl of mastermix

for analysis of the samples

Include a sufficient number of technical (N >2) and

biological (N > 3) replicates for each sample.

+ Grow the cultures for 17 h (28 °C, 200 rpm) and

measure OD values for all assay reactions

If multiple plates or cultures need to be measured,

a portion can be stored at 4 °C to limit further

growth.

+ Derive the equation, describing the relationship
between thiamin concentration and measured OD,
by using the averages of the OD’s measured for each
standard as a relation to its known concentration.

+ Utilize the derived equation to deduce the vitB; con-

centration in the samples

Use the means of OD measured in technical repli-

cates for each concentration.

+ Apply the equation to calculate the vitB, concentra-
tion of the plant tissue extracts.

+ With the derived vitB, concentration of the extracts,
the vitB; content of the plant tissue samples can be
obtained, taking the original weight of the sample
into account.

+ The sample (weight=X; in gram) was diluted in a
2 ml tube containing 1.74 ml liquid (1.5 ml+ 240 pl),
the dilution (or concentration difference between
extract and plant tissue) can then be approximated
as X/(1.74+X). Note that this approximation pre-
sumes a density of 1 ml/g for the samples, which
can deviate for samples with lower water content.
However, as sample weight is kept below 200 mg,
this deviation has limited effect on the estimation of
the dilution.

+ Utilizing the means of different biological repeats
(e.g. multiple extractions from different plants of a
particular line/cultivar of interest), the vitB; content
of these different lines/cultivars can be compared.

+ To make data more trustworthy, or to verify results,
the complete assay can be repeated (another day).
Keep in mind that each assay should be accompa-
nied by a new standard series.

.

3

.

Materials and equipment
Chemicals

+ Salt, NaCl; sulfuric acid, H,SO, sodium acetate,
C,H;NaO,.
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Media

+ Yeast extract-Peptone-Dextrose (YPD) medium,
solid:

+ 10 g yeast extract, 20 g bacterial peptone, 15 g
agar,add H,Oto 1 1.

« Thiamin Free Yeast medium (2xTFYM):

+ 6.9 g of yeast nitrogen base without amino acids
and without thiamin (CYN4701, ForMedium),
790 mg complete supplement medium (DCS0011,
ForMedium), 10 g sucrose is added to 500 ml of
water to make 2xTFYM (which is diluted 2X to
make 1XTFYM).

Equipment

+ Plate reader (including 24-well plates) or other OD
measuring device
+ Tecan Infinite M Plex with Greiner 24-well plates
was utilized here
« Microbial culture tubes (1-5 ml)
+ 28 °C shaking incubator

Abbreviations

MW Molecular weight

oD Optical density

RDA Recommended daily allowance

TFYM  Thiamin-free yeast medium

T™MP Thiamin monophosphate

TPP Thiamin pyrophosphate

TTP Thiamin triphosphate

VitB, Vitamin B, (sum of thiamin, TMP and TPP)
YPD Yeast extract-peptone-dextrose medium
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