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Because proline accumulates rapidly in response to several stress conditions such as
drought and excess salt, increased intracellular levels of free proline are considered
a hallmark of adaptive reactions in plants, particularly in response to water stress.
Proline quantitation is easily achievable by reaction with ninhydrin, since under acidic
conditions peculiar red or yellow reaction products form with this unique cyclic amino
acid. However, little attention has been paid to date to cross-reaction of ninhydrin with
other amino acids at high levels, or with structurally related compounds that may also
be present at significant concentrations in plant tissues, possibly leading to proline
overestimation. In vitro at high pH values, δ1 -pyrroline-5-carboxylate reductase, the
enzyme catalyzing the second and last step in proline synthesis from glutamate, was
early found to catalyze the reverse oxidation of proline with the concomitant reduction
of NAD(P)+ to NAD(P)H. Here we characterized this reverse reaction using recombinant
enzymes from Arabidopsis thaliana and Oryza sativa, and demonstrated its utility for
the specific quantification of L-proline. By optimizing the reaction conditions, fast, easy,
and reproducible measurement of L-proline concentration was achieved, with similar
sensitivity but higher specificity than the commonly used ninhydrin methods.
Keywords: proline measurement, chemical assay, enzymatic assay, specificity, sensitivity

INTRODUCTION
Water stress tolerance is in the focus of many research projects and also a major goal for plant
breeding to secure crop productivity in the face of ongoing climate change (Ahanger et al., 2017).
Accumulation of free proline (this term referring to the L-isomer, if not specified otherwise) is
a common response of plants to diverse stress factors, mainly drought and high salinity, but
also to cold or pathogen attack (Hayat et al., 2012). Therefore, rapid and cost-efficient assays to
determine tissue proline content are useful to monitor plant stress responses or to assess stress
tolerance. Chinard (1952) reported that at approximately pH 1.0 ninhydrin reacts with only a
few amino acids, and that this reaction can be used to quantify proline, ornithine, lysine, and
hydroxylysine in pure solution. Later on, a modification of this method was described in which
lysine and hydroxylysine do not react (Bates et al., 1973), establishing a quick assay for proline
in plant extracts that has become the most widely adopted reference method (cited by more than
12,000 articles) and is used with minor modifications until today. This assay takes advantage of the
formation of a red, hydrophobic reaction product from proline and ninhydrin at very low pH and
high temperature (100◦ C), while all other proteinogenic amino acids produce little or no color.
Extraction of the reaction product with toluene avoids interference from hydrophilic red plant
pigments like anthocyanins, but constitutes an additional, potentially harmful handling step that
produces toxic waste. Moreover ornithine, an intermediate in the synthesis and degradation of
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commercially available, in many subsequent papers this reaction
(or even the oxidation of proline analogs such as thiaproline)
was used to assay the enzyme (e.g., Nocek et al., 2005; Meng
et al., 2006), though it does not represent a physiological feature.
We have previously described P5CRs from Arabidopsis thaliana,
Oryza sativa, and Medicago truncatula as very stable enzymes
that can easily be stored at 4◦ C over prolonged periods with
negligible loss of activity (Funck et al., 2012; Giberti et al., 2014;
Forlani et al., 2015a; Ruszkowski et al., 2015). Based on these
premises, we established the reverse reaction of P5CR under
optimized conditions as a simple, specific and reliable method for
proline quantification.

arginine (Winter et al., 2015), reacts under these conditions with
the same efficiency, and some other amino acids like glutamine
show 1–2% color yield of equivalent amounts of proline (Bates
et al., 1973). The interference of these ninhydrin-positive
substances is negligible in those cases in which proline content
in plant tissues is found to increase hundredfold in response
to hyperosmotic stress (e.g., Handa et al., 1983; Binzel et al.,
1987; Santos-Díaz and Ochoa-Alejo, 1994). However, during
recent years increasing evidence has been reported that suggests a
more faceted protective role of intracellular free proline (Sharma
et al., 2011; Shinde et al., 2016; Signorelli, 2016), and even slight
increases of its intracellular content, well below those required
for effective osmotic compensation, were found beneficial under
stress. The exact mechanisms underlying these positive effects are
still a matter of debate (Forlani et al., 2019b), and some data also
suggest that an increase in proline metabolic rates, more than its
absolute concentration, may help the cell to counteract abiotic
stress conditions (Kavi Kishor and Sreenivasulu, 2014; Forlani
et al., 2019a). To allow a deeper insight in these metabolic plant
responses, there would consequently be a need of methods able
to reliably detect even minor variations in proline levels.
In another variant of the acid ninhydrin assay, in which
the reaction is carried out at lower temperature (50◦ C) and
less acidic conditions (about pH 3.0), proline yields a peculiar
yellow product, whereas most primary amines – like the other
proteinogenic amino acids and ornithine – produce red to purple
adducts (Williams and Frank, 1975). Conveniently, the reaction
mixture can be read as it is, without the need of extracting the
chromophore with an organic solvent. However, this protocol
has been specifically developed for the quantitation of pure δ1 pyrroline-5-carboxylic acid (P5C), an intermediate in all the plant
routes for proline biosynthesis and catabolism (Trovato et al.,
2019), and its specificity when used for proline determination has
not been thoroughly investigated. Therefore, in this case as well,
standard solutions for calibration should comprise a mixture of
amino acids similar to their abundance in the plant extracts,
and reaction blanks without ninhydrin are required to subtract
various plant compounds able to absorb at the same wavelength.
The limitations inherent to both these established protocols
could be overcome by the availability of a robust and
specific enzymatic assay for proline quantification. Proline
dehydrogenase (ProDH, EC 1.5.5.2), the enzyme that oxidizes
proline to P5C in plant mitochondria, is attached to the inner
mitochondrial matrix and is very difficult to purify. Moreover,
it is believed to transfer electrons directly to quinones of the
respiratory electron transfer chain (Cabassa-Hourton et al.,
2016), and is unable to catalyze in vitro the reduction of
NAD(P)+ (Lanfranchi et al., manuscript in preparation). The
opposite reaction, i.e., the NAD(P)H-dependent reduction of
P5C to proline, is catalyzed in vivo by P5C reductase (P5CR, EC
1.5.1.2; Forlani et al., 2015b). During early purification attempts,
a single protein was found to possess both P5CR and proline
dehydrogenase activities (Rena and Splittstoesser, 1975), and later
on a purified P5CR was shown to catalyze the reverse reaction
at alkaline pH (Szoke et al., 1992). A protocol to assay P5CR
following the proline-dependent reduction of NAD+ at pH 10
was then reported (Chilson et al., 1992) and, because P5C is not

Frontiers in Plant Science | www.frontiersin.org

MATERIALS AND METHODS
Heterologous Expression and Affinity
Purification of Plant P5CRs
Cloning and functional characterization of Arabidopsis and
rice P5CRs have been previously described (Giberti et al.,
2014; Forlani et al., 2015a). Overexpression was carried out in
Escherichia coli BL21 (DE3) pLysS cells. The bacteria were grown
at 24 ◦ C in 2-L Erlenmeyer flasks with shaking at 100 rpm
in 400 mL LB medium supplemented with 100 µg mL−1
ampicillin and 50 µg mL−1 chloramphenicol. At an OD600 of
0.5, expression of P5CR was induced with 1 mM isopropyl-β-Dthiogalactopyranoside. The culture was further incubated for 6 h,
then cells were harvested by centrifugation at 3,000 g for 10 min
and pellets were weighed and frozen at −20 ◦ C. The samples
(about 1 g) were thawed and extracted in an ice-cold mortar with
2 g g−1 alumina powder, then the homogenate was resuspended
in 25 mL g−1 of extraction buffer (50 mM sodium phosphate,
pH 7.5, 200 mM NaCl and 20 mM imidazole) containing
0.5 mM DTT. Cell debris was pelleted by centrifugation at
12,000 g for 10 min at 4 ◦ C. The supernatant was applied
at a constant flow of 10 mL h−1 to a 0.1 mL His SpinTrap
column (GE Healthcare). After binding, the column was washed
with 5 mL of extraction buffer and eluted stepwise with 3mL aliquots of buffer containing increasing concentrations of
imidazole (50, 100, 200, 350, and 500 mM), while collecting 1-mL
fractions. Both Arabidopsis and rice P5CR eluted reproducibly
and quantitatively at about 350 mM imidazole (Supplementary
Figure S1). The His6 -tag was not cleaved, as it has been
shown to have no influence on the functional properties of the
enzymes (Giberti et al., 2014; Forlani et al., 2015a). Protein
concentration was determined by the method of Bradford (1976),
using bovine serum albumin as the standard. Homogeneity of
purified preparations was checked by discontinuous SDS-PAGE
(12% acrylamide separating gel). Enzyme preparations were
filter-sterilized (0.2 µm) and stored at 4 ± 2◦ C in the dark.

P5CR Assays
Assays were performed in either 1 cm/0.2 cm path cuvettes
(UVette; Eppendorf, Milan, Italy) in a final volume of 1 mL, or 96microwell plates in a final volume of 0.2 mL. In the former case,
OD340 was determined with a Novaspec plus spectrophotometer
(Amersham Biosciences, Milan, Italy) equipped with a Peltier
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device set to 37◦ C and a UVette adaptor. In the latter case, the
plate was equilibrated at 37◦ C prior to enzyme addition, and
absorbance was measured using a Ledetect plate reader (Labexim,
Lengau, Austria) equipped with a LED plugin at 340 nm. Each
sample was carried out in triplicate (technical replications). Each
determination was repeated with at least three different enzyme
preparations (biological replications), obtaining almost identical
patterns. Presented data refer to a single enzyme preparation, and
are means ± SE over technical replicates. Linear and non-linear
regressions of data were computed using Prism 6 for Windows,
version 6.03 (GraphPad Software, San Diego, CA, United States).

for 3 min, the organic phase was read at 520 nm in quartz or
PMMA cuvettes using an Ultrospec 1100 pro spectrophotometer
(Amersham Biosciences).

Williams and Frank Protocol
Ninhydrin was dissolved at 1.5 mg mL−1 in glacial acetic acid.
Samples (15 µL) were sequentially mixed with 15 µL of 3 M Na
acetate and 200 µL ninhydrin solution, and immediately read in
PS cuvettes with the Ultrospec 1100 pro spectrophotometer, or
in 96-microwell plates with the Ledetect plate reader equipped
with LED plugins at 352, 520 or 540 nm. After incubation at 50◦ C
for 12.5 min, samples were cooled to room temperature and read
again. The difference of absorbance between final reading and
time-zero value was considered.

Forward Assay
The physiological activity of P5CR was routinely measured at
pH 7.5 as the P5C-dependent oxidation of NAD(P)H. P5C was
synthesized by the periodate oxidation of δ-allo-hydroxylysine
(Sigma H0377), purified by cation exchange chromatography on
a 200–400 mesh Dowex AG50W-X4 column, and quantified as
described (Williams and Frank, 1975). P5C solutions in 1 M HCl
were stored at 4◦ C in the dark, and brought to neutral pH just
before the assay using proper aliquots of a 1 M Tris base solution.
Unless otherwise specified, the assay mixture contained 2 mM
DL -P5C and 0.4 mM of either NADH or NADPH in 50 mM TrisHCl buffer, pH 7.5. Parallel blanks were performed in which P5C
had been omitted.

Cell Culture, Growth Conditions and
Amino Acid Extraction
Nicotiana plumbaginifolia Viviani suspension cultured cells were
grown heterotrophycally at 24◦ C in the dark, as described
previously (Forlani et al., 1996). Cultures were treated with
175 mM NaCl three days after subculturing, when cells had
entered the exponential phase of growth. At increasing time after
the treatment, culture aliquots were withdrawn, and cells were
harvested on nylon filters (2 µm) under vacuum. Cells were
split into two samples, which were resuspended with 2 mL g−1
of either 3% (w/v) 5-sulfosalicylic acid solution or 100 mM
glycine-NaOH buffer, pH 10.5, and extracted with a teflon-inglass Potter homogenizer with 20 strokes. The homogenates were
centrifuged 3 min at 12,000 g, and the supernatants were stored at
−20◦ C until analyzed. Just before the analysis, extracts in glycineNaOH buffer were treated 5 min at 95◦ C to completely inactivate
endogenous enzymes, and then further centrifuged.

Reverse Assay
The reverse activity of P5CR was routinely measured at pH 10.2 as
the proline-dependent reduction of NAD(P)+ . Unless otherwise
specified, the assay mixture contained 10 mM L-proline and
5 mM of either NAD+ or NADP+ in 100 mM glycine-NaOH
buffer, pH 10.2. Parallel blanks were performed in which proline
had been omitted. Kinetic analyses were performed by varying
a single substrate while maintaining the invariable substrate at
10 mM NADP+ or 20 mM NAD+ , and 50 mM (with NAD+ ) or
5 mM (with NADP+ ) proline in the case of O. sativa P5CR; at
3 mM NADP+ or 15 mM NAD+ , and 2 mM proline in the case
of the enzyme from A. thaliana. K M and V max values and their
confidence intervals were computed using the corresponding
functions in the Prism 6 software.

RESULTS
Ninhydrin-Based Methods Can
Significantly Overestimate Proline
Content
To get an estimate of the errors introduced by the commonly
used ninhydrin assays for proline quantification, their specificity
and possible interference from other amino acids were reinvestigated. We confirmed that the Bates assay detects ornithine
with almost the same sensitivity as proline, and also pipecolate,
which differs from proline by an additional C-atom in the
ring, was detected, although with a sensitivity one order of
magnitude lower (Figure 1A). The four-atom ring analog
azetidin-2-carboxylate (A2CA) was not detected. D-proline and
DL-P5C produced about 60% and 50% of the absorbance at
520 nm compared to equivalent concentrations of L-proline,
while hydroxyproline reacted with similar efficiency as pipecolate
(Figure 1B). The modified assay by Williams and Frank showed
a somehow higher specificity, but equally suffered from some
interferences. Ornithine produced only 5% of the absorption at
352 nm compared to equimolar concentrations of proline, and
the absorbance obtained with the same levels of pipecolate and

Ninhydrin Assays
Assays were performed using either the protocols described by
Bates et al. (1973) or Williams and Frank (1975). No changes
were introduced, but volumes were reduced while maintaining
proportion and composition of the solutions. Solutions of pure
proline in water were used to calibrate the assays. In all cases
samples were carried out in triplication, and mean values ± SE
are reported. Each experiment was repeated twice.

Bates Protocol
Ninhydrin was dissolved at 25 mg mL−1 in 60% (v/v) acetic acid –
13.8% (w/v) phosphoric acid. Samples (100 µL) were mixed
with the same volume of both ninhydrin solution and glacial
acetic acid, and incubated at 100◦ C for 60 min. After cooling,
the formed chromophore was extracted with 200 µL toluene
by vortexing a few times. Following centrifugation at 10,000 g
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FIGURE 1 | Specificity of the established ninhydrin-based methods for proline quantification. (A,B) In the assay developed by Bates et al. (1973), ninhydrin reacts
also with ornithine, D-proline and DL-pyrroline-5-carboxylate (P5C), while pipecolate and hydroxyproline produce only low absorbances, and azetidin-2-carboxylate
(A2CA) is undetectable. (C,D) The modified assay by Williams and Frank (1975) shows less interference by ornithine, pipecolate and DL-P5C, but the absorbance
yield with D-proline and hydroxyproline is almost the same as for proline. All data are means ± SE over four replicates.

composition of an unknown sample is virtually impossible to
predict, none of the two ninhydrin-based assays is satisfactory to
obtain a precise measure of proline content in plant tissues, and a
novel method would be required.

A2CA was negligible (Figure 1C). However, P5C gave rise to 10%
of the optical density obtained with proline, and D-proline and
hydroxyproline produced a yellow adduct with nearly the same
absorbance intensities as L-proline (Figure 1D).
Visually, the products formed by the Williams and Frank assay
from proline, P5C and primary amino acids were clearly different,
yielding yellow, red or purple color, respectively (Figure 2A).
However, when we analyzed the absorption spectra, it became
evident that also the products formed from P5C and glutamate
absorb – even if slightly – at 352 nm, the wavelength that
is typically used to quantify proline. Changing the measuring
wavelength would strongly impair the sensitivity of the assay
without much gain in specificity. Because the reaction of proline
with ninhydrin produces color with much higher efficiency, the
error produced by the contribution of primary amino acids is
negligible when proline constitutes 10% or more of the total
amino acids. However, when proline was only 1% of the total
amino acids, the absorption at 352 nm was approximately twice
as high as for pure proline (Figure 2B). Since the amino acid

Frontiers in Plant Science | www.frontiersin.org

At Alkaline pH, Plant P5CR Mediates
Proline-Dependent NAD(P)+ Reduction
Plants produce a plethora of metabolites, thus the specificity of
any chemistry-based colorimetric assay is difficult to predict or
confirm. An enzyme-based assay is supposed to have a much
narrower range of substrates, and appears as a possible solution
for a specific assay for L-proline. Isolation and purification
of ProDH from plants has not been reported so far, but an
alternative is represented by the reverse reaction of P5CR
at high pH (Figure 3). We purified His-tagged recombinant
Arabidopsis and rice P5CRs after expression in E. coli by Niaffinity chromatography (Supplementary Figure S1). Starting
from 400 mL of bacterial culture, about 400–500 and 800–900 µg
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FIGURE 2 | Overestimation of proline content by the Williams and Frank assay in samples containing high levels of other amino acids. (A) Absorption spectra of the
reaction products of proline, P5C and glutamate under the conditions described by Williams and Frank (1975) show different intensities and absorption maxima, but
all contribute to OD at 352 nm, which is used to quantify proline. (B) In extracts in which proline represents a minor component of the pool of free amino acids, this
overlap leads to a significant overestimation of its content. Data in panel (B) refer to samples in which proline has been analyzed alone, or in combination with
glutamate, as indicated, and are means ± SE over four replicates.

inhibitory (data not shown). Moreover, with NAD+ as cofactor,
both enzymes showed much higher V max values, and reached
maximal catalytic efficiencies around 25 µkat (mg protein)−1 .
We concluded that both enzymes could be used for quantitative
assays of proline in the micromolar range when a saturating
concentration of NAD+ was provided.

of purified protein were obtained, respectively. At pH 7.5
in vitro, the conversion of P5C to proline by P5CR appeared
as a virtually unidirectional reaction, which proceeded without
product inhibition until the NAD(P)H/NAD(P)+ ratio became
unfavorable (Figure 3B) (Giberti et al., 2014; Forlani et al.,
2015a). However, under more alkaline conditions the reaction
was found to proceed also in the reverse direction, and kinetic
analysis revealed that both the initial rate of NAD+ reduction
and the NADH level at equilibrium were increasing between pH 8
and 10 (Figure 3C). However, even at pH 10.2 the resulting rates
were found significantly lower than those of the physiological
reaction at neutral pH, were not proportional to the amount of
enzyme, and rapidly lost linearity, yielding only semiquantitative
results (Figure 3D).
To obtain a comprehensive picture of the pH dependence of
the reactions catalyzed by plant P5CR, the initial rates of the
forward and the reverse reaction were measured over a wide
range of pH values, using either NAD(P)+ or NAD(P)H as
cofactors (Figures 3E,F). With NADH as the electron donor, the
forward reaction became undetectable above pH 10.2, and with
NADPH above pH 11.0. The reverse reaction with NADP+ had
a rather narrow pH optimum around pH 11.8, whereas with
NAD+ as electron acceptor, a broad optimum between pH 9.5
and 12 was observed.
Based on the pH-dependence of the initial reaction rates, we
reasoned that the reverse P5CR reaction could be employed for
a quantitative assay for L-proline. A thorough kinetic analysis
of the reverse reactions of Arabidopsis and rice P5CRs was
performed to determine the constraints for the optimal assay
conditions (Supplementary Figure S2). The results, summarized
in Table 1, showed that both enzymes have a higher affinity
for NADP+ than for NAD+ , and that the affinity for proline
is also higher when NADP+ is used as the electron acceptor.
However, with NADP+ as the cofactor, proline concentrations
higher than 2–3 mM in the case of the enzyme from Arabidopsis,
or higher than 5–7 mM for that from rice, were found
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At pH 10.5 ± 0.1 the Reverse P5CR
Reaction Allows Reliable Quantitation of
L -Proline
Based on the kinetic data, a large excess of rice P5CR
was incubated at pH 10.2 with a nearly saturating NAD+
concentration and increasing levels of proline in the micromolar
range. Under this condition, NADH production reached a
plateau within 10 min, and its level was proportional to the initial
proline concentration (Figure 4A). However, at concentrations
exceeding 150 µM proline, the reaction appeared not to proceed
to completion, and less than equimolar concentrations of NADH
were produced (Figure 4B). Because the results presented in
Figure 3 imply that at pH 10.2 an equilibrium between forward
and reverse reaction determines the final NADH yield, we
carefully tested the influence of pH in the range from 10.0 to 11.1
on the initial rate and final NADH yield of the reverse reaction
(Figures 4C,D). Between pH 10.0 and pH 10.4, the initial rate
was very similar, but the final NADH yield increased steadily.
Above pH 10.6 the reaction was considerably slower, and above
pH 10.8 a plateau of NADH was not reached within 20 min. We
concluded that pH 10.5 ± 0.1 would be the optimal condition for
a quantitative assay. Lowering either the NAD+ or the enzyme
concentration at pH 10.5 progressively slowed down the reaction
but had no influence on the amount of NADH formed in the
plateau phase (Figures 4E,F). Very similar results were obtained
with Arabidopsis P5CR (data not shown). Despite the higher
affinity of both P5CR enzymes for NADP+ , less reliable results
were obtained with NADP+ as cofactor (not shown), most likely
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FIGURE 3 | Forward and reverse reactions of Arabidopsis P5CR. (A) In vivo the enzyme catalyzes the reduction of P5C to proline, using either NADH or NADPH as
the electron donor. However, at alkaline pH in vitro, also the reverse reaction takes place. (B) At pH 7.5, the P5C-dependent oxidation of NADH is linear over long
times, and proportional to the amount of enzyme. (C) Proline-dependent NAD+ reduction by 100 ng P5CR is detectable only at pH ≥ 8.0, is strongly dependent on
the pH of the assay mixture, and rapidly reaches a plateau. (D) Even at pH 10.2, no clear linear phase of NAD+ reduction is evident and the estimated slopes are not
proportional to the amount of enzyme and less steep compared to the forward reaction. Same conditions as in panel (C) were used, but pH 10.2. (E,F) The
pH-activity relationship of the forward and the reverse reaction was characterized by incubating 100 ng P5CR in 50 mM Hepes mixed with increasing concentrations
of KOH, and using either NADP(H) (E) or NAD(H) (F) as cofactor. The actual pH value in each sample was measured at the end of the reaction with a microelectrode.
Values refer to the initial, quasi-linear rates, and are the mean ± SE over three replicates. Similar results were obtained with rice P5CR.

due to the lower reaction rate and the higher pH optimum of the
forward reaction (Figure 3E).
Having determined the optimal conditions for proline
quantification with the reverse P5CR reaction, we investigated
the range of linearity, sensitivity, and specificity of this method.
For proline concentrations between 100 and 500 µM, the plateau
of NADH production was consistently reached after 15 min
(Figure 5A), and up to 350 µM proline the reaction was virtually

Frontiers in Plant Science | www.frontiersin.org

complete (Figure 5B). Above this level, the relationship between
proline and NADH concentration gradually lost linearity, yet
the use of a non-linear fit for absorbance values obtained from
known proline concentrations allowed reliable measurement up
to 1 mM (data not shown). When the performance of this
enzymatic method was compared with the ninhydrin-based
assay of Williams and Frank (1975), a similar sensitivity was
found. In terms of color development per absolute proline
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TABLE 1 | Kinetic properties of the reverse reaction of P5CR.
Rice P5CR

Arabidopsis P5CR

V max (NAD+ )

25.64 ± 0.90

33.92 ± 0.45

µkat (mg protein)−1

V max (Pro, with NAD+ as the co-substrate)

21.00 ± 0.80

25.57 ± 0.70

µkat (mg protein) −1

V max (NADP+ )

0.376 ± 0.003

3.94 ± 0.66

µkat (mg protein) −1

0.387 ± 0.005

3.77 ± 0.12

µkat (mg protein) −1

V max (Pro, with

NADP+

KM (app) for L-Pro

as the co-substrate)

(NAD+ )

4.86 ± 0.49

2.38 ± 0.18

mM

KM (app) for L-Pro (NADP+ )

0.223 ± 0.016

0.378 ± 0.038

mM

KM (app) for NAD+

15.01 ± 1.05

7.17 ± 0.21

mM

KM (app) for NADP+

0.321 ± 0.016

0.517 ± 0.034

mM

Data used for calculating kinetic constants are reported in Supplementary Figure S2.

(e.g., Forlani et al., 2013; Giberti et al., 2017). Additionally,
depending on the assay conditions, ninhydrin reacts equally
well with D-proline or ornithine, but also P5C, hydroxyproline,
and pipecolate contribute significantly to the output of the
assays. We are not aware of any reports describing the natural
occurrence of D-proline in plants, but transporters with the
capacity to import D-proline from the growth substrate have
been described (Breitkreuz et al., 1999; Lehmann et al., 2011).
In contrast, ornithine is both a precursor and a degradation
product of arginine (Winter et al., 2015), and in leaves of saltstressed cashew plants ornithine content reached almost 50% of
L -proline concentration (da Rocha et al., 2012). Monteoliva et al.
(2014) detected P5C levels below 2 nmol g−1 FW in control
and pathogen-infected Arabidopsis plants without specifying
potential losses of P5C during extraction. By extraction under
strongly acidic conditions, which minimizes the loss of P5C prior
to analysis, we found that P5C levels are, even after exposure
to high concentrations of external proline, undetectable in wildtype Arabidopsis plants, with a detection limit corresponding
to 50 nmol g−1 FW or 5% of the typical proline content
in leaves (Deuschle et al., 2004). Hydroxyproline is typically
formed post-translationally by proline hydroxylases and is highly
abundant in proline-rich cell wall proteins (Kavi Kishor et al.,
2015; Marzol et al., 2018). Free trans-4-hydroxy-L-proline was
found at low levels in oak and pepper plants and its content
changed similarly to L-proline in response to stress (Oufir
et al., 2009; del Amor et al., 2010; Florencio-Ortiz et al., 2018).
Free cis-4-hydroxy-L-proline seems to be a specialty of sandal
(Santalum album L) and related species, where it constitutes
up to 10% of the dry weight in some tissues (Radhakrishnan
and Giri, 1954; Kuttan et al., 2015). Pipecolate is a degradation
intermediate of lysine and its content was found to be four
times higher than L-proline in Arabidopsis leaves after infection
with Pseudomonas syringae pv maculicola (Návarová et al., 2012).
Similarly, Thomason et al. (2018) reported an almost 6-fold
increase of pipecolate content in heat-stressed wheat leaves. All
these examples illustrate the possibility that in several cases the
use of the established ninhydrin-based assays would provide
inaccurate results and lead to a significant overestimate of proline
content and/or an incorrect evaluation of its homeostatic levels
under stress.
The results presented in this study show that the reverse
reaction of recombinant plant P5CR can be used as a robust

amount, the ninhydrin assay yielded approximately two-fold
higher absorbance values (1A352 = 0.0284 ± 0.0006 nmol−1
with ninhydrin vs 1A340 = 0.0141 ± 0.0001 nmol−1 for the
enzymatic assay) (Figure 5C). However, because the ninhydrin
assay uses larger sample volumes, the enzymatic assay is three
times more sensitive with respect to proline concentration
in the sample (1A340 = 1.452 ± 0.009 mM−1 compared to
1A352 = 0.450 ± 0.006 mM−1 with ninhydrin). Concerning
specificity, neither D-proline nor hydroxyproline at similar levels
induced any NAD+ reduction by P5CR (Figure 5D). Similar
assay characteristics were obtained with Arabidopsis P5CR, and
both enzymes showed no NADH production with P5C, ornithine,
pipecolate, or A2CA as substrates (data not shown).
Based on these results, a protocol for the quantitation of
free proline in extracts from plant materials was set down
(Table 2). This protocol was applied in an experiment in
which a Nicotiana plumbaginifolia cell culture was treated with
salt, and the consequent increase of intracellular free proline
was determined at increasing time after the treatment. Cells
were also extracted in sulfosalicylic acid and analyzed with the
acidic ninhydrin method of Williams and Frank (1975), and
the results obtained with the two protocols were compared
(Figure 6). When extracts in sulfosalicylic acid were analyzed
with either ninhydrin or the enzymatic method, substantially
identical results were evident (Figure 6A). A very similar pattern
was obtained also with extracts in glycine-NaOH buffer that
were analyzed with the enzymatic method. On the contrary,
when extracts in glycine-NaOH buffer were analyzed with the
ninhydrin method, the amount of proline was overestimated in
samples with low proline content, most likely due to the residual
presence of proteins (Figure 6B).

DISCUSSION
A careful analysis of established ninhydrin-based methods for
proline quantification revealed that these assays are unreliable,
when structurally related compounds or a 30-fold excess of αamino acids are present in a sample. With our newly developed
enzymatic assay, which is specific for L-proline, we present a
simple and robust solution for this problem. In extracts from
plant cells grown under normo-osmotic conditions, proline
typically accounts for only 2–4% of total free amino acids
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FIGURE 4 | Effects of various parameters on the sensitivity and the linearity of a proline assay based on the reverse reaction of P5CR. (A) When increasing
concentrations of proline were incubated at pH 10.2 in the presence of 10 mM NAD+ and a large excess of P5CR (1 µg protein), the production of NADH reached a
proline concentration-dependent plateau in about 10 min. (B) Under these conditions, the reverse P5CR reaction yielded sub-stoichiometric concentrations of
NADH above 150 µM proline. (C) When the pH of the reaction mixture was gradually varied, the optimal yield of NADH from 0.5 mM proline was reached at pH
values exceeding 10.3. (D) Above pH 10.6 the time required for the completion of the reaction increased gradually. (E,F) Lowering NAD+ (E) or enzyme
concentration (F) at pH 10.5 reduced the reaction velocity with little effect on the final NADH concentration. Presented results are means ± SE over at least three
replicates, and were obtained with P5CR from rice. The experiment was repeated twice with the same results, and very similar patterns were found also with the
enzyme from Arabidopsis.

and highly specific assay for L-proline. The enzyme that catalyzes
proline oxidation under physiological conditions, ProDH, could
not be exploited with this aim, since it does not use NAD(P)+
as the electron acceptor (Lanfranchi et al., manuscript in
preparation). In contrast to previous publications describing the
reverse P5CR reaction with NAD+ as an assay for quantification
of P5CR activity (Chilson et al., 1992; Nocek et al., 2005; Meng
et al., 2006), the use for L-proline quantification required slightly
more alkaline reaction conditions (pH ≥ 10.5 rather than pH
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10 or pH 10.2; Figure 4C). This difference can be explained
by the energetics and stoichiometry of the reaction. At pH 7.5,
the standard redox potential (E0 0 ) of (P5C + 3 H+ )/proline
is −123 mV (Becker and Thomas, 2001), whereas E0 0 of
(NAD+ + H+ )/NADH is −335 mV. Thus, under physiological
pH conditions, the reverse reaction is only possible when virtually
no NADH is present in the reaction mixture. The asymmetric
involvement of protons results in a pH-dependence of the redox
potential for (P5C + 3 H+ )/proline of approximately −90 mV
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FIGURE 5 | Performance of the optimized P5CR reaction for proline quantification. (A) Time- and proline-dependent NADH production by 1 µg rice P5CR at pH
10.5 in the presence of 10 mM NAD+ was followed by determining the increase of optical density at 340 nm. (B) The comparison of the absorbance of pure NADH
and the proline-dependent NADH produced after 15 min under these conditions demonstrated a stoichiometric relationship up to 350 µM proline. (C) Sensitivity was
compared for the enzymatic assay and the acetate/ninhydrin assay on the basis of either proline concentration, or proline amount in the assayed solution. (D) Neither
D -proline nor L -hydroxyproline in the micro to millimolar range induced significant NADH formation by P5CR. All data are means ± SE over at least three replicates.
TABLE 2 | Step-by-step protocol for the enzymatic determination of free proline content.
1. Homogenize plant material in 1–5 mL g−1 of 100 mM glycine-NaOH buffer, pH 10.5a
2. Centrifuge 3–5 min at 10–12,000 g at RT, discarding the pellet
3. Treat samples for 5 min at 95◦ C to inactivate endogenous enzymes
4. In a 96-well plate, put 5–100 µL aliquots of extract in duplicate in a final volume of 100 µL; include reference samples containing 5–100 µL of a standard
solution with 1 mM L-Pro
5. Add 100 µL of a pre-warmed 2x reaction mixture containing 10 mM NAD+ and 2 µg P5CR in 100 mM glycine-NaOH buffer, pH 10.5 to one of the duplicate
samples, to the second sample add 100 µL of an identical mixture without P5CR
6. Follow the increase in absorbance at 340 nm in the P5CR-containing samples until a maximum value is reached (usually 20 to 30 min) and subtract the
absorbance value of the samples without P5CR
7. Select the range in which the change in OD340 is proportional to the volume of extract and calculate the slope of a regression line
8. Divide the slope of the regression line for a given sample by that of the reference solution: the result represents the concentration of free proline in the extract
(in mmol L−1 ); multiply this value for the number of mL extraction buffer g−1 , to obtain the concentration in µmol g−1
a As

an alternative, plant material can be extracted with 70% ethanol. In this case, following centrifugation, extracts should be brought to dryness at room temperature in
a centrifugal vacuum concentrator to remove ethanol, and residues resuspended in 100 mM glycine-NaOH buffer, pH 10.5. This would allow concentration of extracts
from samples with very low proline content, and makes step 3 unnecessary.

[−2.303 × (RT/zF) × n, with z as the number of transferred
electrons and n as the number of incorporated protons] per
pH unit, yielding −485 mV at pH 10.5. The redox potential
of (NAD+ + H+ )/NADH only changes by −30 mV per pH
unit, reaching −425 mV at pH 10.5. With a sufficiently large
excess of NAD+ , low concentrations of proline can therefore
be quantitatively converted to P5C at this high pH. The slower
reaction of P5CR found at pH values exceeding 10.5 (Figure 4D)
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might depend on a gradual inactivation or denaturation of the
enzyme. An additional factor that may promote the reverse
reaction at high pH values is the spontaneous equilibrium
between cyclic P5C and linear glutamate-5-semialdehyde, which
is shifted toward glutamate-5-semialdehyde under alkaline
conditions (Mezl and Knox, 1976). According to structural data,
only P5C but not glutamate-5-semialdehyde will bind efficiently
to the active site of P5CR (Ruszkowski et al., 2015).
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FIGURE 6 | Comparison between the results obtained with the enzymatic and the acidic ninhydrin method according to Williams and Frank (1975). Cell suspension
cultures of wild tobacco were treated with 175 mM NaCl. At increasing time after the treatment, culture aliquots were withdrawn and cells were extracted in either
3% (v/v) sulfosalicylic acid (A) or in 100 mM glycine-NaOH buffer, pH 10.5 (B). Proline in the two series of extracts was quantified with both the enzymatic and the
ninhydrin methods. Data are means ± SE over three biological replicates.

results. The sensitivity of the enzymatic assay for proline is
very similar to the ninhydrin-based assays and the linear range
spans almost one order of magnitude. Therefore, up to a 10fold increase in proline content can be quantified using identical
extraction and measurement conditions. For plants with very
high proline content, dilution of the samples may be required.
In our hands, a single enzyme preparation from 400 mL of
induced E. coli culture was enough to perform hundreds of assays
with the described protocol. Moreover, the purified enzyme is
substantially stable, with less than 10% activity loss after 3 months
of storage at 4◦ C. The source of the enzyme can be selected
according to cDNA availability, while the slightly higher V max
of P5CR from Arabidopsis can be exploited to shorten the
incubation time. We did not test the reverse reaction of P5CR
from other plant species, but we can speculate that they will have
similar biochemical and kinetic properties.
In times of non-biased metabolomics, fast and cost-efficient
assays to specifically quantify a selected metabolite are still
valuable tools for the phenotypic analysis of large populations.
Our newly designed assay can be used for both relative and
absolute quantification of proline content. In comparison to
the traditional, ninhydrin-based assays, it is very similar with
respect to sensitivity and dynamic range, but highly superior with
respect to specificity.

Similar to the forward reaction of P5CR, also the reverse
reaction was much faster with NAD+ than with NADP+ , and
both analyzed enzymes had a higher affinity toward NADP+
(Giberti et al., 2014; Forlani et al., 2015a). The additional
phosphate group of NADP+ is tightly bound by several hydrogen
bonds in the crystal structure of Medicago truncatula P5CR
(Ruszkowski et al., 2015). This stronger binding of NADP+
nicely explains both a higher affinity and a slower exchange rate,
resulting in the lower maximal reaction rate. Modifications in the
structure of the active site of P5CR induced by binding to the
phosphate of NADP+ may also account for the increased affinity
toward proline when NADP+ is used as cofactor. Similarly, the
affinity of both Arabidopsis and rice P5CR toward P5C was
much higher with NADP+ as cofactor, which might additionally
contribute to the slower reaction rate and inhibition by proline
concentrations exceeding 3 and 7 mM, respectively (Giberti
et al., 2014; Forlani et al., 2015a). Despite the slower reaction
rate, the reverse reaction with NADP+ might be useful for the
quantification of very low concentrations of proline, although –
according to the pH profile of the forward and the reverse
reaction – at least pH 11 would be required to eliminate
interference from the forward reaction.
We are not aware of any commercial source of plant P5CR,
but recombinant expression and affinity purification by FPLC or
benchtop columns should be possible in any molecular biology
laboratory, and the expression constructs for Arabidopsis or
rice P5CR are available upon request. Except a photometer, no
special equipment is needed and no harmful chemicals have
to be used for this novel assay. When a microplate reader is
available, large numbers of samples can be processed in parallel
and even automation of the assay would be feasible. By the use
of a microvolume photometer, tiny amounts of sample will be
sufficient for reliable proline quantification. In contrast to the
ninhydrin-based assays, the enzymatic assay operates at moderate
temperatures, thereby reducing the risk of volume change by
evaporation. We performed all assays at 37◦ C, but with slightly
longer incubation times, also lower temperatures will give reliable
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Supplementary Figure 2 | Kinetic analysis of the reverse reaction of rice and
Arabidopsis P5C reductase (P5CR). The purified enzymes (25 and 50 ng for
Arabidopsis and rice P5CR, respectively) were incubated at 37◦ C in 100 mM
glycine-NaOH buffer, pH 10.2. The proline-dependent reduction of NAD(P)+ was
measured photometrically at 340 nm. The invariable substrates were fixed at
10 mM NADP+ or 20 mM NAD+ (A); 50 mM (with NAD+ ) or 5 mM
(with NADP+ ) proline (B); 3 mM NADP+ or 15 mM NAD+ (C); 2 mM proline (D).
One unit of enzyme activity is herein defined as the corresponding
forward reaction rate measured at pH 7.5 under saturating
substrate conditions (1 mM L-P5C and 0.4 mM NADPH). Data are mean ± SE
over three replicates.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.
582026/full#supplementary-material
Supplementary Figure 1 | Affinity purification of heterologously expressed rice
and Arabidopsis δ1 -pyrroline-5-carboxylate reductase (P5CR). 6×-His-tagged

REFERENCES

Florencio-Ortiz, V., Selles-Marchart, S., Zubcoff-Vallejo, J., Jander, G., and Casas,
J. L. (2018). Changes in the free amino acid composition of Capsicum annuum
(pepper) leaves in response to Myzus persicae (green peach aphid) infestation.
A comparison with water stress. PLoS One 13:e0198093. doi: 10.1371/journal.
pone.0198093
Forlani, G., Berlicki, Ł́, Duò, M., Dzi˛edzioła, G., Giberti, S., Bertazzini, M., et al.
(2013). Synthesis and evaluation of effective inhibitors of plant δ1 -pyrroline5-carboxylate reductase. J. Agric. Food Chem. 61, 6792–6798. doi: 10.1021/
jf401234s
Forlani, G., Bertazzini, M., and Cagnano, G. (2019a). Stress-driven increase in
proline levels, and not proline level itself, correlates with the ability to withstand
excess salt in a group of 17 Italian rice genotypes. Plant Biol. 21, 336–342.
doi: 10.1111/plb.12916
Forlani, G., Trovato, M., Funck, D., and Signorelli, S. (2019b). “Regulation of
proline accumulation and its molecular and physiological functions in stress
defense,” in Osmoprotectant-Mediated Abiotic Stress Tolerance in Plants: Recent
Advances and Future Perspectives, eds M. A. Hossain, V. Kumar, D. J. Burritt,
M. Fujita, and P. Mäkelä (Switzerland: Springer Nature).
Forlani, G., Bertazzini, M., Zarattini, M., Funck, D., Ruszkowski, M., and Nocek,
B. (2015a). Functional properties and structural characterization of rice δ1 pyrroline-5-carboxylate reductase. Front. Plant Sci. 6:565. doi: 10.3389/fpls.
2015.00565
Forlani, G., Makarova, K., Ruszkowski, M., Bertazzini, M., and Nocek, B. (2015b).
Evolution of plant δ1 -pyrroline-5-carboxylate reductases from phylogenetic
and structural perspectives. Front. Plant Sci. 6:567. doi: 10.3389/fpls.2015.
00567
Forlani, G., Lejczak, B., and Kafarski, P. (1996). N-pyridyl-aminomethylenebisphosphonic acids inhibit the first enzyme in the shikimate pathway, 3-deoxyD-arabino-heptulosonate-7-phosphate synthase. Pestic. Biochem. Physiol. 55,
180–188. doi: 10.1006/pest.1996.0047
Funck, D., Winter, G., Baumgarten, L., and Forlani, G. (2012). Requirement of
proline synthesis during Arabidopsis reproductive development. BMC Plant
Biol. 12:191. doi: 10.1186/1471-2229-12-191
Giberti, S., Bertazzini, M., Liboni, A., Berlicki, Ł́, Kafarski, P., and Forlani, G.
(2017). Phytotoxicity of aminobisphosphonates targeting both δ1 -pyrroline-5carboxylate reductase and glutamine synthetase. Pest. Manag. Sci. 73, 435–443.
doi: 10.1002/ps.4299
Giberti, S., Funck, D., and Forlani, G. (2014). 11 -pyrroline-5-carboxylate
reductase from Arabidopsis thaliana: stimulation or inhibition by chloride
ions and feedback regulation by proline depend on whether NADPH or
NADH acts as co-substrate. New Phytol. 202, 911–919. doi: 10.1111/nph.
12701
Handa, S., Bressan, R., Handa, K., Carpita, N. C., and Hasegawa, P. M.
(1983). Solutes contributing to osmotic adjustment in cultured plant cells

Ahanger, M. A., Akram, N. A., Ashraf, M., Alyemeni, M. N., Wijaya, L., and
Ahmad, P. (2017). Plant responses to environmental stresses-from gene to
biotechnology. AoB Plants 9:lx025. doi: 10.1093/aobpla/plx025
Bates, L. S., Waldren, R. P., and Teare, I. D. (1973). Rapid determination of
free proline for water-stress studies. Plant Soil 39, 205–207. doi: 10.1007/
BF00018060
Becker, D. F., and Thomas, E. A. (2001). Redox properties of the PutA protein
from Escherichia coli and the influence of the flavin redox state on PutA-DNA
interactions. Biochemistry 40, 4714–4721. doi: 10.1021/bi0019491
Binzel, M., Hasegawa, P., Rhodes, D., Handa, S., Handa, A., and Bressan, R.
(1987). Solute accumulation in tobacco cells adapted to NaCl. Plant Physiol. 84,
1408–1415. doi: 10.1104/pp.84.4.1408
Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3
Breitkreuz, K. E., Shelp, B. J., Fischer, W. N., Schwacke, R., and Rentsch, D.
(1999). Identification and characterization of GABA, proline and quaternary
ammonium compound transporters from Arabidopsis thaliana. FEBS Lett. 450,
280–284. doi: 10.1016/s0014-5793(99)00516-5
Cabassa-Hourton, C., Schertl, P., Bordenave-Jacquemin, M., Saadallah, K.,
Guivarc’h, A., Lebreton, S., et al. (2016). Proteomic and functional analysis
of proline dehydrogenase 1 link proline catabolism to mitochondrial electron
transport in Arabidopsis thaliana. Biochem. J. 473, 2623–2634. doi: 10.1042/
BCJ20160314
Chilson, O. P., Kelly-Chilson, A. E., and Schneider, J. D. (1992). Pyrroline-5carboxylate reductase in soybean nodules: comparison of the enzymes in host
cytosol, Bradyrhizobium japonicum bacteroids, and cultures. Plant Physiol. 99,
119–123. doi: 10.1104/pp.99.1.119
Chinard, F. P. (1952). Photometric estimation of proline and ornithine. J. Biol.
Chem. 199, 91–95.
da Rocha, I. M. A., Vitorello, V. A., Silva, J. S., Ferreira-Silva, S. L., Viégas, R. A.,
Silva, E. N., et al. (2012). Exogenous ornithine is an effective precursor and
the δ-ornithine amino transferase pathway contributes to proline accumulation
under high N recycling in salt-stressed cashew leaves. J. Plant Physiol. 169,
41–49. doi: 10.1016/j.jplph.2011.08.001
del Amor, F. M., Cuadra-Crespo, P., Walker, D. J., Camara, J. M., and Madrid,
R. (2010). Effect of foliar application of antitranspirant on photosynthesis and
water relations of pepper plants under different levels of CO2 and water stress.
J. Plant Physiol. 167, 1232–1238. doi: 10.1016/j.jplph.2010.04.010
Deuschle, K., Funck, D., Forlani, G., Stransky, H., Biehl, A., Leister, D., et al. (2004).
The role of δ1 -pyrroline-5-carboxylate dehydrogenase in proline degradation.
Plant Cell 16, 3413–3425. doi: 10.1105/tpc.104.023622

Frontiers in Plant Science | www.frontiersin.org

11

October 2020 | Volume 11 | Article 582026

Forlani and Funck

An Enzymatic Assay for Proline

adapted to water stress. Plant Physiol. 73, 834–8431. doi: 10.1104/pp.73.
3.834
Hayat, S., Hayat, Q., Alyemeni, M. N., Wani, A. S., Pichtel, J., and Ahmad, A.
(2012). Role of proline under changing environments: a review. Plant Signal.
Behav. 7, 1456–1466. doi: 10.4161/psb.21949
Kavi Kishor, P. B., Hima Kumari, P., Sunita, M. S., and Sreenivasulu, N.
(2015). Role of proline in cell wall synthesis and plant development and its
implications in plant ontogeny. Front. Plant Sci. 6:544. doi: 10.3389/fpls.2015.
00544
Kavi Kishor, P. B., and Sreenivasulu, N. (2014). Is proline accumulation per se
correlated with stress tolerance or is proline homeostasis a more critical issue?
Plant Cell Environ. 37, 300–311. doi: 10.1111/pce.12157
Kuttan, R., Panikkar, B., and Binitha, P. P. (2015). Amino acids in sandal
(Santalum album L) with special reference to cis-4-hydroxy-L-proline and sym.
homospermidine. Springerplus 4:546. doi: 10.1186/s40064-015-1303-1
Lehmann, S., Gumy, C., Blatter, E., Boeffel, S., Fricke, W., and Rentsch, D. (2011).
In planta function of compatible solute transporters of the AtProT family.
J. Exp. Bot. 62, 787–796. doi: 10.1093/jxb/erq320
Marzol, E., Borassi, C., Bringas, M., Sede, A., Rodriguez Garcia, D. R., Capece,
L., et al. (2018). Filling the gaps to solve the extensin puzzle. Mol. Plant 11,
645–658. doi: 10.1016/j.molp.2018.03.003
Meng, Z., Lou, Z., Liu, Z., Li, M., Zhao, X., Bartlam, M., et al. (2006). Crystal
structure of human pyrroline-5-carboxylate reductase. J. Mol. Biol. 395, 1364–
1377. doi: 10.1016/j.jmb.2006.04.053
Mezl, V. A., and Knox, W. E. (1976). Properties and analysis of a stable derivative
of pyrroline-5-carboxylic acid for use in metabolic studies. Anal. Biochem. 74,
430–440. doi: 10.1016/0003-2697(76)90223-2
Monteoliva, M. I., Rizzi, Y. S., Cecchini, N. M., Hajirezaei, M. R., and Alvarez,
M. E. (2014). Context of action of proline dehydrogenase (ProDH) in the
hypersensitive response of Arabidopsis. BMC Plant Biol. 14:21. doi: 10.1186/
1471-2229-14-21
Návarová, H., Bernsdorff, F., Döring, A.-C., and Zeier, J. (2012). Pipecolic acid,
an endogenous mediator of defense amplification and priming, is a critical
regulator of inducible plant immunity. Plant Cell 24, 5123–5141. doi: 10.1105/
tpc.112.103564
Nocek, B., Chang, C., Li, H., Lezondra, L., Holzle, D., Collart, F., et al.
(2005). Crystal structures of δ1 -pyrroline-5-carboxylate reductase from human
pathogens Neisseria meningitides and Streptococcus pyogenes. J. Mol. Biol. 354,
91–106. doi: 10.1016/j.jmb.2005.08.036
Oufir, M., Schulz, N., Sha Vallikhan, P. S., Wilhelm, E., Burg, K., Hausman, J. F.,
et al. (2009). Simultaneous measurement of proline and related compounds
in oak leaves by high-performance ligand-exchange chromatography
and electrospray ionization mass spectrometry for environmental stress
studies. J. Chromatogr. A 1216, 1094–1099. doi: 10.1016/j.chroma.2008.
12.030
Radhakrishnan, A. N., and Giri, K. V. (1954). The isolation of allohydroxy-Lproline from sandal (Santalum album L.). Biochem. J. 58, 57–61. doi: 10.1042/
bj0580057

Frontiers in Plant Science | www.frontiersin.org

Rena, A. B., and Splittstoesser, W. E. (1975). Proline dehydrogenase and pyrroline5-carboxylate reductase from pumpkin cotyledons. Phytochemistry 14, 657–
661. doi: 10.1016/0031-9422(75)83010-X
Ruszkowski, M., Nocek, B., Forlani, G., and Dauter, Z. (2015). The structure
of Medicago truncatula δ1 -pyrroline-5-carboxylate reductase provides new
insights into regulation of proline biosynthesis in plants. Front. Plant Sci. 6:869.
doi: 10.3389/fpls.2015.00869
Santos-Díaz, M., and Ochoa-Alejo, N. (1994). PEG-tolerant cell clones of chili
pepper: growth, osmotic potentials and solute accumulation. Plant Cell Tissue
Organ Cult. 37, 1–8. doi: 10.1007/BF00048110
Sharma, S., Villamor, J. G., and Verslues, P. E. (2011). Essential role of tissuespecific proline synthesis and catabolism in growth and redox balance at low
water potential. Plant Physiol. 157, 292–304. doi: 10.1104/pp.111.183210
Shinde, S., Villamor, J. G., Lin, W.-D., Sharma, S., and Verslues, P. E. (2016). Proline
coordination with fatty acid synthesis and redox metabolism of chloroplast and
mitochondria. Plant Physiol. 172, 1074–1088. doi: 10.1104/pp.16.01097
Signorelli, S. (2016). The fermentation analogy: a point of view for understanding
the intriguing role of proline accumulation in stressed plants. Front. Plant Sci.
7:1339. doi: 10.3389/fpls.2016.01339
Szoke, A., Miao, G.-H., Hong, Z., and Verma, D. P. S. (1992). Subcellular location of
δ1 -pyrroline-5-carboxylate reductase in root/nodule and leaf of soybean. Plant
Physiol. 99, 1642–1649. doi: 10.1104/pp.99.4.1642
Thomason, K., Babar, M. A., Erickson, J. E., Mulvaney, M., Beecher, C., and
MacDonald, G. (2018). Comparative physiological and metabolomics analysis
of wheat (Triticum aestivum L.) following post-anthesis heat stress. PLoS One
13:e0197919. doi: 10.1371/journal.pone.0197919
Trovato, M., Forlani, G., Signorelli, S., and Funck, D. (2019). “Proline metabolism
and its functions in development and stress tolerance,” in OsmoprotectantMediated Abiotic Stress Tolerance in Plants: Recent Advances and Future
Perspectives, eds M. A. Hossain, V. Kumar, D. J. Burritt, M. Fujita, and P. Mäkelä
(Switzerland: Springer Nature).
Williams, I., and Frank, L. (1975). Improved chemical synthesis and enzymatic
assay of δ1 -pyrroline-5-carboxylic acid. Anal. Biochem. 64, 85–97. doi: 10.1016/
0003-2697(75)90408-x
Winter, G., Todd, C., Trovato, M., Forlani, G., and Funck, D. (2015). Physiological
implications of arginine metabolism in plants. Front. Plant Sci. 6:534. doi:
10.3389/fpls.2015.00534
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2020 Forlani and Funck. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

12

October 2020 | Volume 11 | Article 582026

