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Abstract: The biochemistry underlying seed coat darkening of lentil due to extended storage is limited.
This study investigated the relationship between seed coat darkening over time during storage and
changes in concentration of phenolic compounds (total phenolic compounds, total condensed tannins,
proanthocyanidins and anthocyanins) in two red lentil cultivars (PBA Hallmark and PBA Jumbo2),
stored at two grain moisture contents (10 and 14%, w/w) and two temperatures (4 and 35 ◦C) for
360 days. Seed coat darkening was only significant (p = 0.05) at high temperatures (35 ◦C) but not at
low temperatures (4 ◦C), irrespective of grain moisture content and cultivar. The concentration of
all phenolic compounds tested in this study reduced significantly (p = 0.05) throughout the study
period, regardless of temperature and grain moisture treatments. The changes in seed coat brightness
and redness followed a linear pattern, except for yellowness, where phenolic compounds initially
reduced linearly and then remained constant thereafter. Darkening of seedcoat was only associated
with the reduction in phenolic compounds tested in this study at 35 ◦C, and not at 4 ◦C. This suggests
that seed coat darkening due to extended storage may not be directly linked to broad reductions in
the groups of phenolic compounds or individual compounds assessed in this study. This information
prompts further research to identify the actual biochemical processes that cause the darkening of
seed coats during storage and assist in developing cultivars with stable seed coat colour by selecting
and modifying such processes.

Keywords: biochemistry; storage; quality; bioactive compounds; phenolics; tannins; proanthocyanidins;
anthocyanin

1. Introduction

The seed coat colour of lentil is diverse, with colours ranging from green, red, brown,
pink, grey and brown with black spots [1,2]. This diversity determines market types and
influences how market types are graded in the international market. Classifying lentil
grains for export is accomplished by grading based on visual assessment of seed coat
colour in countries like Australia [3] and Canada [4]. Lentil grains with brighter seed coats
are preferred by consumers compared to grains with duller and darker seed coats [1,5].
Lentil with duller, darker seed coats can cause the product to be downgraded, leading to a
reduction in value and the prices paid to growers. For example, in Australia lentil delivered
containing more than 1% of seeds with dull and darker coats are downgraded from “Grade
1”, leading to reduced market price [3]. Understanding the underlying biochemical process
associated with the changes in seed coat colour could enable breeders to develop improved
cultivars with stable seed coat colour. This will enable extended storage of lentil grain,
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where the change in lentil colour is not impacted by environmental conditions. This, in
turn, would allow growers to retain market grade, marketability and market price.

In current cultivars, it has been shown that the colour of the lentil seed coat is unstable
and subject to change over time based on storage conditions and length of storage, shifting
from a bright light to a duller or darker shade [6]. Previous research has identified the seed
coat of red lentil changes to a deep brown colour when stored at or above 25 ◦C and under
high grain moisture content (14%, w/w) [7]. Changes in seed coat colour in pulse grains
have been linked to a reduction in bioactive compounds such as phenolic compounds in
faba beans [8] and green lentil [6] subjected to extended storage periods. Phenolic com-
pounds, including flavan-3-ols, proanthocyanidins, flavones, flavonols, stilbenes, phenolic
acids and anthocyanidins, are commonly present in lentil [9–11]. Compounds such as
anthocyanins (a subclass of flavonoids) are associated with intense colours in the grain,
from orange and red to blue [12]. While proanthocyanidins (subclass of condensed tannins)
have been associated with red, blue, or purple colours [13].

The oxidation of phenolic compounds in food and fruit stored under oxygen-rich
conditions is a well-established phenomenon, occurring via both enzymatic and non-
enzymatic processes [14,15]. Storage temperature and grain moisture content can influence
the oxidative breakdown of phenolic compounds, resulting in seed coat darkening across
a range of grains [16]. Flavonoids undergo non-enzymatic chemical oxidation and auto-
oxidation during prolonged storage, resulting in the formation of quinoidal compounds.
These compounds subsequently initiate coupled oxidations with other polyphenols, giving
rise to secondary quinones. This process ultimately contributes to the formation of diverse
polymers, leading to the development of a dark brown colour in fruits [14].

Among the phenolic compounds, certain groups, such as condensed tannins (including
the subclass proanthocyanidins) and flavonoids (including the subclass anthocyanins),
have been reported to impact seed coat darkening in faba bean [8] and green lentil [6,17].
Storing faba bean above 25 ◦C has been shown to darken the seed coat from beige to
reddish-dark brown, which was attributed to a reduction in the total phenolic and tannin
compounds when compared to the results from the beginning and the end of storage [8].
In green lentil, when comparing results before and after storage, seed coat darkening was
attributed to a reduction in flavan-3-ols via polymerisation of condensed tannins, including
proanthocyanidins, and breakdown and cross-linking of phenolic compounds with cell
wall components [6,17]. Similarly, when comparing the results for the seed coat colour
and phenolic compounds before and after storage, seed coat darkening in cow pea and
common bean has been associated with a reduction in total condensed tannins [18,19] and
with a reduction in flavonols and proanthocyanidins in pinto bean [20].

Studies investigating the influence of storage conditions such as grain moisture content
and storage temperature on the reduction kinetics of phenolic compounds over time,
along with their relationship with seed coat darkening in red lentil, are currently limited.
Darkening of the seed coat of red lentil grains stored under high temperatures and grain
moisture content was hypothesised to be related to a reduction in phenolic compounds
over time. This study describes the relationship between changes in phenolic compounds
and the darkening of the seed coat in red lentil during storage under different conditions.

2. Materials and Methods

In this study, grain samples from two contrasting red lentil cultivars (PBA Hallmark
and PBA Jumbo2) were obtained from a previous study [7]. Both cultivars were stored
under a factorial combination of two moisture contents (10 and 14%, w/w) and two con-
trasting temperatures of 4 and 35 ◦C for 360 days. The cultivar PBA Hallmark was selected
to represent a darker seed coat, whereas PBA Jumbo2 represented a cultivar with a brighter
seed coat. Both cultivars were grown in the Western Victorian region represented by a
semi-arid climatic environment. Ten percent grain moisture was selected to represent the
typical harvest moisture level in the harvested grain, and fourteen percent was chosen
as the maximum suggested harvest moisture content. The change in seed coat colour
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was measured at 30-day intervals for the first 180 days and 60-day intervals thereafter
using a spectrophotometer (CM5, Hamburg, Germany), where colour was quantified using
Commission Internationale de l’Elcairage (CIE) values L* a* and b*. The initial colour values
(CIE L*, a* and b*) for PBA Hallmark were 43.7, 10.5 and 17.6, respectively. For PBA Jumbo2,
the corresponding values were 48.3, 8 and 14.2, respectively.

2.1. Estimation of Phenolic Compounds

The grain samples assessed for the change in seed coat colour traits were also anal-
ysed for change in phenolic compounds. These samples were ground using a commercial
grinder (Russell Hobbs Classic, model DZ-1613, Melbourne, VIC, Australia), and 1 g of
sample was prepared for analyses of total phenolic compounds, total condensed tannins,
proanthocyanidins and anthocyanins. The concentration of total phenolic compounds
was determined using spectrophotometric methods with Folin–Ciocalteu’s phenol reagent,
following the procedure outlined in Ainsworth and Gillespie [21]. The concentration of
total condensed tannins was estimated by deducting the concentration of non-tannin phe-
nolic compounds from the total phenolic compounds, as described in FAO/IAEA [22]
where the concentration of non-tannin phenolic compounds was determined by using
polyvinyl polypyrrolidone (PVPP) reagent. The concentration of proanthocyanidins was
measured via the dimethylaminocinnamaldehyde (DMAC) method as established by Sin-
tara et al. [23]. The concentration of anthocyanins was measured using the pH differential
method, following the protocol described by Zhao et al. [24].

2.2. Statistical Analysis

Using GenStat (22nd edition) software [25], an analysis of variance (ANOVA) was
conducted to determine the effects of grain moisture, temperature and cultivar on seed
coat brightness and phenolic compounds, where storage time was modelled as a repeated
measures factor. At the 0.05 level of significance, the least significant difference (LSD) was
computed to compare the means of the factor combinations throughout the storage period.

3. Results

Over the period of 360 days, the seed coat colour of lentil grain for two cultivars (PBA
Hallmark and PBA Jumbo2) changed from a light brown to a medium brown colour when
stored at high temperature (35 ◦C) and 10% grain moisture content, and further darkened
to dark brown when stored at 14% moisture content under the same temperature condition
(Figure 1). This darkening in both cultivars was evident via a decrease in brightness (CIE
L*) and an increase in redness (CIE a*) (Figures 2–5). Change in yellowness (CIE b*) varied
between cultivars. When comparing the visual observation (Figure 1) and change in seed
coat colour traits (Figures 2–5), the darkening in the seed coat was more represented by
changes in brightness (CIE L*) and redness (CIE a*) rather than the yellowness (CIE b*),
especially in PBA Hallmark. Changes in seed coat colour traits (brightness CIE L*, redness
CIE a* and yellowness CIE b*) and phenolic compounds (total phenolic compounds, total
condensed tannins, proanthocyanidins and anthocyanin) throughout the storage period
were affected by grain moisture content and temperature for both cultivars (Figures 2–5).
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Both cultivars exhibited a significant (p = 0.05) linear reduction in seed coat brightness
(CIE L*) and linear increase in seed coat redness (CIE a*) over time when stored at 35 ◦C
for both moisture contents (Figure 2). Change in brightness and redness were significant
after 30 days of storage at 14% moisture content and 60 days at 10% moisture content when
stored at 35 ◦C for both cultivars. At 35 ◦C, PBA Hallmark exhibited a reduction in seed
coat brightness of 0.011 CIE L*/day at 10% grain moisture content, whereas at 14% moisture
content, the rate increased to 0.038 CIE L*/day. Similarly, PBA Jumbo2 showed a reduction
rate of 0.007 CIE L*/day at 10% grain moisture content and 0.030 CIE L*/day at 14% grain
moisture content under the same temperature. Additionally, both cultivars displayed a
similar rate of increase in seed coat redness, with approximately 0.004 CIE a*/day at 10%
grain moisture content and 0.013 CIE a*/day at 14% grain moisture content. Significant
(p = 0.05) increases in seed coat yellowness (CIE b*) at 35 ◦C were observed only for the
cultivar PBA Jumbo2 (Figure 2). For PBA Jumbo2, when stored at 35 ◦C, yellowness linearly
increased up to 150 days before reaching a level of ~16 CIE b* at 10% grain moisture content
and ~19 CIE b* at 14% grain moisture content, after which change was limited throughout
the remainder of the study period. No significant increase in yellowness was observed for
PBA Hallmark stored at 10% moisture content across temperatures throughout the study
period. A significant increase in yellowness for PBA Hallmark was observed after 30 days
of storage at only 14% grain moisture content and 35 ◦C, where yellowness was linearly
increased up to 150 days and then decreased. There were no significant changes in seed
coat colour at 4 ◦C irrespective of grain moisture of the cultivar.
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Figure 2. Change in total phenolic compounds (TPC) and seed coat colour traits (seed coat brightness
CIE L*, redness CIE a* and yellowness CIE b*) of two red lentil cultivars (PBA Hallmark and Jumbo2)
stored at two grain moisture content (10 and 14%, w/w) and two temperatures (4 and 35 ◦C) over a
period of 360 days. The least significant differences (LSDs) at p = 0.05 are listed for the interaction
of temperature, grain moisture content and cultivar over the storage period for each colour trait
and TPC.
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Total phenolic compounds were significantly (p = 0.05) reduced after 30 days at 35 ◦C
and after 60 days at 4 ◦C regardless of grain moisture content (Figure 2). The rate of
reduction in total phenolic compounds was highest at 35 ◦C for both cultivars. However,
the rate of reduction was similar across the two moisture contents, with approximately
0.008 mg gallic acid/g dw per day for PBA Hallmark and ~0.06 mg gallic acid/g dw per
day for PBA Jumbo2. The reduction in phenolic compounds over the period did not always
follow a linear trend across different temperatures and grain moisture contents. In contrast,
the rate of reduction in seed coat brightness and increase in redness at high temperatures
(35 ◦C) across the two moisture contents followed a linear pattern. Initially, there was a
rapid reduction in phenolic compounds up to 180 days, followed by an asymptotically
slower reduction thereafter. Although there were no significant changes in seed coat colour
at 4 ◦C across the cultivars and grain moisture contents, the total phenolic compounds
reduced throughout the study period, with a significant reduction observed after 60 days
of storage (Figure 2).

A significant (p = 0.05) reduction in total condensed tannins was observed after 30 days,
regardless of grain moisture and temperature treatments (Figure 3). When stored at 10%
grain moisture content, total condensed tannins reduced linearly until 180 days regardless
of temperature, reaching a concentration of approximately 0.93 mg tannic acid/g dw, after
which reduction was limited throughout the remainder of the study for both cultivars
(Figure 3). At 14% grain moisture content, reduction reached a concentration of ~0.4 mg
tannic acid/g dw within 180 days for PBA Jumbo2 and within 240 days for PBA Hallmark,
after which reduction was limited.
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CIE L*, redness CIE a* and yellowness CIE b*) of two red lentil cultivars stored at two grain moisture
content and two temperatures over a period of 360 days. The least significant differences (LSDs)
p = 0.05 are listed for the interaction of temperature, grain moisture content and cultivar over the
storage period for each colour trait and TCT.
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The initial rapid reduction followed by an asymptotically slower reduction pattern
for total condensed tannins in both cultivars exhibited a clearer pattern compared to the
reduction pattern observed in total phenolic compounds (Figure 3). At a grain moisture
content of 14% and a temperature of 35 ◦C, the final concentration was lower for PBA
Jumbo2 compared with PBA Hallmark. Nevertheless, the pattern of reduction in tannins
was similar in both cultivars.

A significant (p = 0.05) reduction in proanthocyanidins was observed after 30 days,
regardless of grain moisture and temperature (Figure 4). Proanthocyanidins also reduced
linearly until reaching uniform ~0.04 mg proanthocyanidin A2/g dw for PBA Hallmark
within 180 days when stored at 10% grain moisture content and within 120 days at 14%
moisture content (Figure 4). This pattern of reduction was similar to the pattern observed
in total condensed tannins. Concentration was reduced linearly throughout the storage
period for PBA Jumbo2 at 10% grain moisture across the temperatures, where at 14%
grain moisture content, the reduction in proanthocyanidin exhibited an initially rapid then
asymptotically slower reduction pattern. Proanthocyanidin content in PBA Jumbo2 reduced
linearly until 180 days at a grain moisture content of 14%, after that, the reduction rate
slowed (Figure 4). However, this pattern of the reduction was not as clear for PBA Jumbo2.
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Figure 4. Change in total proanthocyanidins (Proanth) and seed coat colour traits (seed coat brightness
CIE L*, redness CIE a* and yellowness CIE b*) of two red lentil cultivars stored at two grain moisture
content and two temperatures over a period of 360 days. The least significant differences (LSDs) at
p = 0.05 are listed for the interaction of temperature, grain moisture content and cultivar over the
storage period for each colour trait and Proanth.
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Anthocyanin concentration of PBA Hallmark significantly (p = 0.05) reduced after
30 days at 35 ◦C and after 60 days at 4 ◦C, regardless of moisture content (Figure 5). PBA
Jumbo2 exhibited a significant reduction after 60 days, irrespective of moisture and tem-
perature treatments. Reduction in anthocyanin concentration for both cultivars reached
to uniform concentration of approximately 2 mg cyanidin-3-glucoside/100 g dw within
180 days then reduced to zero (0) at 360 days regardless of temperature and grain mois-
ture content, except for PBA Hallmark at 14% grain moisture content. At 14% grain
moisture content, PBA Hallmark reached a concentration of approximately 2 mg cyanidin-
3-glucoside/100 g dw within 240 days at 4 ◦C and 150 days at 35 ◦C (Figure 5), after which
reduction was slowed and limited. However, at 360 days, the concentration reached zero
(0) for both temperatures.
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Figure 5. Change in total anthocyanin (Anth) and seed coat colour traits (seed coat brightness CIE L*,
redness CIE a* and yellowness CIE b*) of two red lentil cultivars stored at two grain moisture content
and two temperatures over a period of 360 days. The least significant differences (LSDs) at p = 0.05
are listed for the interaction of temperature, grain moisture content and cultivar over the storage
period for each colour trait and Anth.

4. Discussion

The findings of this study suggest that the biochemical relationship between reductions
in phenolic compounds over time and seed coat darkening of lentil during storage is
not linear; rather, the relationship is complex. The association between the reduction in
phenolic compounds and seed coat darkening when lentil grains were stored at 35 ◦C across
two grain moisture contents suggests that seed coat darkening in lentil during storage
may be associated with the oxidative breakdown of phenolic compounds. However,
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when assessing lentil grains stored at 4 ◦C, the association between the reduction in
phenolic compounds and seed coat colour was not observed, which suggests that the
association between these variables only occur at high temperature, such as 35 ◦C. This
further implies that the reduction in phenolic compounds assessed in this study is not the
sole cause of seed coat darkening in red lentil during extended storage, as reported by
other researchers [26,27].

Seed coat darkening of lentil stored at high temperatures is potentially the result
of reductions in individual phenolic compounds present in small concentrations, other
than the broad groups of compounds or individual compounds tested in this study. The
reduction trend in phenolic compounds between temperature treatments at both moisture
levels, reflecting differences in seed coat colour kinetics, may have been masked by a
reduction in a group of phenolic compounds that occurred irrespective of temperature and
grain moisture treatments. Reduction in individual phenolic compounds rather than the
group of compounds was also associated with the seed coat darkening of stored grain as
studied in green lentil [6,17], pinto bean [28], cranberry bean [29] and mung bean [30]. In
green lentil, the breakdown in either total phenolic compounds or tannins was individually
associated with seed coat darkening during long-term storage [6,17]. However, this was
measured at the beginning and end of the study rather than throughout the storage period,
as conducted in this study. In addition, the breakdown of proanthocyanidins by enzymes
such as polyphenol oxidases and peroxidases has been observed to be associated with
the darker seed coat of pinto bean [28,29]. In mung bean, the breakdown of anthocyanin
to quinones and their condensation have shown a strong association with darker seed
coats [30]. The darkening of the seed coat observed in this study may also have been
associated with crosslinking between these individual phenolic compounds and their
binding with other compounds, as observed in green lentil [6]. In green lentil, the cross-
linking of condensed tannins with other phenolic compounds, as well as the binding of
tannins with proteins and polysaccharides in the cell wall, has also been proposed as the
cause of seed coat darkening. Characterising and quantifying the individual phenolic
compounds in lentil stored over an extended period will be beneficial in identifying the
actual compound or biochemical process, such as cross-linking between the phenolic
compounds responsible for seed coat darkening.

The change in seed coat colour traits at high temperatures (except for CIE b*) were
approximately linear; however, the reductions in phenolic compounds, across all phenolics
compounds measured, were approximately linear only up to 150–240 days then reached
a minimum concentration (asymptotically slow) afterwards. The reduction in phenolic
compounds tested in this study may be driven by two different biochemical decay reactions.
For example, an initial rapid reduction in low-molecular-weight compounds followed by a
slow reduction in high-molecular-weight compounds, similar to the litter decomposition
of forest soil [31]. In litter decomposition reaction in forest soil, the rapid breakdown of
small, lightweight organic matter, followed by a slower breakdown of larger, more complex
compounds like lignin, was shown [31]. Further investigation is needed to identify the char-
acteristics of the various phenolic compounds and the biochemical reactivities throughout
the storage period. This could identify the influence of the rapid initial reduction followed
by asymptotic slow chemical processes on the seed coat darkening. Furthermore, it could
identify whether high-molecular-weight compounds, present in low concentrations, are
responsible for darkening the seed coat.

It may be possible that the darkening at high temperatures could be related to non-
enzymatic browning or the interlinking with the reduction in phenolic compounds as
observed in snap beans [27] and in dry beans [26]. In snap beans, the darkening of the
beans was associated with a non-enzymatic Maillard reaction, producing brown-coloured
compounds at high temperatures [27]. Moreover, in dry bean, an interlink between the
Maillard reaction and a reduction in phenolic compounds was a proposed explanation for
darkening at high temperatures [26].
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The seed coat darkening of red lentil observed in this study may also be related to the
reduction in other bioactive compounds (beyond those examined in this study), as shown
in the carioca bean [32]. In carioca bean, oxidative degradation of specific bio compounds
such as saponins has been associated with darker seed coats. Further research is required
to identify the compound groups or individual compounds related to seed coat darkening
in red lentil throughout the storage time.

Throughout the study period, a reduction pattern in phenolic compounds was ob-
served to be different for the cultivars tested. Therefore, over time, phenolic compounds
reduced at different rates between the cultivars. The varietal difference observed in this
study suggests that there is a need for further investigation into the change in phenolic
compounds during storage across a wider range of cultivars with different seed coat colour
characteristics. This will assist in better understanding the contribution of biochemistry to
the change in seed coat colour across the cultivars.

5. Conclusions

This study identified that the total change observed in phenolic compounds may not
necessarily explain how the seed coat darkens in lentil during storage. Further research
in identifying individual phenolic, non-phenolic compounds and how they may interact
within the seed and seed coat across a wide range of cultivars (with different seed coat
colour characteristics) over an extended storage period, in comparison with freshly har-
vested grain will assist in understanding the biochemistry directly associated with seed
coat darkening in lentil stored over time.

6. Future Research Direction

This research has provided the foundation for future research to identify biochemical
compounds (either phenolic or non-phenolic) that cause seed coat darkening in red lentil.
Identification of the cause-and-effect relationship between the biochemistry and seed coat
darkening will assist in cultivar improvements to ensure that seed coat colour is stable
over time via the modification biochemical process responsible for darkening the seed coat
in red lentil. Overall, this work supports the potential improvement and development of
cultivars which resist change in colour with age.
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