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Abstract
Color change in petals is a clever strategy to attract more pollinators and one of the attractive features of edible flowers for 
consumers. Several physiological, phytochemical, and ultrastructural factors are involved in this process. However, this 
phenomenon is well underexplored in white petals. In this study, we investigated the color changes of the white petals of the 
snapdragon (Antirrhinum majus ‘Legend White’) flower from different aspects during development and senescence. In the 
ultrastructural analysis, both epidermal and mesophyll cells were examined. During flower development, plastid transition 
and autophagy processes led to the fading of the green color of young petals and the reduction of starch content, chloro-
phyll, and carotenoids. The piecemeal chlorophagy was observed in the degradation of starch granules. Leucoplasts were 
converted into autophagosome-like structures and then disappeared. The presence of these structures was evidence of the 
transformation of the plastid to the vacuole. As the green color faded, phytochemical compounds were synthesized. With 
partial flower opening and progression of senescence, pH and phenolic compounds were responsible for color changes. The 
highest amount of phenolic compound was observed after the flower opening stages. However, Phenolic colored compounds 
or total anthocyanins became colorless under the influence of low pH. The decrease in starch content caused an increase in 
the lightness parameter, and the petal color changed to pale yellow.

Keywords  Chlorophagy · Model plant · Phenolic · Plastid transition · SSGL · Vacuole

Introduction

Snapdragon (Antirrhinum majus L.) is a spike-type cut 
flower with various colors and fragrances (Rabiza-Świder 
et al. 2020). The snapdragon has been considered as a model 
plant for genetic studies and flower development due to its 
unique characteristics and a popular plant edible flower due 
to the presence of some phenolic compounds with high 

antioxidant properties, attractive taste, scent, and color 
(González-Barrio et al. 2018; Lian et al. 2020).

The petal color of edible flowers is attractive to consum-
ers and depends on pigment type and distribution (Zhao and 
Tao 2015; González-Barrio et al. 2018). Flower pigments 
include four groups: chlorophylls, carotenoids, flavonoids, 
and betalains (Narbona et al. 2021). The green color of 
young petals and green tissues is related to chlorophyll in 
chloroplasts (Zheng et al. 2022). Carotenoids are found in 
chromoplasts and produce a wide range of yellow, orange, 
and red colors (Choi et al. 2021). Flavonoids, especially 
anthocyanins, generate the most diverse colors in flowers 
and accumulate in vacuoles (Narbona et al. 2021). Flavonoid 
compounds are responsible for antioxidant properties as well 
as color and taste (Chamani et al. 2020). Based on plant 
species, pigments are distributed in epidermal or mesophyll 
cells (Qi et al. 2013).

Color changes occur in two stages during development: 
In the cell division stage, the young petals of most flowers 
contain chlorophyll. With cell expansion, petal pigmenta-
tion occurs, in which the chlorophyll content decreases and 
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new pigments are synthesized (Yeon and Kim 2020). Fla-
vonoids have a significant role in petal pigmentation (Deng 
et al. 2019). In colored petals, anthocyanins often emerge, 
while in white petals, colorless flavonoid compounds accu-
mulate, such as flavone, flavonol, and flavanone (Zhao and 
Tao 2015). After flower development and pollination, petals 
are rapidly senesced. This event is the final stage of petal 
development and is synonymous with programmed cell 
death (PCD) (Van Doorn and Woltering 2008; Battelli et al. 
2011; Sun et al. 2021).

Color change is one of the visible signs of senescence 
that may precede wilting (Woltering and Van Doorn 1988). 
Depending on species, color changes during senescence 
include the increase of pigments and their fading, affected 
by pollination, vacuolar pH, and phenolic compounds (Tep-
pabut et al. 2018; Deng et al. 2019; Yeon and Kim 2020; 
Kanani et al. 2021a). During the senescence of colored pet-
als of Cymbidium and Oenothera laciniata, anthocyanins 
are synthesized (Woltering and Van Doorn 1988; Teppabut 
et al. 2018). In rose flowers, increased flavonoids and antho-
cyanins have caused petal blueing (Schmitzer et al. 2010). In 
addition, fading of petal color has been reported in Nelumbo 
nucifera (Liu et al. 2022). Although color changes are pretty 
evident in colored petals, there is not much information 
about white petals.

During flower development and senescence, some physi-
ological, phytochemical, and cellular changes happen along 
with morphological changes. The studies have indicated 
that as the petals develop, the content of pigment, carbohy-
drate, phenolic, and pH of cells change (Zhao et al. 2018; 
Chamani et al. 2020; Kanani et al. 2021b, a). At the subcel-
lular level, plastids undergo plastid transition and become 
different colored plastids (chromoplasts) in colored petals 
and colorless plastids (leucoplasts) in white petals. Plastid 
transition depends on tissue and species type and has been 
investigated in Arabidopsis white petals (Sadali et al. 2019; 
Choi et al. 2021; Zheng et al. 2022). Plastids may remain 
until the last stage of senescence or may be degraded dur-
ing development (Nabipour Sanjbod et al. 2022). However, 
the plastids' transition and degradation have not been well 
studied morphologically in white petals.

Autophagy event is activated for the complete degrada-
tion of cell components or response to the cell’s metabolic 
demands (Mondal et  al. 2021). Cell organelles may be 
degraded through autophagy pathways and the formation 
of autophagic structures, as indicated in many studies (Van 
Doorn et al. 2015; Nabipour Sanjbod et al. 2022; Mizushima 
2022). However, the process of organelles degradation has 
received less attention. TEM (transmission electron micros-
copy) is the most accurate and reliable method to evalu-
ate the formation of autophagic structures and confirm the 
results of other autophagy detection analyses in the studied 
systems (Martí-clua 2022).

Although many plants have white flowers, color change 
studies have often focused on colored petals and have been 
less studied on white petals. Furthermore, the morphologi-
cal, physiological, phytochemical, and cellular characteris-
tics of color changes depend on plant species and have not 
been understood in the snapdragon. In a previous study, we 
clearly defined the morphological events of vacuolar cell 
death and the role of autophagy in the snapdragon (Nabi-
pour Sanjbod et al. 2022). This study investigates underly-
ing events of color changes in the white petals of the snap-
dragon. The present study provides information about the 
possible involvement of autophagy and phenolic compounds 
in color changes. For this purpose, epidermal and mesophyll 
cells were studied. This study is the first complete descrip-
tion of the color changes in white petals of snapdragon flow-
ers from development to corolla death.

Material and methods

Plant materials, growth conditions and sampling

This experiment was conducted at an experimental green-
house, the Department of Horticulture, University of 
Mohaghegh Ardabili, in 2019–2020. Snapdragon F1 (Antir-
rhinum majus ‘Legend White’) seeds were purchased from 
Takii Seed Company and germinated at 20 °C under white 
LED light (light intensity: 3000 lx). The seedlings were 
cultivated in plastic pots (containing a soil mixture of ver-
micompost and complete organic fertilizers with a ratio of 
3:1) after germination in December. Greenhouse growth 
conditions included temperatures of 15 to 18 °C, natural 
daylight, and irrigation every two days. Before flowering, 
potted plants were transferred to a growth chamber (tem-
perature: 20 °C, RH: 60%, day/night cycle: 16/8 h). We 
considered eight sampling stages for the longevity of snap-
dragons, as described in Table 1. At each stage, the first 
floret was harvested, the upper margins of the dorsal petals 
were cut into squares (1 × 1 cm), and flush-frozen with liquid 
nitrogen. The samples were stored at -80ºC for subsequent 
measurements.

Fresh and dry weight measurement

Changes in fresh (g) and dry weight (mg) were measured 
with a digital Micro Balance (Semi-Micro Analytical Bal-
ances GR-200, A&D Company, JAPAN). Five corollas were 
harvested from the first floret of any spike at each time point 
and weighed immediately to determine the fresh weight. 
Then, samples were dried in an oven at 80 °C for 48 h and 
measured for dry weight.
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Electrolyte leakage assay

Squares (1 × 1 cm) were prepared from the margin of the 
dorsal petal and washed three times with distilled water. 
The pieces were placed in a glass tube (containing 10 ml 
of deionized water). Then the glass tubes were placed in a 
water bath of 25 °C and incubated for 30 min. Initial con-
ductivity was measured with a conductivity meter (WTW 
InoLab Cond 720 Conductivity Meter, Carl Stuart Limited 
Company, UK). After that, the glass tubes were placed into 
a water bath of 96 °C and boiled for 15 min. Subsequently, 
the glass tubes cooled down to room temperature and were 
measured for total conductivity. Electrolyte leakage was 
expressed as the percentage of the initial conductivity ver-
sus the total conductivity.

Petal pH measurement

The cell sap pH (vacuolar pH) was determined by grind-
ing 1 g of petals in 10 ml distilled water and occasional 
stirring. After two hours, petal juice pH was measured by 
a pH meter (pH-Meter 20 + , CRISON, SPAIN).

Petal color measurement

The color changes of the first floret were measured using a 
portable colorimeter (CHROMA METER CR-400, KON-
ICA MINOLTA, INC, JAPAN). Calibration (L* = 91.73, 
a* = -0.80, b* = 4.89) was performed with a white standard 
plate. The color of five florets and 1 cm of dorsal petal 
margins (3 points in each measurement) were analyzed 
at each stage. Colorimetric parameters (L*, a*, b*, h°) 
were determined based on the CIE system. The L* values 
include the range from 0 to 100 and represent darkness 
and brightness, respectively. The a* and b* contain values 
of − 60 to + 60. The a* negative is for green and a* posi-
tive for red. The b* negative and positive show blue and 
yellow, respectively. Hue angle (h°) is expressed in values 

from 0 to 360 degrees (0° and 360° = red, 90° = yellow, 
180° = green and 270° = blue).

Total chlorophyll and carotenoids measurement

Chlorophyll and carotenoid contents were measured at 
eight-time points according to the Lichtenthaler method 
(Lichtenthaler and Wellburn 1983; Lichtenthaler and 
Buschmann 2005). The absorption of pigments was deter-
mined against 100% acetone in a spectrophotometer (SP-UV 
200, Spectrum Instruments Limited, Australia) at 470, 645, 
and 662 nm. The concentration of pigments was calculated 
and plotted against time points.

Starch content measurement

Starch content was determined using the McCready method 
(McCready et al. 1950). For extraction and measurement 
of starch, 80% ethanol, 52% perchloric acid, and anthrone 
reagent were used. The factor of 0.90 was applied to the 
conversion of acid hydrolysis-glucose values to starch.

Transmission electron microscopy (TEM)

The first floret and the right dorsal petal (upper lip) margin 
were used for each stage's ultrastructural analysis of the petal 
cells (epidermal and mesophyll cells). Briefly, the petals 
were slowly opened at the flower bud stages. The petal tis-
sue pieces (approximately 2 × 2 mm2) were sampled using a 
scalpel blade under a stereomicroscope (HUND WETZLAR, 
Helmut Hund, Germany). Then samples were placed in a 
primary fixative solution (3% glutaraldehyde: 4% formalde-
hyde in 0.1 M phosphate buffer, pH 7.2) for 2 h at 4 °C. After 
washing again with the same buffer three times (10 min each 
time) and transferring to the TEM laboratory, the samples 
were subsequently fixed in 1% OsO4 solution (in 0.1 M 
phosphate buffer) at room temperature for 2 h in a chemical 
hood. After washing with 0.1 M PBS three times (10 min 
each time), dehydration of fixed materials was performed in 
graded series of ethanol, acetone, and acetone-resin mixture 

Table 1   Development 
and senescence stages of 
snapdragon (Antirrhinum majus 
‘Legend White’)

Stage Description of the floral features

S1 (9 day before flower opening) The petals were green and entirely covered by sepals (Tight green bud)
S2 (6 day before flower opening) The green petals emerged out of the sepals (Emerging bud)
S3 (3 day before flower opening) The petals twist was loosening (Full bud)
S4 (Flower opening) The flowers were half-open (Half-opened flowers)
S5 (3 day after flower opening) The petals and anthers are fully opened (Fully opened flower)
S6 (6 day after flower opening) Partial wilting occurred at the margins of the petals (Wilted flower)
S7 (9 day after flower opening) The petals wilted severely (Collapsed flower)
S8 (12 day after flower opening) The petals desiccated (Desiccated flower)
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(50/50). After this step, the samples were embedded in 60 °C 
epoxy resin for 48 h. Ultrathin (50–100 nm) cross-sections 
of the petal were obtained using an ultramicrotome (Leica 
Ultracut-R ultramicrotome, Wetzlar, Germany) and collected 
on standard 200 mesh copper grids. These sections were 
firstly stained in 20% uranyl acetate solution in pure metha-
nol for 20 min and then in lead citrate solution (Reynolds 
solution) for 5 min (Reynolds 1963). TEM micrographs of 
epidermal and mesophyll cells were acquired using a trans-
mission electron microscope (EM208S, PHILIPS, Neder-
land) at 100 kV and analyzed with ImageJ software version 
1.52. We used five micrographs for the frequency of meso-
phyll cells (with the same plastid morphology) per stage. 
Also, four cells were analyzed in each micrograph.

Phenolics measurement

Methanolic extract from frozen petal tissue was prepared 
using the Wang procedure (Wang et al. 2015), collected in 
dark bottles, and used for further analysis. The total phenolic 
content (TPC) was quantified according to the Folin-Ciocal-
teu method (Singleton et al. 1965), with a minor modifica-
tion. The absorbance of the samples was read at 765 nm. 
Gallic acid was considered as standard. TPC was expressed 
as µg gallic acid equivalent (GAE) per 1 g FW. Total flavo-
noid content (TFC) was measured using the aluminum chlo-
ride method with a minor modification (Zhishen et al. 1999). 
The samples absorbance was read at 510 nm. Quercetin 
was used as a standard. TFC was expressed as µg quercetin 
equivalent (QE) per 1 g FW. The pH differential method was 
used to calculate the total monomeric anthocyanin content 
(TMAC), as described by Wroistad (Wroistad 1993). The 
TMAC was expressed as µg cyanidin-3-glucoside equiva-
lents (C3GE) per 1 g FW, as follows:

MW: molecular weight of cyanidin-3-glucoside (449.2 g/
mol).

DF: dilution factor.
Ve: extract volume.ε: molar extinction coefficient of cya-

nidin-3-glucoside (26,900)
M: mass of the petals extracted.

Statistical analysis

This study followed a completely randomized design (CRD) 
with five replications. The experiment was repeated at least 
once. All quantitative data were subjected to one-way 

A =
(

A
510

− A
700

)

pH1
−
(

A
510

− A
700

)

pH4.5

TMAC =

(

A ×MW× DF × Ve × 1000
)

(ε × 1 ×M)

ANOVA using SAS 9.1 to indicate significant differences. 
Means were separated at a 5% level of probability by Dun-
can’s Multiple Range Test. All graphs were drawn with 
Excel. All data were expressed on a fresh weight basis.

Result

Time‑course of snapdragon (Antirrhinum majus 
‘Legend White’) development and senescence

The first morphological symptom of senescence (or wilt-
ing) appeared at S6, which was accompanied by translucent 
petal margins. The wilting became clearer at S7 (severe 
wilting). Then the corolla collapsed (Fig. 1A). Fresh weight 
(FW) increased until S5 and then declined, confirmed by 
visual signs of senescence (Fig. 1B). Dry weight (DW) was 
decreased after S5 and continued until S8 (Fig. 1C). Ion 
leakage, as one of the indicators of senescence progress in 
petals, increased after the flower opening stage (S4) and 
reached the highest value at S8 (Fig. 1D). The cell sap 
pH increased from S1 to S3. Then it decreased from the 
flower opening stage (S4) to the desiccated flower stage (S8) 
(Fig. 1E). These results indicated that pH changes affect the 
color changes of the white petals.

Petal color modifications

The significant difference in the colorimetric parameters 
indicated that the color changes in the white petals are 
present (Table 2). With the progress of flower develop-
ment and senescence, the lightness parameter (L*) showed 
a similar trend from S1 to S6. At S7, an increase in the 
L* parameter was observed, and then the brightness of 
the petals decreased. Parameter a*, as an indicator of the 
green–red color of the petal texture, was the highest after the 
full-opened flowers and the subsequent stages. The lowest 
value was observed at S2 and S3. Significant changes were 
observed in the parameter b* (blue-yellow). As expected, 
flower bud stages (S1, S2, and S3) were characterized by 
high b* values. Then, a sharp decrease in b* occurred at S5, 
and with the progress of senescence at the later stages, the 
value of b* increased. Moreover, the hue angle (0º-360º) 
decreased after the S5, and the lowest h0 was recorded at 
S7 and S8.

Changes in the pigments and starch content

As is evident in Fig. 2, chlorophyll a, b, and carotenoid 
content decreased in the developing petals and reached the 
lowest amount at the stage of a flower opening. However, a 
lower amount of chlorophyll and carotenoids were measured 
at later stages. In this experiment, starch content showed a 
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significant difference at stages of development and senes-
cence (Fig. 2D). At S1 and S2, starch content was highest. 
As the flowers developed and senescence begin, starch gran-
ules were degraded, and the starch content reached to lowest 
value. At S8, compared with S1, starch content fell to 77%.

Plastid morphology

The Plastids morphology of petal cells (epidermis and meso-
phyll) in the snapdragon was examined using TEM analy-
sis. The results of TEM observations at S1 indicated that 
both epidermal cells and mesophyll cells of green petals had 
chloroplasts that did not morphologically differ. Both cell 
types had clear and abundant thylakoid structures and intact 
envelope membranes. Moreover, evident starch granules 
were observed in these chloroplasts (Fig. 3A). The result 
indicated that 59% of the mesophyll cells have such mor-
phology (Fig. 4G). At S2, fewer thylakoid membranes with 
starch granules were observed in the chloroplasts of both cell 

types. In addition, thylakoid structures showed less electron 
density (Fig. 3B, arrows). S2 morphology was observed in 
52% of mesophyll cells (Fig. 4G). The plastid morphology 
was dramatically altered at S3. At this stage and in some epi-
dermal cells, starch granules disappeared, granum structures 
collapsed, thylakoid membranes were unclear, and several 
electron-dense globules (white arrows) were mainly found 
on the surface of thylakoid membranes (Fig. 4A). Whereas 
in the chloroplasts of mesophyll cells, thylakoid structures 
faded gradually, chloroplasts were transformed into leuco-
plasts under the process of plastid transition and contained 
only starch granules (Fig. 4B). At this stage, some leuco-
plasts were degraded through distinct pathways. In Fig. 4C, 
although the envelope membrane has been destroyed, thy-
lakoid structures were arranged as phagophore-like struc-
tures around the starch granules and formed a complete 
autophagosome-like organelle. This structure lacked stroma 
and was located inside the vacuole. In addition, numerous 
small vacuoles were around the leucoplasts or in contact 

Fig. 1   A Morphological 
changes of the petal color in 
eight stages of snapdragon 
(Antirrhinum majus ‘Legend 
White’) flower life from devel-
opment to senescence: S1 tight 
green bud; S2 emerging bud; 
S3 full bud; S4 half-opened 
flower; S5 fully opened flower; 
S6 wilted flower; S7 collapsed 
flower; S8 desiccated flower. 
B Fresh weight (FW), C dry 
weight (DW), D ion leakage 
rate, and E the cell sap pH of 
snapdragon (Antirrhinum majus 
‘Legend White’) petals during 
development and senescence. 
Different letters indicate sig-
nificant differences determined 
using Duncan’s multiple-range 
test (p < 0.05). Error bars repre-
sent ± SE, n = 5 f
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with phagophore-like structures. Some electron-dense plas-
toglobules were also transferred from leucoplasts to small 
vacuoles. Furthermore, incomplete autophagosome-like 
organelles were observed in some mesophyll cells. In both 
autophagosome-like organelles, the starch granules appear 
to be broken (Fig. 4D). Starch granules may be sequestered 

in autophagic structures (Fig. 4E, arrow) or exist freely in 
the cytosol (Fig. 4E, arrowhead). Also, small starch gran-
ules were placed in small vesicle-like structures or small 
vacuoles and budded to the outside (white arrows). This 
event is a type of piecemeal chlorophagy known as the small 
starch granule-like structure (SSGL bodies) (Fig. 4F, lower 
structure). Finally, the double membrane of the autophago-
some-like organelles gradually disappeared and formed a 
vacuole-like structure. The remaining membrane may fuse 
with other small vacuoles (Fig. 4F, upper structure). Also, 
numerous small vacuoles were observed around the degrad-
ing structures. All these events were observed in only 35% of 
mesophyll cells (Fig. 4G). At S4, plastids were not observed, 
neither in the epidermal nor mesophyll cells.

Phenolic composition

TPC values were significantly different among various 
stages of flower development and senescence. TP content 
increased gradually from the flower bud stage (2925 GAE μg 
g−1FW) to S6 (14,575 GAE μg g−1FW) and decreased with 
cell death (Fig. 5A). This significant difference in TPC levels 
showed that S6 is the best stage for harvesting snapdragon 
flowers for commercial and edible use.

In all stages of flower development and senescence, the 
content of TF varied from 805 QE μg g−1FW to 6505 QE 
μg g−1FW. The S6 contained the highest amount of TFC. 
The lowest amount was measured at the flower bud stage.

Table 2   Color parameters value of snapdragon (Antirrhinum majus 
‘Legend White’) at flower development and senescence stages

Colorimetric parameters (L*, a*, b*, h°) have been expressed 
based on the CIE system. L*: lightness (0 = dark, 100 = bright); a*: 
green–red (negative = green, positive = red); b*: blue-yellow (nega-
tive = blue, positive = yellow), and h0 or hue angle (0º–360º). S1, tight 
green bud; S2, emerging bud; S3, full bud; S4, half-opened flower; 
S5, fully opened flower; S6, wilted flower; S7, collapsed flower; S8, 
desiccated flower. Values represent the mean ± SE. Different minor 
letters (a–e) show significant differences among development and 
senescence stages (p ≤ 0.05)

Stage Colorimetric parameters

L* a* b* h0

S1 76.1 ± 1.4 bc − 9.5 ± 0.8 c 28.2 ± 2.5 b 106.8 ± 0.4 b
S2 75.4 ± 0.9 bc − 16.7 ± 0.4 d 37.9 ± 1.8 a 113.9 ± 0.4 a
S3 76.5 ± 1.2 b − 16.1 ± 0.4 d 36.6 ± 1.1 a 113.7 ± 0.2 a
S4 75.2 ± 1.2 bc − 4.6 ± 0.5 b 10.2 ± 1.2 d 114.3 ± 0.4 a
S5 71.7 ± 1.3 c − 1.4 ± 0.4 a 3.6 ± 0.7 e 110.2 ± 2.1 ab
S6 76.3 ± 1.8 bc − 2.4 ± 0.4 a 7.6 ± 1.4 de 108.1 ± 0.9 b
S7 83.9 ± 2.3 a − 2.7 ± 0.7 a 15.3 ± 2.4 c 100.4 ± 2.2 c
S8 76.2 ± 1 bc − 2.1 ± 0.7 a 17.6 ± 1.1 c 97 ± 2.3 c

Fig. 2   A Chlorophyll a, B chlo-
rophyll b, C carotenoids, and 
D starch content of snapdragon 
(Antirrhinum majus ‘Legend 
White’) during flower develop-
ment and senescence. S1, tight 
green bud; S2, emerging bud; 
S3, full bud; S4, half-opened 
flower; S5, fully opened flower; 
S6, wilted flower; S7, collapsed 
flower; S8, desiccated flower. 
Different letters indicate sig-
nificant differences determined 
using Duncan's multiple-range 
test (p < 0.05). Error bars repre-
sent ± SE, n = 5
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Although anthocyanins are colored compounds inside the 
cells, they were measured to detect the factors affecting the 
color changes of white petals, and small amounts of TMAC 
were observed in white petals. Among all analyzed stages, 
TMAC showed the highest value from S3 to S7. TMAC was 
especially low in S1 (213.08 C3GE µg g−1FW).

Discussion

One of the first well-documented events during the develop-
ment and senescence of petals is change in weight (fresh and 
dry). In the present study, the growth of petals from the bud 
stage (S1) to the fully-opened flower stage (S5) coincided 
with the increase in FW and DW. Both indices decreased 
reasonably after S5 (FW falling to 32% and DW falling to 
58% of highest value, respectively). Wilting of petal margins 
was recorded at S6, while the wilting of the entire corolla 
was observed three days later (S7). These changes showed 
that the snapdragon flower exhibits wilting and desiccation 
reactions during senescence and cell death. Similar trend 
have been reported in several studies, including Alstro-
emeria (Wagstaff et al. 2003), carnation (Li et al. 2021), 
and Lilium longiflorum (Battelli et  al. 2011), and some 
rose cultivars (Schmitzer et al. 2010). Typically, the forma-
tion of the central vacuole, followed by water absorption, 
leads to the enlargement of the cells and an increase in FW 
(Nabipour Sanjbod et al. 2022). Decreased FW or severe 
wilting include tonoplast rupture, loss of turgor, increased 
transparency, and slow desiccation (Breeze et al. 2004). The 
slow dehydration and color changes caused by wilting are 
known as withering and are not mechanistically different 
(Van Doorn and Woltering 2008). These events can indicate 
the degradation of cellular components and remobilization 
processes (Breeze et al. 2004; Battelli et al. 2011).

Ion leakage occurs commonly after phospholipids deg-
radation, plasma membrane permeability, and tonoplast 
rupture, which is considered a passive event. However, 
ion leakage may be active during senescence, resulting in 
the remobilization and export of ions via the phloem (Van 
Doorn and Woltering 2008). The result revealed that ions 
leaked increasingly with flower opening. This event implies 
that senescence and cell death begin very early in flowers, as 
reported in Alstroemeria and snapdragon senescence studies 
(Wagstaff et al. 2003; Nabipour Sanjbod et al. 2022). Ion 
leakage is affected by structural changes in cellular com-
ponents. Therefore, ion leakage is an efficient senescence 
marker, indicating progressive PCD, and can cause de-com-
partmentalization of organelles and cell pH change, affecting 
the stability of anthocyanins, phenolic compounds, and petal 
color (Rehman et al. 2017).

Color changes observed during senescence are generally 
associated with changes in cell sap pH. Cell sap pH is fre-
quently assimilated to the pH of the vacuole since vacuoles 
occupy the most cell volume (Barthe et al. 1991). The vacu-
olar pH of the cells is usually in the weakly acidic range, and 
its variations change the stability of anthocyanins and subse-
quently the tissue color during senescence (Schmitzer et al. 
2010). The results showed that the pH of cell sap increased 
during development and then became more acidic during 
flower senescence. Low pH causes some anthocyanins not 
to be stable and readily hydrate and form colorless pseudo 
bases (Teppabut et al. 2018). Besides, it increases the activ-
ity of enzymes such as hydrolases (Phospholipases, RNases) 
(Barthe et al. 1991).

The green color of young petals is caused by chlorophyll 
in chloroplasts (Ohmiya et al. 2017). In Arabidopsis, the pet-
als at the flower bud stage were all green due to the presence 
of chloroplasts. Then, in the later stages of flower develop-
ment, the chloroplasts of the mesophyll cells converted into 

Fig. 3   Transmission electron microscopy analysis of plastids from 
epidermal and mesophyll cells. A Chloroplast of mesophyll cell, chlo-
roplasts have clear thylakoid structures, intact envelope membranes, 
and evident starch granules at S1, B Chloroplast of the epidermal cell, 

chloroplasts have fewer thylakoid membranes and low electron den-
sity (white arrows) at S2. CW, cell wall; EM, envelope membrane; 
G, grana; IS, intercellular spaces; SG, starch granule; T, thylakoid; V, 
vacuole. Scale bars, 1 µm in all figures
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Fig. 4   Plastid morphology at full bud stage (S3), A Plastid of epider-
mal cell with unclear thylakoid membranes and electron-dense glob-
ules, B Leucoplast of mesophyll cell, chloroplasts were converted into 
leucoplasts through plastid transition, C Leucoplast of mesophyll cell 
was degraded through the formation of autophagosome-like orga-
nelle, D Incomplete autophagosome-like organelle with broken gran-
ule starch in mesophyll cell, E and F The occurrence of piecemeal 
chlorophagy in leucoplasts (E and lower structure in F) and the for-

mation of vacuolar-like structure from autophagosomes (upper struc-
ture) in mesophyll cells. SSGL bodies have shown by white arrows, 
G Frequency of mesophyll cells with the same plastid morphology. 
CW, cell wall; EM, envelope membrane; G, grana; IS, intercellular 
spaces; OC, out of cells; PLS, phagophore-like structures; SG, starch 
granule; T, thylakoid; SV, small vacuole. Scale bars, 1 µm in all fig-
ures
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leucoplasts and disappeared (Zheng et al. 2022). Such results 
were also evident in the present study. At S4, there were no 
plastids, and the green color faded, which coincided with 
the increase of parameter a*. As senescence progressed and 
fresh and dry weight decreased, the parameter L* increased, 
and the petals became visually paler.

During development, carbohydrates serve as a source of 
energy and carbon for cell wall synthesis and cause osmotic 
properties, water absorption, and turgor pressure, which 
can lead to cell expansion and petal opening (O Dono-
ghue 2006). Starch granules are located in plastids and are 
degraded accompanying plastid transition and degradation 
(Wang and Liu 2013; Choi et al. 2021). Our result revealed 
that starch degradation started before the flower opening. 
These events can participate in cell expansion and result in 
flower opening. Previous studies have elucidated the strong 
relationship between carbohydrate content with senescence. 
So, it can affect senescence-color changes (Tang et al. 2015). 
A decrease in starch content has been reported in species 
such as Lycoris radiate (Park et al. 2021) and Lilium (Zhang 
et al. 2021). In our study also, starch content decreased with 
a gentle slope during senescence. On the other hand, results 
have indicated that hydrolysis of starch by affecting the 
water potential causes wilting and color changes in Rosa 
damascena (Sood and Nagar 2003; Kanani et al. 2021a).

The TEM observations provided notable results on color 
changes. The chloroplasts (green) were present in both cells, 
but the leucoplasts (white) were only found in mesophyll 

cells. However, leucoplasts may be present in epidermal 
cells at stages other than the sampling stage. In this study, 
mesophyll cells underwent structural changes earlier than 
epidermal cells (Van Doorn and Woltering 2008; Shibuya 
et al. 2016). In addition, the content of carotenoids decreased 
with the appearance of electron-dense globules in the last 
stages of plastid degradation. The electron-dense globules 
have originated from plastoglobuli. Therefore, as the find-
ings show, plastoglobuli can be sites for the breakdown of 
carotenoids (Choi et al. 2021). Transfer of electron-dense 
globules to small vacuoles was observed in our and Smith’s 
results. This event probably involved lipid-protein degrada-
tion inside the vacuoles (Smith 1974; Shibuya et al. 2016). 
The young petals were green due to the chloroplasts with 
typical structures and high chlorophyll content (Zheng et al. 
2022). As the flower age increased, chloroplasts of meso-
phyll cells converted to leucoplasts during the plastid tran-
sition (Choi et al. 2021). As a result, stroma and thylakoid 
structures disappeared, chlorophyll degraded, and finally, 
the green color faded (de-greening). Although leucoplasts 
were formed, they were rapidly destroyed by programmed 
cell death (PCD). In general, autophagy acts as the main 
pathway for organelles degradation, such as plastids (Zhuang 
and Jiang 2019; Sieńko et al. 2020). In this study, leucoplasts 
formed autophagosome-like organelles inside the vacuoles, 
which confirms the involvement of macroautophagy in 
leucoplasts' degradation (Otegui 2018; Zhuang and Jiang 
2019). It seems that the phagophores originated from the 

Fig. 5   Phenolic content of 
snapdragon (Antirrhinum majus 
‘Legend White’) during flower 
development and senescence. 
S1, tight green bud; S2, emerg-
ing bud; S3, full bud; S4, half-
opened flower; S5, fully opened 
flower; S6, wilted flower; S7, 
collapsed flower; S8, desiccated 
flower. Different letters indicate 
significant differences deter-
mined using Duncan's multiple-
range test (p < 0.05). Error bars 
represent ± SE, n = 5
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thylakoid structures. This event is known as the whole chlo-
roplast pathway and is reported in Izumi's study (Izumi et al. 
2017). Some leucoplasts indicated another autophagy path-
way called piecemeal chlorophagy. In this pathway, starch 
granules are placed inside vesicular structures (SSGL bod-
ies) and delivered to vacuoles (Ishida et al. 2008; Wang and 
Liu 2013). These small vacuoles were fused in some places. 
Some autophagosome-like organelles formed structures 
similar to vacuoles. These events happened just before the 
flower opening. Studies have proven that macroautophagy 
and microautophagy are involved in the vacuolation process 
(Van Doorn et al. 2011; Nabipour Sanjbod et al. 2022). The 
plastids are large organelles and may participate in the for-
mation of central vacuoles by forming autophagosomes and 
autophagy activity. These events could be evidence of the 
transformation of plastids into vacuoles.

The phenolic compounds have importance in various 
therapeutic, nutritional, and cosmetic aspects. Further-
more, they play a role in the color changes of petals and 
the production of fragrances to attract pollinators (Yáñez 
et al. 2012; Chamani et al. 2020). Investigation of phenolics 
provided information about their effective properties in the 
color changes of white petals and determined the best stage 
to extract the highest phenolic amounts. This is an effec-
tive strategy in the production of edible flowers. The results 
indicated that phenolic compounds were synthesized gradu-
ally by decreasing the chlorophyll and carotenoid content. 
Overall, the highest content of phenolics (TPC, TFC, and 
TMAC) was measured at the beginning stage of wilting. The 
increase in flavonoid content in white petals has been attrib-
uted to the synthesis of colorless compounds such as flavone, 

flavonol, and flavanone (Zhao and Tao 2015). The synthesis 
of anthocyanins led to a decrease in the b* parameter. As 
senescence progressed, the content of phenolics decreased. 
Changes in the phenolic content during development have 
been reported in several species, such as Rose ‘KORcrisett’ 
(Schmitzer et al. 2009), cut H3O rose (Chamani et al. 2020), 
Helleborus niger (Schmitzer et al. 2013), and damask rose 
(Kanani et al. 2021a). As senescence progressed and pH 
decreased, the b* parameter increased. However, the con-
tent of anthocyanins did not change. It has been shown that 
the decrease in pH affects the stability of anthocyanins and 
causes the anthocyanins to shift to colorless compounds 
(Teppabut et al. 2018). Mainly, the reduction of phenolic 
compounds in the final stages of senescence accelerates the 
death of petal cells under oxidative stress (Schmitzer et al. 
2009). All events of autophagy and phytochemical activity 
are summarized in Table 3.

Conclusion

The present study investigated the background events of 
white petal color changes in small parts and single cells. 
Our emphasis for this was the effect of phytochemical 
compounds and autophagy pathways involved in color 
changes. For this purpose, a small part of the petal tis-
sue was considered, and both epidermal cells and meso-
phyll cells were analyzed. The results revealed that dur-
ing flower development (S1, S2, and S3), de-greening 
occurred, and visually the green color of the flowers faded 
gradually. This morphological change was associated 

Table 3   Events of autophagy 
and phytochemical during color 
changes in white petals of the 
snapdragon (Antirrhinum majus 
‘Legend White’)

Stage Events of autophagy and phytochemical activity

S1 Natural morphology in plastids (epidermal and mesophyll cells)
Increase in fresh and dry weight
Increase in cell sap pH
Increase in phenolic compounds

S2 Gradual degradation of thylakoids structures (epidermal and mesophyll cells)
Decrease in chlorophyll content
Decrease in carotenoid content
Decrease in starch content

S3 The appearance of electron-dense globules (epidermal and mesophyll cells)
Plastid transition (mesophyll cells)
Formation of autophagosome-like organelle from leucoplasts (mesophyll cells)
Piecemeal chlorophagy (mesophyll cells)
Decrease in cell sap pH

S4 The disappearance of plastids (epidermal and mesophyll cells)
Increase in ion leakage
Increase in parameter a*

S5 Decrease in fresh and dry weight
S6 Decrease in phenolic compounds
S7 Highest of parameter L*
S8 Lowest of parameter h0
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with some physiological processes, including a decrease 
in chlorophyll and carotenoid content, starch content, 
parameter a*, and an increase in parameter b* and color 
angle (h0). In addition, the morphology of plastids changed 
under the plastid transition program, and chloroplasts were 
transformed into leucoplasts. These leucoplasts had thy-
lakoid structures and chlorophyll in some cases. One of 
the astonishing findings of this study was the involvement 
of autophagy in leucoplasts' degradation and de-greening. 
Piecemeal chlorophagy was observed in starch granules 
degradation. Leucoplasts were also transformed into 
autophagosome-like organelles, which provided evidence 
for the transformation of plastids into vacuoles at stages 
before flower opening. It seems that these two autophagy 
processes are involved in the vacuolation process, and both 
cause water absorption and petal expansion. These events 
caused the color of the petals to change from green to 
yellow.

When plastids disappeared and the green color faded, 
the phenolic compounds were synthesized and reached the 
highest amount at the beginning stage of wilting. Although 
anthocyanins had highest values, they remained colorless 
because the cell sap pH decreased. Furthermore, in these 
stages, high amounts of flavonoids were considered due 
to the presence of colorless flavonoid compounds. The 
decrease in starch content and the subsequent decrease 
in water absorption caused the petal wilting and the fad-
ing of the flower color. All of these factors increased the 
parameter L*. Transparency of the petals was observed in 
the stage of severe wilting. After flower desiccation and 
cell death, the parameter L* and color angle decreased and 
was in the pale yellow range.

In addition, High levels of phenolic, after flower open-
ing and before severe wilting, can be the best stage for har-
vesting snapdragon flowers for commercial and industrial 
use. Also, our findings provided a unique basis for study-
ing the molecular mechanisms involved in these processes.
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