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Abstract: In addition to angiosperms, most plants are able to synthesize chlorophyll (Chl)-generating
green tissues in total darkness. In this study, 140 plants of the angiosperm Pachira macrocarpa were
divided into five groups. Among them, one group was grown for 2 weeks under natural light
conditions, whereas the others were grown in complete darkness (0 pmol m~2 s~1). Dark-grown
plants were then treated with 0~6% glucose for another 8 weeks. The budding and greening ratios,
ultrastructure of chloroplasts (ChlPs) of newly developed leaves, and green pigment contents of
pre-illuminated mature and young leaves, and totally dark-grown newly developed leaves were
measured. Results showed that glucose inhibited the budding and promoted the greening of newly
developed leaves. Pre-illuminated mature and young leaves were able to synthesize green pigments
during the 2 weeks of dark adaption. Dark-grown newly developed leaves contained high levels of
green pigments at 2 and 3 weeks after budding. Green pigments of glucose-fed newly developed
leaves had increased, whereas they had decreased in control leaves. In addition, ChlPs of dark-
grown glucose-fed newly developed leaves contained both giant grana and prolamellar bodies
(PLBs), usually found in shade plants and etiolated seedlings, respectively. The higher the glucose
concentration was, the greater the numbers of grana, thylakoids, and PLBs. Glucose increased the
green pigment contents and grana formation in newly developed leaves in a dark condition, and the
mechanisms are discussed.
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1. Introduction

Chloroplasts (ChlPs) harbor the photosynthetic apparatus, containing chlorophylls
(Chls), pigment-protein complexes, and the thylakoid system. In ChlPs of higher plants,
Chl biosynthesis requires light, and the limiting step is the transfer of the protochloro-
phyllide (Pchlide) metabolite to chlorophyllide (Chlide) by light-dependent Pchlide oxi-
doreductase (POR; LPOR), when the protein structure changes and reduces nicotinamide
adenine dinucleotide phosphate (NADPH) oxidation to synthesize Chlide [1,2]. Chls,
which are responsible for light absorption that initiates photosynthesis, are the most abun-
dant green pigments in nature. It is well known that cyanobacteria, algae, mosses, ferns,
and gymnosperms are able to synthesize Chl in complete darkness by utilizing dark POR
(DPOR) [3-5]. In contrast, many angiosperm seedlings are etiolated in completely dark
growth conditions due to a lack of DPOR genes [6]. Surprisingly, algal cells can be cultured
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and survive under dark conditions if fed glucose, sucrose, or glycerol as carbon sources,
and they synthesize Chl using their DPOR genes [6,7]. However, whether other green
pigments can be synthesized in angiosperms under dark conditions while being fed glucose
still remains unknown.

Glucose and sucrose can act as signal transduction intermediates, and they coordinate
expressions of the plasteome and nuclear-encoded photosynthetic genes. For example, an
abscisic acid (ABA) receptor, pyrabactin resistance-like 8 (PYL8), is responsive to glucose,
and it responds by upregulating translational levels in glucose-fed plants [8]. A high
glucose concentration (6%) in a dark condition can cause accelerated leaf yellowing and
senescence in Arabidopsis leaves [9]. However, an exogenous supply of moderate concentra-
tions of sucrose or glucose (50 mM) rescued the high light-dependent growth and high-Chl
fluorescence phenotypes of adgl-1/tpt-2 double-mutant plants [10]. Many angiosperms
need to be pre-illuminated before they can synthesize Chl in complete darkness [11,12].
Previously, we reported that large variations in chlorophyllase (Chlase) activity existed
in seven all-green plants, and Pachira macrocarpa contained significantly higher Chlase
activity compared to the other plants [13]. Moreover, the messenger (m)RNA and protein
levels of P. macrocarpa chlorophyllases (PmCLHs) are unequally expressed in young and old
leaves [14]. In this study, we substituted glucose for photosynthesis as a carbon resource
in a dark condition. We demonstrated that pre-illuminated mature and young leaves of
P. macrocarpa were able to synthesize green pigments (that possibly included intermediates
of Chl biosynthesis or other compounds) and maintained the green level in complete
darkness after being fed glucose. In addition, totally dark-grown newly developed leaves
could also synthesize green pigments in complete darkness without illumination. Glucose
dramatically affected the abilities to develop ChlPs and synthesize green pigments under
dark conditions in this angiosperm.

2. Material and Methods
2.1. Plant Materials, Cultural Practices, and Glucose Treatments

Pachira macrocarpa plants were purchased from local gardens in Taipei, Taiwan, for
our experiments. In total, 145 plants at 45 cm in height were selected and placed in a
greenhouse. Plants were evenly spaced to encourage similar growth rates and sizes. Plants
were watered three times a week, and those of a uniform size were then chosen and
randomly separated into five groups for the following experiments. One group of plants
was grown under outdoor conditions as the control, and the other four groups of plants
were transferred to a totally dark room (9 x 3 x 2 m) and grown in complete darkness
(0 wmol m~2 s71) for 2 weeks. During the 2-week period, dark-grown plants were treated
with nutrient solutions containing 0%, 2%, 4%, or 6% glucose (50 ml day ! plant~!) and
continued to be fed the nutrient solutions for 4-, 6-, and 8-week periods. All plants were fed
50 mL of nutrient solution each day. One hundred liters of nutrient solution contained 50 g
MgSO4, 52 g Ca(HzPO4), 81 g KNO3, 32 g NH4NO3, 2 g H3BO3, 0.05 g ZI’ISO4, 1 g MI’ISO4,
0.05 g CuSOy, and 0.05 g NaMoO4 modified from Johnson's solution [15]. Pre-illuminated
mature and young leaves and totally dark-grown newly developed leaves were recorded
and characterized in each experiment. All of the following procedures were conducted
under dim green light.

2.2. Determination of Total Green Pigments

Following extraction of a liquid nitrogen-dried leaf with 80% (v/v) acetone, green
pigments were determined according to a spectrophotometric method [16]. Absorbances at
663.6 and 646.6 nm were measured with a UV-visible spectrophotometer (Hitachi U2000,
Tokyo, Japan).

2.3. Ultrastructure of the Thylakoid System

Leaves were collected, cut into small cubes, and fixed in 2.5% glutaraldehyde for 2 h at
4 °Cin 0.1 M cacodylate buffer (pH 7.0). Samples were washed three times for 15 min each
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in 0.1 M cacodylate buffer (pH 7.0) at 4 °C, and then post-fixed in 1% aqueous osmium
tetroxide in 0.1 M cacodylate buffer (pH 7.0) for 2 h, followed by three washes for 15 min
each with the same buffer. Tissues were dehydrated in a graded ethanol series, infiltrated
and embedded in pure Spurr’s resin, and polymerized at 70 °C for 8 h. Ultrathin gold
sections were cut on a Reichert-Jung ultra-microtome (Ultracut E, Leica, Vienna, Austria),
collected on formvar-coated grids, stained with a saturated solution of uranyl acetate in
100% ethanol, and post-stained with lead citrate. Observations were made with an H-600
transmission electronic microscope (TEM, Hitachi, Tokyo, Japan).

3. Results
3.1. Color of P. macrocarpa Leaves under Dark Culture

All of the P. macrocarpa leaves were green before being cultured in complete dark-
ness (Figure 1a). The mature leaves without glucose feeding became a pale-yellow color
(Figure 1b), and newly developed leaves of 2- and 3-week dark-grown control plants (with-
out glucose feeding) were a green-tinted color Figure 1c). However, the size of newly
developed leaves of 6% glucose-fed plants appeared small but fresh green (Figure 1f). The
gradient of glucose concentrations (Figure 1c—f) resulted in a gradient of green color in dark-
grown newly developed leaves, indicating that newly developed leaves of dark-grown
plants had synthesized some green pigments during the 2 weeks, but these leaves were
unable to continue this biochemical phenomenon in complete darkness. In addition, expan-
sion of mature leaves diluted the green pigment contents resulting in a pale-yellow color.

Figure 1. Two- and 3-week-old newly developed leaves of dark-grown Pachira macrocarpa plants fed
various concentrations of glucose. The pictures were taken within 15 s after exposure to natural light.
Mature leaves of test plants cultured in a light condition (a), and in a dark condition (b) without
glucose treatments. Newly developed leaves of dark-grown P. macrocarpa plants cultured in dark
conditions and fed 0% (c), 2% (d), 4% (e), and 6% (f) glucose.
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3.2. Green Ratio of Newly Developed Leaves of P. macrocarpa Plants Grown in Darkness

The greening and pale-yellowing ratios of totally dark-grown newly developed leaves
were examined during 4-, 6-, and 8-week growth periods (Figure 2). Green (including
green-tinted color) ratios of newly developed leaves of test plants treated with 0% (control),
2%, and 4% concentrations of glucose were <10%, 47~60%, and 67~80%, respectively.
Nevertheless, those plants treated with a 6% concentration of glucose produced 100%
newly developed green leaves. The higher the glucose concentration was, the higher the
green ratio of newly developed leaves was we observed, implying that glucose inhibited
the newly developed leaves grown in complete darkness, but enhanced greening of newly
developed leaves.
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Figure 2. Greening (including green-tinted color) ratio of newly developed leaves of Pachira macro-
carpa plants grown in complete darkness. Green bar, green leaf ratio; yellow bar, pale-yellow leaf
ratio.

3.3. Green Pigments in Pre-Illuminated Mature and Young Leaves of P. macrocarpa

Green pigments of pre-illuminated mature and young leaves were determined at
2-week intervals after the leaves were transferred to darkness (Figure 3). All of the green
pigment experiments were conducted under dim green light. In Figure 3a, the relative
green pigments of mature leaves grown for a 2-week period in complete darkness dropped
to 97.5% compared to light-grown plants at 105% in control plants, suggesting that the
synthesis and degradation of green pigments remained somewhat balanced after 2 weeks
in complete darkness, and those pre-illuminated mature leaves could still maintain green
pigments in complete darkness for 2 weeks. Moreover, green pigment contents of dark-
grown plants fed 2%, 4%, and 6% glucose were significantly higher than that of non-glucose
treated plants (control) in the dark, indicating that glucose increased synthesis of green
pigments in pre-illuminated mature leaves grown in complete darkness for 2 weeks. In
the 4-week period, the relative green pigment contents reached 138% compared to the
control, and that of dark-grown plants fed 6% glucose was similar to that of light-treated
control plants. The increase in the green pigment content caused by glucose remained for
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4 weeks and then began to decline, as observed in pre-illuminated mature leaves. Although
green pigment contents of all dark-grown plants decreased sharply after 4 weeks, levels
(70~85%) of glucose-fed plants were significantly higher than that of dark-grown control
plants (48%) after the 6-week period. This suggests that glucose delayed the degradation
of green pigments in pre-illuminated mature leaves grown in complete darkness during
the time course of this research.
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Figure 3. Variations in relative green pigment contents of pre-illuminated mature (a) and young
(b) leaves of Pachira macrocarpa plants after feeding 0% (e), 2% (V¥), 4% (A), and 6% (M) glucose in
complete darkness and in a lighted condition (O). Each data point represents the mean =+ SD of five
independent measurements.

In Figure 3b, green pigment contents of pre-illuminated young leaves in a dark
condition were significantly lower than those of leaves in a light condition. After 2 weeks
of light and dark adaptation, relative green pigment contents of young leaves in light-
grown and dark-grown plants increased to about 149% and 112%, respectively, compared
to the controls. Furthermore, increases in the relative green pigment contents of all pre-
illuminated young leaves were observed throughout the 6-week period, and then slowly
declined to the end of the experiment, suggesting that young leaves were able to synthesize
and accumulate green pigments in complete darkness for 6 weeks. Four weeks after feeding
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glucose, green pigment contents of all glucose-fed plants were significantly higher than
those of control plants under a dark condition.

3.4. Green Pigment Contents of Newly Developed Leaves of P. macrocarpa

Figure 4 demonstrates that green pigment contents of glucose-fed plants were signifi-
cantly higher than those of dark-grown control plants, but lower than those of light-grown
plants in each time period. During the experimental time course, all green pigment contents
of newly developed leaves under darkness were dramatically promoted by glucose for
5 weeks, suggesting that newly developed leaves could synthesize green pigments.
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Figure 4. Variations in relative green pigment contents of newly developed leaves of Pachira macro-
carpa plants fed 0% (), 2% (V), 4% (A), and 6% (M) glucose in complete darkness and in a lighted
condition (O). Each data point represents the mean + SD of five independent measurements.

To examine the effect of glucose on the recovery capacity of newly developed fresh
leaves of dark-grown control plants, 16 plants grown for 8 weeks in complete darkness
were divided into four equal groups. Among them, one group was transferred to a natural
illumination condition and the other three groups remained in complete darkness and
were respectively fed 0%, 4%, and 8% concentrations of glucose for an additional 2 weeks
(Figure 5). Relative green pigment contents (with respect to that without glucose feeding)
of fresh leaves fed 4% and 8% glucose were 283% and 228%, respectively.

3.5. Budding Ratios of Newly Developed Leaves of P. macrocarpa in Dark Culture

Eight weeks after test plants were transferred to complete darkness, budding ratios
of newly developed leaves fed 0%~6% concentrations of glucose are shown in Figure 6.
Budding ratios of those totally dark-grown plants treated with 2%, 4%, and 6% glucose
were 75%, 60%, and 55%, respectively, compared to that of dark-grown control plants (0%
glucose). Apparently, the higher the glucose concentration was, the lower the budding
ratio was, indicating that glucose inhibited the budding of newly developed fresh leaves in
complete darkness.

3.6. Ultrastructure and Morphology of the Thylakoid System in Mesophyll Cells from Newly
Developed Leaves

Central parts of light- or dark-grown leaves fed various concentrations of glucose were
sampled to study the ultrastructure and morphology of thylakoid membranes (Figure 7).
Figure 7a,b show ChlPs of 3-week-old newly developed leaves of light-grown control plants
that contained a normal thylakoid ultrastructure, usually found in other sun plants. Dark-
grown plants contained many PLBs (Figure 7c,eh,i), usually found in etioplasts of etiolated
seedlings, and also contained giant grana, usually found in shade plants (Figure 7g—j).
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However, numbers of paired thylakoid membranes per granum in ChlPs of dark-grown
plants were proportional to the green pigment contents and its related pigment-protein
complexes, which were promoted by glucose in complete darkness. Grana in ChlPs of
dark-grown control plants contained four layers of thylakoid membranes (Figure 7c,d; the
numbers of thylakoid layers are indicated by white numbers), and that of 2% glucose-fed
plants contained 11 layers of thylakoid membranes (Figure 7f), similar to that of normal
plants (Figure 7a,b). ChlPs of 4% and 6% glucose-fed plants contained many giant grana
connected with PLBs that were not found in other kinds of ChlPs (Figure 7g—j). While there
were more thylakoid layers in dark-grown plants than in the light-grown plants, the length
of grana in the former was shorter than that in the latter.
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Figure 5. Variations in relative green pigment contents of 0% glucose-fed newly developed leaves of
Pachira macrocarpa plants transferred to 0-8% glucose for another 2 weeks in complete darkness. Each
data point represents the mean =+ SE of four plants.
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Figure 6. Budding ratios of newly developed leaves of Pachira macrocarpa plants grown in complete
darkness and fed 0% (e), 2% (V¥), 4% (4A), and 6% (M) glucose. Each data point represents the
mean =+ SD of five independent measurements.
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Figure 7. Ultrastructure and morphology of thylakoid membranes of mesophyll cells from newly
developed leaves of Pachira macrocarpa plants fed various concentrations of glucose in complete
darkness. The central part of a leaf was sampled. Panels (a,b) were under natural illumination
conditions without glucose. Panels (c,d) were dark-grown control plants. Panels (e,f) were dark-
grown plants with 2% glucose. Panels (g,h) were dark-grown plants with 4% glucose. Panels (i,j)
were dark-grown plants with 6% glucose. Abbreviations: G, grana; PLBs, prolamellar bodies. Bars in
(a,e) =1 pm; Bars in (b-d,f-j) = 200 nm. Numbers of thylakoid layers are indicated by white numbers.
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4. Discussion

Chlorophyll is the main green pigment in plants. Angiosperm Chl synthesis, including
a light-requiring step, the NADPH-POR-Pchlide complex, can catalyze Pchlide to Chlide
in light conditions [1]. When higher plants are cultured in dark conditions for a long
time, Chls cannot be synthesized, and the color of mature leaves becomes pale-yellow, a
phenomenon observed in dark-grown control mature leaves (Figure 1b). However, when
fed glucose, green pigment contents of young and mature leaves were only upregulated for
2 weeks, and then were downregulated (Figure 3). This might be because glucose delayed
the degradation of Chl and increased other green pigments (e.g., porphyrins and pyrroles)
that accumulated in these leaves. The slope of the decrease of green pigments synthesis
of pre-illuminated young leaves (Figure 3b) was less than that of pre-illuminated mature
leaves (Figure 3a), indicating that the age of the leaves affected the ability to synthesize
green pigments in complete darkness. The green color of leaves indicated green pigment
contents, which only increased in glucose-fed plants, but not in glucose-starved plants
(Figures 1, 3 and 4), implying that glucose affected ChlP development and green pigment
contents in dark-grown plants.

Glucose feeding can upregulate ABA sensitivity and accelerate senescence in dark-
grown young and mature leaves of angiosperms [8]. In addition, a high sugar level
can induce ABA synthesis and repress some photosynthetic gene expressions and leaf
senescence [9,17]. ABA also plays an inhibitory role in cotyledon de-etiolation and pho-
tomorphogenesis in tomato seedlings [18] (Humplik et al. 2015). In our study, the trend
of green pigment contents in young and mature leaves was to initially increase and then
decrease (Figure 3), which implies that ABA induced senescence in these leaves, or the
ability to synthesize green pigments was lost. In addition, the transition point of green
pigment contents differed in young leaves (6 weeks) and mature leaves (4 weeks), which
hints that the age of the leaves affected their sensitivity to ABA. Sugars induce ABA signals
during vegetative development, resulting in delaying in bud development [19,20], and
this effect can also be seen in Figure 6, suggesting that high concentrations of glucose
negatively regulated plant growth. However, the color of newly developed leaves grown
in the dark with glucose treatments was green, and the green pigments increased as the
glucose concentration increased (Figure 4). Plant pigment molecules are non-covalently as-
sociated with polypeptides to form several pigment-protein complexes located in thylakoid
membranes, and some of the pigments are unstable in the absence of apoproteins [21]

In TEM studies, PLBs and grana appeared in etio-ChlPs, a transient state between
etioplasts and ChlPs (Figure 7g—j). These two morphological characteristics were generated
in different conditions. PLBs appeared in dark-grown plants and gradually transformed to
thylakoid membranes with light irradiation, whereas thick grana appeared in shade-grown
plants so that they could capture more light energy. Etio-ChlPs in angiosperms were also
observed in sunflower cotyledons grown in a light condition [22], in leaf primordia after
1 week of dark forcing of closed buds of the horse chestnut [23], and in dark-grown leaves
and newly developed leaves of sugarcane [24]. These morphological characteristics were
similar to dark-grown plants fed 2% glucose (Figure 7e,f), indicating that PLBs and grana
could be observed in angiosperms. However, thicker grana in dark-grown plants fed 4%
and 6% glucose (Figure 7g—j) were only observed in our study. In dark-grown gymnosperm
seedlings, etio-ChlPs were observed, and many photosynthetic proteins still maintained
high expression levels [25].

Thylakoid formations were extruded and extended from the PLB structure, and grana
were formed from thylakoid stacking. When plants were cultured in a shaded environment,
ChlPs generated thicker grana and more light-harvesting complexes (LHCs) compared to
plants cultured in light conditions [26,27]. Etio-ChlP transformations are light dependent
in higher plants, and in etioplasts, NADPH, Pchlide, and LPOR are enclosed in PLBs [28].
There is a tight correlation between Pchlide metabolites to Chlide and PLB transformation
into thylakoids and grana. Morphological changes were rapid: after 16 min of light
irradiation, almost all PLBs had been transformed into thylakoids [29]. Therefore, in our
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study, Figure 1 photographs were taken within 15 s after exposure to light, before PLB
structural changes were induced.

Light and glucose cause a number of hormone-like responses in a variety of eukaryotes,
affecting various gene expressions and developmental processes [30,31]. Proteomic studies
showed that many Chl synthesis-related proteins, photosynthetic light reaction proteins,
and repair proteins exhibited increased expression levels in a dark-growing condition for
16 h [32]. Several enzymes in the Calvin cycle and POR accumulated, but their activities
were inhibited during a dark-growth condition [32], and de-etiolation of plants is light-
dependent and signal regulated [33-35], resulting in large PLBs were observed in this
dark-grown angiosperm (Figure 7).

In morphological studies, plant hormones also control the signaling network though
HY5 and COP1 interactions, including brassinosteroid, gibberellins [36-38], auxins, cy-
tokinins [39], and ABA [40]. Only cytokinins and ABA positively regulate Chl synthesis. In
the ABA pathway, ABI4-HY5 can serve as a regulatory switch for light control of Arabidopsis
development [41,42]. On the other hand, cytokinins promote root greening via the HY5,
ARR1, and ARR12 pathways, and these pathways are repressed by auxins [39].

5. Conclusions

Our study provides a beginning for studying leaf greening and thylakoid development
in newly developed leaves of dark-grown plants. Glucose can induce newly developed
leaves of P. macrocarpa to turn green under completely dark conditions. However, the
numbers of buds decreased, and green pigments accumulated in the first 2 weeks, then
degraded in the following weeks in pre-illuminated young and mature leaves. TEM images
showed that thick grana connected to PLBs were found in glucose-fed newly developed
leaves cultured in completely dark conditions. We concluded that glucose can regulate the
dark synthesis of green pigments in P. macrocarpa.
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Abbreviations

ABA Abscisic acid
Chl Chlorophyll
Chlide Chlorophyllide
ChlP Chloroplast
CLH Chlorophyllase

DPOR Dark protochlorophyllide oxidoreductase
LPOR Light-dependent Pchlide oxidoreductase
NADPH Nicotinamide adenine dinucleotide phosphate
Pchlide  Protochlorophyllide

PLB Prolamellar body

PmCLH  Pachira macrocarpa CLH
PYLS8 Pyrabactin resistance-like 8
SDS Sodium dodecylsulfate

TEM Transmission electronic microscopy
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