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Abstract The variation of light intensity has obvious
effects on leaf external morphology, internal anatomy, and
physiological characteristics; it even induces changes in
secondary metabolite production. The effects of different
irradiance levels on biomass, gas exchange parameters, and
photosynthetic pigment contents in Mahonia bodinieri
(Gagnep.) Laferr. were analyzed here. Combined analyses
of physiology, cytology, and HPLC were used to study the
differences in leaf morphology, structure, physiological
characters, and alkaloid content in response to different
irradiances. The results indicated that the highest foliar
biomass was observed under /5y (50 % of full sunlight)
followed by I39 (30 % of full sunlight), the highest net
photosynthetic rate, stomatal conductance, transpiration
rate values were observed under I3, followed by 5o, and
lower values occurred in 11 (10 % of full sunlight) and I,¢o
(full sunlight). With increased light intensity, total leaf area
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and the contents of chlorophyll a (Chl a), chlorophyll
b (Chl b), and chlorophyll (Chl a+b) per unit leaf area
were clearly reduced, whereas leaf mass per area, car-
otenoid content, leaf thickness, thickness of palisade and
spongy parenchyma, and stomatal density were all signif-
icantly increased. Electron microscopic observation
revealed that the number of grana, stroma lamellae and the
number of starch grains in chloroplasts were decreased, the
number of plastoglobuli was increased when irradiance
levels increased. The estimated total yield of alkaloids in a
single plant was higher under I3, and s, than under 7, or
oo as a result of the higher biomass of the plants.
Therefore, I3, and Isy, were not only beneficial to increase
biomass, but also suitable for the synthesis and accumu-
lation of the major secondary metabolites (alkaloids). Our
findings provide valuable data for the determination and
regulation of irradiance levels during artificial cultivation
of M. bodinieri.

Keywords Mahonia bodinieri (Gagnep.) Laferr. -
Photosynthetic rate - Chloroplast - Photosynthetic
pigments - Alkaloids

Introduction

Irradiance is one of the most essential factors affecting
plant growth and physiological functions (Aleric and
Kirkman 2005). In general, light-demanding plants can
survive and grow only under high light, whereas shade-
tolerant plants can survive in deep shade (Augspurger
1984; Kitajima 1994). Therefore, leaf acclimation to the
light environment is an important factor to increase net
carbon gain. In the process of acclimation to various
environments, the plant can modify its morphology,
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anatomy, and physiological characteristics. Leaves are the
major organs for photosynthesis. Significant modifications
are observed in foliar external morphology, internal anat-
omy and physiological characteristics in response to irra-
diance changes (Evans and Poorter 2001). Compared with
shade-tolerant species, typical sun leaves are thicker and
smaller with higher stomatal density on both surfaces as
well as more developed palisade tissue (Murchie and
Horton 1997). Moreover, with increased irradiance, the
ultrastructure of chloroplasts also changes significantly.
For instance, the number of chloroplasts under high light is
less than under low light conditions. In addition, sun-type
chloroplasts exposed to high light intensity have less thy-
lakoid membrane appression (e.g., lower grana). On the
contrary, more appressed thylakoid membranes present in
shade-type chloroplasts (Anderson et al. 2008; Yin et al.
2012). Additionally, plants grown under low light often
have decreased photosynthetic enzymes activity (e.g.,
ribulose bisphosphate carboxylase/oxygenase) and reduced
net photosynthetic rate; thus, this reduction in carbon gain
may inhibit growth (Liao et al. 2005). Plants growing under
high fluorescence intensity can absorb a large number of
photons to maintain higher photosynthetic net rate and
thereby increase biomass significantly, but long time
exposure under high light conditions may damage the
photosynthetic apparatus, with reduced photosynthetic
capability as well as in biomass synthesis and accumula-
tion, and probably results in chronic photo-inhibition (Hua
et al. 2007; Liao et al. 2005). Furthermore, the adaptation
of plant morphology, anatomy, and physiological functions
to the changes in light intensity may influence the accu-
mulation of secondary metabolites (Ma et al. 2010). For
example, an increase in light intensity may promote the
synthesis and accumulation of total phenolics and flavo-
noids in young ginger (Ghasemzadeh et al. 2010), but
excessive light intensity may result in low photosynthetic
capability and low flavonoid contents in Anoectochilus (Ma
et al. 2010), whereas shading strongly reduces total volatile
oil content in fresh leaves of basil (Ocimum basilicum L.)
(Chang et al. 2008). Similarly, light conditions can also
influence alkaloid component synthesis and accumulation
by altering gene expression and enzyme activity in the
alkaloid synthesis pathway (Liu et al. 2011; Pompelli et al.
2013). Therefore, for the cultivation of medicinal plants, it
is very important to study the responses of photosynthetic
physiological characteristics of plants to different irradi-
ance conditions and the plasticity of leaf morphology and
anatomy, and the relationships of these factors with the
formation of secondary metabolites.

Mahonia bodinieri (Gagnep.) Laferr. belongs to genus
Mahonia (Berberidaceae) and is endemic to China. The dry
leaves from M. bodinieri have been widely used as the raw
material “GonglaoYe” in traditional Chinese medicine
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(Ye 2009; Zhejiang Food and Drug Administration 2005).
The major bioactive components in the raw plant material
of “GonglLaoYe” are alkaloids including berberine, jatr-
orrhizine, and palmatine (Zeng et al. 2006). M. bodinieri is
a short shrub mainly distributed in the southern China
including Guangdong, Guangxi, Guizhou, Hunan, Jiangxi,
Zhejiang and Sichuan provinces; it exists in three types of
forests: evergreen broad-leaved forests, mixed evergreen
and deciduous forests, forests and coniferous forests, at an
altitude of 100—1800 m (Liu and He 2010). In recent years,
with the increasing demand for “GonglLaoYe” on the
global market, the number of plants in the wild populations
is rapidly decreasing so that the yields from wild “Gon-
glaoYe” resources do not satisfy the market demand. The
technique of artificial cultivation represents an effective
way to protect and utilize the wild plant resources.
Therefore, understanding the effects of irradiation levels on
plant growth and development, especially on the accumu-
lation of secondary metabolites, is key to successful and
economically viable cultivation of medicinal plants. Here,
the physiological responses of M. bodinieri to different
light conditions were studied on the basis of variation of
gas exchange parameters and photosynthetic pigment
contents under different irradiances combined with chan-
ges of biomass. The relationships between chloroplast
ultrastructure and main secondary metabolites content were
analyzed using transmission electron microscopy (TEM)
and high performance liquid chromatography (HPLC).
This study provides a theoretical basis and technical sup-
port for the cultivation and breeding of M. bodinieri.

Materials and methods
Plant material and growth conditions

The study was conducted in the experimental farm of
Guangxi Institute of Botany in Yanshan, Guilin city,
located in Guilin, China (110°17'E, 25°01’'N), 150 m above
sea level and under a subtropical monsoon climate. The
yearly average temperature is 19.2 °C. There is a high
photosynthetic photon flux density (PPFD) in daytime
(maximum value is approximately 2000 pmol pho-
tons m 2 s~ ' at noon in summer). Annual average rainfall
is 1865.7 mm, which peaks in April-August, and the
annual average relative humidity is 78 %.

Seeds of M. bodinieri were sown on March 15, 2011 in
the experimental farm of Guangxi Institute of Botany.
Seedlings of M. bodinieri of uniform sizes (15-17 cm in
height) were selected and transplanted into pots (height:
25 cm, diameter: 25 cm) with a mixture of limestone
mountain soil and peat soil (1:1, v/v; pH at 5.8) on April
15, 2012. Two weeks later, the experimental plants were
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treated under four different irradiances: 10 % (11¢), 30 %
(I30), 50 % (Isp), and 100 % (I100) of full sunlight (the
irradiance intensity of full sunlight in an experiment con-
ducted on the farm was approximately
2000 % 20 pmol photons m~2 s~ at noon as determined
by a Li-6400 portable photosynthesis system (Li-6400, LI-
CoR, Lincoln, NE, USA). Light intensity control was
treated according to the method of Liao et al. (2005) with
modification. Each treatment included 20 pots, there were a
total of 80 pots for four treatments. In addition, the posi-
tions of the pots were changed randomly every day to
ensure that each individual received averagely equal irra-
diance under each treatment. The physiological experiment
and sample collection were conducted after 6 months’
irradiance for each treatment (October 15, 2012).

Biomass and LMA

Five plants from 20 pots in each treatment were randomly
collected to determine total leaf area, leaf dry biomass, and
total dry biomass. These physiological parameters were
measured using the method of Tang et al. (2015).

Gas exchange

The largest mature leaves (in fact leaflets) at the top of a
compound leaf from the third branch counting top down
from the plant trunk were selected to measure the photo-
synthesis in M. bodinieri with Li-6400. Data were collected
from five leaves of five different plants per irradiation
treatment. The selected leaves were oriented westward and
horizontally. The gas exchange parameters were measured
and calculated according to the method of Xia et al. (2015).
All data were recorded from 9:00 to 11:00 am on a calm
and cloudless day. There was no photo-inhibition occurred
in this period, thus the maximum photosynthetic rates
could be measured for these M. bodinieri plants.

Chemical determinations
Determination of photosynthetic pigment

The chlorophyll (Chl) and carotenoid (Car) contents were
measured according to the method of Tang et al. (2015).
Fresh leaf samples were first cut into pieces and weighed
0.10 g, then put into volumetric flask and adjusted to a final
volume of 25 mL with extraction buffer (acetone:ethyl
alcohol:distilled water = 4.5:4.5:1). Samples were kept in
the dark at room temperature for 24-48 h in this buffer
until the leaf pieces turned completely white. The extrac-
tion solution was then homogenized by hand shaking,
3 mL of the supernatant was sucked up into a colorimetric
cup, and the absorbance was determined at 663, 646 and

470 nm. The same buffer (without leaves) was used as
blank.

HPLC analysis of alkaloids

Except for ten plants used for the determination of biomass
and photosynthetic parameters, five plants of the other ten
were randomly collected to determine leaf alkaloid content,
the remaining five plants were collected to determine the
whole-plant alkaloid content in each treatment and washed
clean. The leaves were dried in the oven at 105 °C for
20 min to deactivate enzymes, then quickly cooled down to
55 °C, then leaves, roots and stems were dried together in a
55 °C oven for at least 48 h. The samples which were used
to determine leaf and whole-plant alkaloid content were all
ground by a high-speed multi-function crusher and the
powder was filtered with a 60 mesh filter. A total of 0.50 g
of filtered sample, accurately weighed, was put into a
250 mL. conical flask; 100 mL of hydrochloric acid—
methanol (1:100, v/v) was added, and the mixture was
heated by reflux for 15 min at 55 °C. After reflux, the
mixture was extracted with ultrasonication for 45 min, then
they were shaken and cooled down to room temperature
and filtered. The residue was adjusted to 100 mL of
hydrochloric acid—methanol (1:100, v/v) to repeat the
above operation. Finally, the two filtrates were merged and
the mixture was filtered, then the filtered fluid was dried,
re-dissolved, and filtered through a 0.45 pm syringe filter
prior to HPLC-DAD analysis using the method of Chan
et al. (2007).

An Agilent 1100 HPLC system (Agilent Technologies,
Palo Alto, USA) consisting of a vacuum degasser, a
G1311A quaternary pump, a G1315A diode array detector
(DAD) and a G1329A autosampler was utilized to obtain
HPLC chromatograms. The system was controlled by
Agilent Chemstation software (Agilent Technologies, Palo
Alto, USA). Chromatography was operated on a Gemini
C,g reversed-phase column (4.6 mm x 250 mm, 5 pm)
maintained at 25 °C. The mobile phase was performed by
using solvent A (0.05 mol L~! KH,PO, buffer solution,
pH 3.0 adjusted with H3PO,) and B (acetonitrile) (72:28,
V:V) at a flow rate of 1.0 mL min~'. The pump of the
HPLC equipment was carefully washed by 10 % isopropyl
alcohol for 10 min before determining the samples, and
10 min was required to equilibrate the column by mobile
phase after each sample. The UV spectra were recorded at
265 nm. Identification of jatrorrhizine, palmatine and ber-
berine was performed by comparing the retention times of
chromatographic signals between detected samples and
those of the three alkaloids standards under the same
experimental conditions. Twenty pL of each sample was
injected and HPLC analyses were performed in triplicate
for statistical analysis (Fig. 1).
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Fig. 1 The HPLC chromatograms of M. bodinieri. A The chromatograms of three standard alkaloids injected in a mixture; B chromatograms of
M. bodinieri leaf extracts. The peaks represent jatrorrhizine chloride (@), palmatine chloride (b) and berberine chloride (c)

In order to measure calibration curves, jatrorrhizine
chloride (110733-200806), berberine chloride (110713—
200910) and palmatine chloride (110732-200907) (internal
standards) were purchased from the National Institute for
the Control of Pharmaceutical and Biological Products in
Beijing, China. Standard samples of jatrorrhizine (1.0 mg),
berberine (3.2 mg) and palmatine (2.3 mg) were weighed,
diluted to 0.020, 0.064 or 0.046 mg/mL by adding a
solution containing acetonitrile—water (1:1, V:V) as a
control solution. Six concentrations of jatrorrhizine, ber-
berine, and palmatine ranging from 0.020 to 0.700 pg for
jatrorrhizine, from 0.064 to 2.240 pg for berberine, and
from 0.046 to 1.610 pg for palmatine were prepared. Each
concentration of the three types of alkaloids was injected in
five replications. The calibration curves of jatrorrhizine,
palmatine and berberine were constructed by plotting the
peak area versus the actual amount (j1g) of each analyte.

Leaf anatomy and ultrastructure
Measurement of stomatal density

In each treatment, 15 leaves were randomly selected
from the plant that had photosynthetic parameters
determined. The specimens were treated according to the
method of Lu et al. (2008). The density of stomata
(number of stomata per mm?) was measured and aver-
aged within 15 randomly selected 1000 x 1000 pm? on
the sections.

@ Springer

Frozen sections

According to the method of Li et al. (2012), the leaf and
stem of M. bodinieri was cut with cryostat microtome
(Leica CM1900) carried at —22 °C, and each sample was
cut to 30-um sections. Due to some alkaloids (especially
berberine) have strong autofluorescence (spontaneous flu-
orescence emission) under a certain excitation wavelength
of ultraviolet light, the sections were photographed on the
microscope (Leica DMLB) with fluorescent device (exci-
tation wavelength: 365 nm).

Berberine was the main alkaloid compound in M. bod-
inieri, therefore, standard berberine was used as positive
control in the experiment. Negative control section was
first dehydrated by gradient alcohol, to 95 % alcohol. The
section was then transported into mixed solution (tartaric
acid: alcohol, V:V, 1:20) for 15 h, so that the alkaloids
were completely extracted from the samples.

Semi-thin sections

The tissue of mature leaf was cut into 1 mm x
I mm x 0.5 mm pieces. The specimens were treated
according to the method of Hu et al. (2015). The specimens
were cut to sections with 1-um thickness on a microtome
(Leica RM2155), the sections were stained with 0.5 %
toluidine blue and observed with a Leica DMLB micro-
scope. The number of the mesophyll chloroplasts per mm?
were counted and averaged within 15 randomly selected
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1000 x 1000 pm squares on the sections of palisade and
spongy parenchyma cells excluding vascular bundle and
epidermis plastids.

Ultrathin sections

Based on the results obtained from the thin sections, the
specimens were then cut to 70-90 nm sections with a
diamond knife (Diatome, Switzerland) using a Leica EM
UC6 ultramicrotome and collected on copper grids (150-
mesh). Then the specimens were stained for 15-20 min
using uranyl acetate and lead citrate and observed using a
Philips FEI-TECHNAI12 TEM at 100 kV accelerating
voltage. The chloroplast size (n > 50 chloroplasts) was
measured on transmission micrographs figures of palisade
and spongy parenchyma cells.

Statistical analyses

The physiological data and growth variables were analyzed
by Statistic Package for Social Sciencel3.0 (SPSS13.0,
Chicago, IL, USA). The yields of total alkaloids in leaves
of a single plant were estimated for each treatment
according to the average biomass of total leaves per plan-
t x leaf alkaloid content, the yields of total alkaloids in a
single plant were estimated for each treatment according to
the average biomass per plant x alkaloid content in the
whole plant.

Results
Total biomass, leaf biomass and leaf mass per area

Our results indicated light conditions had a significant
influence on the total biomass, leaf biomass, total leaf area

and leaf mass per area (LMA) of M. bodinieri (Fig. 2). The
total biomass was highest under I3, irradiance followed by
5, irradiance. Although the difference was not significant
between I3y and I5o (Fig. 2a), the total biomass under both
I and 5y was statistically higher than that at I, or [;o9. In
addition, total leaf area decreased with increasing light
intensity, whereas LMA increased (Fig. 2b).

Gas exchange parameters

The gas exchange parameters of M. bodinieri varied sig-
nificantly under different irradiances. As shown in Fig. 3,
the values of net photosynthetic rate (P,), intercellular CO,
concentration (C;), stomatal conductance (G;), and tran-
spiration rate (7;) all first increased and then decreased
with increasing irradiance. The values of P, C;, G, and T;
were always highest under /5, followed by Is,. The lowest
P,, G,, and T, values occurred under I;qy, whereas the
lowest C; value appeared at I;y. The limiting value of
stomata (Ls) values under I,y and I,oo were higher than
those under I3y and I5o (Fig. 3e).

Chlorophyll content

The Chl content of M. bodinieri leaves was significantly
affected by different irradiance levels. Chl @, Chl b, and
Chl a+b levels per unit area decreased and Chl a/b in-
creased with increasing light intensities (Fig. 4). Addi-
tionally, the Chl a, Chl b, Chl a+b contents were not
significantly different between low light conditions (/;o and
I3p) and high light conditions (Is5¢ and /), but Chl a, Chl
b, Chl a+b contents at low light intensities were always
higher than those of high irradiance-treated M. bodinieri, in
contrast with the levels of Car, Car/Chl and Chl a/
b (Fig. 4).
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Fig. 2 a The total biomass and leaf biomass of M. bodinieri at
various light levels. b Total leaf area and leaf mass per area (LMA) of
M. bodinieri at various light levels. The values represent the

mean * SE, and different letters mark statistical differences among
shade treatments (P < 0.05)
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Fig. 3 Gas exchange

parameters P, (a), C; (b), G, (¢),
T. (d), Ls (e) of M. bodinieri at
various light levels. The values
represent the mean + SE, and
different letters mark statistical
differences among shade
treatments (P < 0.05)
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Leaf structure

Cross-sections of M. bodinieri leaves showed that the
leaves are composed of upper and lower epidermis, pal-
isade and spongy parenchyma (Fig. 5). A sclerenchymatic
hypodermis cell layer was below the adaxial epidermis
(Fig. 5e-h). There were notable changes taking place in
leaf anatomical characteristics induced by light intensity.
In particular, increasing light intensity resulted in a gradual
increase of the thickness of the entire lamina, palisade
parenchyma, spongy parenchyma, as well as of stomatal

@ Springer

density (Fig. 5; Table 1). The most obvious changes
occurred in the outermost epidermis cells of the adaxial
epidermis cell layer which gradually became smaller in
size, and the ratio between protoplasm/cytoplasm and the
thick secondary cell wall decreased in the second epidermis
cell layer (Fig. Se-h). At the same time, the number of
chloroplasts in the palisade parenchyma decreased with
increasing light intensity (Fig. Se-h).

The observations revealed that chloroplast numbers and
structure were obviously influenced by light levels in M.
bodinieri. The number of mesophyll chloroplasts per unit
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Fig. 5 Light micrographs of characteristic semi-thin cross-sections
from M. bodinieri leaves at various light levels. a—d Thickness
changes of leaf blades; e-h thickened walls of the hypodermal cells

and changes in the number of chloroplasts in palisade parenchyma; /;,
(a, e), Iz (b, ), Isg (¢, ), I o0 (d, h). Scale bar 50 um (a—d) or 20 um
(e-h)

Table 1 The changes of stomatal density and anatomical characteristics of M. bodinieri leaves under different light intensity

Light intensity Lamina thickness (um) Palisade tissue (um) Spongy parenchyma (um) Palisade/spongy ~ Stomatal density (n mm™2)
Io 301.50 + 3.81d 88.01 £ 2.01d 187.51 +£9.01d 0.47 £+ 0.04b 125.52 4+ 2.95¢
L 327.05 £ 1.13¢ 103.26 + 3.01c 201.27 £+ 1.94c 0.48 + 0.03b 12943 + 1.71¢
Iso 34275 £ 2.99b 115.76 + 2.23b 208.06 £ 2.07b 0.58 + 0.02a 137.19 + 0.97b
T0o 355.50 £+ 2.96a 127.17 + 3.57a 21327 £ 2.11a 0.61 + 0.01a 145.73 + 2.45a

The values represent the mean £ SE, and the same letters indicated no significant differences in four shade treatment (P < 0.05)

leaf area decreased as light irradiance increased (Table 2).
The number of chloroplasts was highest under I
(6318 mm~?) and lowest under I;90 (4126 mm~?). This is
even more striking as leaf thickness increased at high light
intensities (Table 1). Chloroplasts under ;o were large in
size and presented a normal ultrastructural organization
that the grana and stroma thylakoids could be obviously
observed in chloroplasts (Fig. 6b). The grana stacks were
tight and clear, and each chloroplast contained 1-2 giant
starch grains (Fig. 6a), but only with a few plastoglobules
(Fig. 6b). Chloroplasts contained well-developed thy-
lakoids and grana stacks under I3, (Fig. 6d—f). The number
of starch grains was typically 2-3 per chloroplast (Fig. 6d,
e). Although the number of electron-dense plastoglobules
(PGs) remained relatively stable, electron-transparent PGs
appeared in the chloroplasts (Fig. 6e, f). The width of
chloroplast was significantly reduced and abnormal
chloroplast structure with blurring and irregular arrange-
ment of grana lamellae occurred under Isy (Table 2;

Fig. 6h, i). The number of electron-dense PGs was signif-
icantly increased, while starch grains completely disap-
peared at Isy (Fig. 6g, h). Under full light intensity
conditions the widths of chloroplasts became even smaller
(Table 2), the grana completely ruptured and disappeared
(Fig. 6k, 1), but abundant PGs filled the chloroplasts
(Fig. 6j-1). Taken together, starch grains and PGs showed
inverse tendency with the former decreased (even com-
pletely disappeared) while the latter increased with
increasing light intensity. Simultaneously, the structure of
the stroma lamellae and grana were severely damaged
under high light intensities.

Alkaloid contents
The frozen sections combined with fluorescence micro-
scopy were used to observe the distribution and storage

sites of alkaloid in different parts (leaf and stem) of M.
bodinieri (Fig. 7). Standard berberine emits yellow green
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Table 2 The variation of

Light intensit;
chloroplast structural 1Et ntensity

Chloroplast length (um)

Chloroplast width (pm) Chloroplast number (n mm_z)

characteristics of M. bodinieri Io 11.99 + 0.68a

leaves and mesophyll

chloroplast number (n mm™2) LEN 10.73 £ 0.64a

under different light intensity Iso 11.86 £ 0.64a
Loo 1143 £ 0.51a

6.12 £ 0.41a 6317.50 &= 294.98a
5.65 £ 0.32a 6042.50 & 470.56a
3.75 £ 0.1%9 5806.76 % 304.76a
3.50 £ 0.28b 4125.50 £ 267.45b

The values represent the mean & SE, and the same letters indicated no significant differences in four shade

treatments (P < 0.05)

Figure captions

fluorescence (Fig. 7e). The distribution features of the
alkaloids in leaf of M. bodinieri indicated that the alkaloids
were mainly present in the cell wall of epidermal cells and
spongy parenchyma, but absent in palisade parenchyma
(Fig. 7c). In stem of M. bodinieri, the alkaloids were
mainly presented in the cell wall of xylem tissue and pith
(Fig. 7b), only a small amount of them occurred in cortex,
periderm and the sclerenchymatous cells’ of phloem
(Fig. 7a). After berberine was completely extracted from
leaf samples, no yellow—green fluorescence could be
detected in the leaves (Fig. 7d). These results showed that
there were plenty of alkaloids both in the leaves and the
stems of M. bodinieri. In order to analyze the influence of
different irradiance levels on alkaloid content of M. bod-
inieri, the contents of jatrorrhizine, palmatine and berber-
ine in leaves and per plant from M. bodinieri were analyzed
by HPLC in this work (Figs. 1, 8a, b). The results showed
that the contents of jatrorrhizine, palmatine and berberine
in leaves were higher in low or moderate light conditions.
For example, although no significant difference existed in
contents of berberine and palmatine between I;o and I3,
and between Isy and I,og, the contents of berberine and
palmatine under I,y and I3, were all significantly higher
than those under /5y and 1,¢9. The contents of jatrorrhizine
under I5y were significantly higher than those in other
treatments of M. bodinieri leaves (Fig. 8a). Compared with
the leaves, the three components in the whole plant were
more likely to accumulate under high light condition,
especially, the contents of jatrorrhizine and palmatine
under 1, were significantly higher compared with those in
the other shade treatments (Fig. 8b), while the berberine
content showed no significant variation at various light
intensities (Fig. 8b). To further analyze the data, changes
of total alkaloid yields in leaves and per plant under dif-
ferent light conditions were estimated. The results
demonstrated that the yields of alkaloids both in leaves and
per plant were obviously influenced by light levels of M.
bodinieri (Fig. 8c, d). The jatrorrhizine yields in leaves and
per plant all displayed differences under the various light
levels. The highest yields of jatrorrhizine in leaves were
obtained from /s, followed by I3, (Fig. 8c), contrarily, the
highest yields of jatrorrhizine per plant were obtained from
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I followed by Is, (Fig. 8d), while the lowest yields both
in leaves and per plant were under /oo (Fig. 8c, d). The
highest yields of palmatine and berberine both in leaves
and per plant were obtained from I3 and I, and although
no significant difference existed in the yields between I3
and /5, the yields of these two component under /3o and I5q
were significantly different from those under I,y and 7;qo.
Although total alkaloids yields of leaves and per plant first
increased and then decreased with increasing irradiance,
there were still differences between both of them under
different light conditions. For instance, the highest total
alkaloids yields in leaves or per plant were obtained from
15, followed by I3, and the lowest yields were under /.
However, the highest yields of total alkaloids per plant
were obtained from /3o and /sy, and there were no signifi-
cant differences in the yields between I3 and Is.

Discussion

Light intensity influences leaf anatomy
and photosynthetic activity

Irradiance was taken as one of the most important natural
resources affecting the plant growth and reproduction
(Zhang et al. 2005). Low light levels may reduce net car-
bon gain and plant growth because of limited photosyn-
thesis of the plants. On the contrary, high light levels may
cause direct physical damage (e.g., chronic photo-inhibi-
tion) to the photosynthetic apparatus (Tang et al. 2015).
Therefore, plants may modify its morphology, anatomy,
and physiological characteristics to cope with these light
stresses (Aleric and Kirkman 2005). A typical example was
that LMA, an integrative index of leaf structure, showed a
positive correlation with maximum net photosynthetic rate
in different Acer species (Hanba et al. 2002; Wyka et al.
2012). Some reports have suggested that leaf physiological
adaptation to external environmental changes is due to
changes of LMA, and LMA has been used to judge the
strength of photosynthetic capacity (Le Roux et al. 2001).
However, in M. bodinieri, although the irradiance level
caused a sustained increase in LMA, the total biomass and
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Fig. 6 Chloroplast ultrastructure in the leaves of M. bodinieri at transparent plastoglobules. Scale bar 2 pm (a, d, g, j), 1 um (b, e, h,
various light levels. I}y (a—c), I3y (d-f), Iso (g-i), 100 (j-1). DP k) and 0.5 pm (¢, £, i, )
electron-dense plastoglobules, G granum, St starch grain, 7P electron-

P, first increased and then decreased (Figs. 2a, 3a). The  Previous studies have revealed that, the LMA usually has a

reason may be directly related to the changes of leaf  positive relationship with photosynthetic capacity, but in
anatomy caused by high irradiance (Tomas et al. 2013).  some cases, the changes of LMA display a negative
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200 pm
—

Fig. 7 Alkaloid autofluorescence (pointed by arrow) in leaves and
stems of M. bodinieri under fluorescence microscope. a, b Alkaloid
autofluorescence in the stem of M. bodinieri. ¢ Alkaloid autofluores-
cence in the leaf of M. bodinieri. d Negative control experiment of

relationship with photosynthetic capacity under different
irradiance, which may be partially caused by the greater
biomass investment in support tissues and cell wall thick-
ening, thus resulted in stronger CO, diffusion limitations
and reduction of photosynthesis (Niinemets 1999; Niine-
mets et al. 2007; Tomas et al. 2013). Increase in LMA was
influenced by the thickness of palisade and spongy par-
enchyma (Marques et al. 1999) and cell wall thickening
(Takashima et al. 2004). In addition, changes in LMA may
be related with the cell sizes and the air space (intercellular
cavities) in a leaf which affect the resistance to CO, dif-
fusion within a leaf and P,, (Bjorkman 1981). Indeed, foliar
thickness, the ratio of palisade and spongy tissue thickness,
as well as palisade and spongy tissue thickness increased in
M. bodinieri with increasing irradiance and reached their
maximum values under /;yo. Similarly, Vuleta et al. (2011)
report that the sun-leaves of Iris pumila showed signifi-
cantly higher LMA values and a greater stomatal density
than shade-leaves. Both, high LMA and stomatal density,
in conjunction with a thicker cell wall may cause a
decrease in stomatal conductivity, leading to increased
water use efficiency (Hanba et al. 2002; Vuleta et al. 2011).
These changes could protect the photosynthetic tissue
under high irradiance and drought conditions (Hanba et al.
2002; Ivancich et al. 2012).

@ Springer

100 ym

histochemical localization in M. bodinieri leaves after extraction of
alkaloids. e Fluorescence of the berberine standard. Ec epidermal cell,
P pith, Ph phloem, Pp palisade parenchyma, Sp spongy parenchyma,
Xy xylem

Ci/C, is an important parameter closely related to
photosynthetic capacity and G,. Farquhar and Sharkey
(1982) considered that the variation values of P, in dif-
ferent light conditions could be affected by stomatal or
non-stomatal factors. If the increase of stomatal limitation
value (Ls) resulted in both P, and C; decline, a decline in
P, would be mainly attributed to stomatal factors. How-
ever, if intercellular CO, concentration has an inversely
changing trend to P,, accompanied with the decline of Ls,
suggesting that the decline of P, should be caused by non-
stomatal factors under various light levels. In our work,
C;, P,, and G first increased and then decreased with
increasing irradiance. Of them, low Ls values under I3,
and Isq irradiance with high stomatal opening facilitated
an increase in Gy and C; so that P, was significantly
enhanced. In contrast, high Ls values caused an apparent
decrease of G, and C; and further resulted in a significant
decrease of P, under low (I;o) and high ({;o0) light con-
ditions. These characteristics of coordinated variation
further demonstrate that the photosynthetic capability of
M. bodinieri leaves is mainly regulated by stomata
through controlling the intercellular CO, concentration
under different irradiance conditions.

As previously reported, the fluctuation in Chl a/Chl
b ratios could be taken as an index of the changes in the
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Fig. 8 Alkaloid contents in M. bodinieri. a Leaf alkaloid contents in
M. bodinieri at various light levels (mg g~' DW). b Alkaloid contents
of whole plant in M. bodinieri at various light levels (mg g~' DW).
¢ Estimated yields of total alkaloids in leaves of a single plant at

ratio of PSII to PSI, because Chl a is mainly concentrated
around PSII, Chl a and Chl b are abundant in light-har-
vesting complexes (LHCs) in thylakoids (Panda et al. 2006;
Kitajima and Hogan 2003). In our research, compared with
high or moderate light levels, the Chl a/b ratio was sig-
nificantly lower under low light conditions in M. bodinieri,
which might suggest that the ratio of PSII to PSI was
higher when plants were exposed to lower light level
(Walters and Horton 1994). The reduction in the Chl a/
b ratio was mainly due to the increase in Chl b content
under shade conditions, which might promote to capture
more light to enhance the photosynthesis efficiency and
contribute to the enhancement of the light capture for
photosynthesis (Murchie and Horton 1997). Contrarily, a
higher Chl a/b ratio under high irradiance was due to low
Chl b that might contribute to the enhancement of the
photoprotection of the PSII through reducing light
absorption (Walters 2005; Feng 2008). In addition,
decreases of the Chl a, Chl 4 and Chl a+b contents were
observed under Iyg, indicating that excessive irradiance
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various light levels (g per plant leaves). d Estimated alkaloid yields in
a single plant at various light levels (g per plant). The values
represent the mean £ SE, and different letters mark statistical
differences among shade treatments (P < 0.05)

induced damage to pigments (Shao et al. 2014). This
finding was consistent with the response of Tetrastigma
hemsleyanum to light (Dai et al. 2009). Therefore, the P,
decline in high light conditions might be caused by the
declined photosynthetic activity of mesophyll cells. In our
study, the numbers of chloroplasts, granum and stroma
thylakoids were high under I, treatment, while the number
of chloroplasts was significantly decreased at I,o9. More-
over, the grana structure was completely broken and dis-
appeared (Fig. 6). The overlap degree of the thylakoids in
the chloroplast (i.e. the ratio of unstacked stroma lamellae
to stacked granal membranes) is affected by the content of
the light-harvesting pigment and PSII complexes (mainly
located in stacked grana) (Tang et al. 2015; Yin et al.
2012). This indicates that excessive light irradiance not
only inhibited chloroplast biogenesis and homeostasis, but
also caused grana rupture, and influenced the proportion of
Chl a/b. Therefore, under high light conditions the
chloroplasts ultrastructural damage could indirectly result
in P, decline in M. Bodinieri.
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Light intensity influences the accumulation
of secondary metabolites

Irradiance is one of the major essential factors affecting
plant secondary metabolite synthesis and accumulation
(Coelho et al. 2007), whereas different secondary
metabolites have apparent differences in their response to
different irradiance levels. For instance, low light intensity
significantly increases the accumulation of glycyrrhizic
acid and liquiritin (Hou et al. 2010). I, was found to be
suitable for the accumulation of flavonoids including
quercetin, luteolin, and apigenin, whereas most phenolic
acids such as ferulic acid, gallic acid, tannic acid, vanillic
acid, and caffeic acid have been observed under full irra-
diance. Furthermore, caffeic acid has only been detected in
ginger grown under full irradiance (Ghasemzadeh and
Ghasemzadeh 2011). Similarly, Foeniculum vulgare grown
in high irradiance conditions usually has highest content of
essential fennel oil (Xiao et al. 2007). Generally, the
appropriate light environment is not only beneficial to plant
growth, development, and synthesis of secondary metabo-
lites, but it also enhances dry substance accumulation and
the formation of active compounds to the largest extent
(Salmore and Hunter 2001). The total flavonoid content
[mg g~' DW (dry weight)] of Anoectochilus formosanus
under I3 is lower than that of it under /o, but the total
flavonoid content per plant is higher under I3 than that
under Iy due to the higher biomass under /30 (Ma et al.
2010). With increased irradiance levels, the contents of
berberine, jatrorrhizine and palmatine in amur corktree
seedlings significantly increase and reach their highest
values in full sunlight conditions, whereas I;5 gives the
highest biomass production; therefore, the total alkaloid
yields from a single plant are highest under that irradiance
(Li et al. 2009). In this work, the contents of jatrorrhizine,
palmatine and berberine in leaves were preferentially
accumulated under low or moderate light intensity condi-
tions. However, on whole plant basis, the contents of
jatrorrhizine, palmatine were more likely to be accumu-
lated under high light condition, while the content of ber-
berine was not significantly different among the various
light levels. The leaf biomass and the total biomass of
whole plant in M. bodinieri under I3y and Iso were appar-
ently higher than under other irradiances, the jatrorrhizine,
palmatine and berberine yields and the total alkaloid yields
both in leaves and per plant under /3¢ and Isy, were higher
than those in the other treatments. Under nitrogen nutrition-
rich environments, if the plants growth was limited by
adverse environments (e.g., shade or cloudy weather), the
plants would show a shift in allocation from carbon-based
compounds to nitrogen-based compounds such as alkaloids
(Ralphs et al. 1998). Therefore, the carbon/nutrient balance

@ Springer

theory could be applied to explain the mechanism whereby
irradiance affects alkaloid synthesis and accumulation
(Bryant et al. 1983). In this present study, under high light
intensity the photosynthetic efficiency was significantly
lower and starch synthesis was also significantly reduced,
but the estimated amounts of jatrorrhizine, palmatine, and
to a lesser extent berberine per plant were increased. These
phenomena indicate that the regulation of carbohydrates
and alkaloids with changes of irradiance levels are coor-
dinated with the carbon/nutrient balance theoretical
hypothesis. Previous research revealed that alkaloids
mainly accumulated in the parenchyma cell of the phloem,
followed by xylem, and alkaloids were mainly distributed
in the cell walls of the xylem tissue and a few parenchyma
cells in Rauvolfia serpentina root (Li et al. 2010). Our
research discovered that most alkaloids accumulated in the
epidermal and spongy parenchyma in the leaf of M. bod-
inieri, and most of them accumulated in the xylem tissue
and the pith, only small part of them were present in the
sclerenchymatous phloem cells of the stem of M. bodinieri.
So we concluded that the alkaloids were mainly located to
the cell walls in the leaves and stems (including the roots)
of M. bodinieri. Although an integrated view of the
mechanism whereby irradiance regulates and controls
alkaloid synthesis is lacking, there has been some progress
on the mechanism of action of related enzymes and genes
in subcellular localization. Pompelli et al. (2013) demon-
strated that caffeine synthase (CS), which catalyzes the
final two steps of caffeine biosynthesis, is located in the
chloroplasts. Lysine decarboxylase and 17-oxosparteine
synthase, which catalyzes the first two steps of quino-
lizidine alkaloid are localized in the chloroplast stroma in
Lupinus polyphyllus (Wink and Hartmann 1982). However,
berberine, jatrorrhizine and palmatine are isoquinoline
alkaloids, berberine is the typical isoquinoline alkaloids,
the information of biosynthesis regulated enzyme has been
clearly confirmed (Amann et al. 1986). It was demonstrated
that berberine biosynthesis key regulatory enzyme [ber-
berine bridge enzyme (BBE) and (S)-tetrahydroprotober-
berine oxidase (STOX)] are exclusively located in a
vesicle, and these vesicles frequently located as aggregates
in small vacuoles in some species, for instance, in leaf
tissue of Annona reticulata and in cell culture of Thalic-
trum glaucum, Berberis aggregata, Chasmanthera depen-
dens (Amann et al. 1986; Bock et al. 2002). Therefore,
although the synthesis and accumulation sites of different
types of alkaloids may occur in cytoplasm vesicles of
different cells, finally most of them will be transported to
cell wall for storage. In addition, alkaloid components have
a variety of biological activities, and regulatory mechanism
whereby irradiance affects alkaloid component synthesis in
plants is worth of in-depth study in each species.
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Light intensity alters the accumulation of starch
grains and the formation of plastoglobules (PGs)
in chloroplasts

Thylakoids are the sites of photosynthetic light reactions,
and the internal storage materials are also closely related to
plant photosynthetic capacity (Dyall et al. 2004). With
increased light intensity, not only did the chloroplast
structure change significantly, but also starch accumulation
was reduced and the number of PGs containing lipids and
other substances such as Car and Chl breakdown products
increased rapidly. With irradiance levels >I5,, the starch
grains almost completely disappeared from the chloro-
plasts, and instead they were filled with abundant PGs. It
has been demonstrated that decline in starch grains and
increase in PG number at high irradiance are associated
with reduced chloroplast function and senescence (Biswal
1995). Our research revealed that high irradiance causes
impairment of thylakoid membrane structure and results in
decreased contents of Chl a, Chl b, and Chl a+b and
decreased photosynthetic rate, but the contents of Car
significantly increase. Therefore, excessively high irradi-
ance would result in chloroplast structural damage and
reduced photosynthetic capacity, causing a decrease in
starch synthesis. As for PGs, an integrated view about the
physiological functions of the PG is lacking. For several
years, the PGs were taken as a deposition site for the
plastids. Recently, the PGs were proved to have some
specific functions including Chl degradation (Lundquist
et al. 2012) and even storage of some Car enzymes
(Shumskaya et al. 2012). During the process of Chl
breakdown, PGs synthesized in the chloroplast may carry
Chl to the chloroplast envelope where the first step of Chl
degradation could be performed by some enzymes (Matile
et al. 1996; Guiamét et al. 1999). During senescence and
chloroplast nutrients remobilization, chlorophylls are
decoupled from chlorophyll-protein complexes in the
photosystem and result in occurring phototoxicity (Christ
and Hortensteiner 2014). Reduced photosynthetic pigment
content is beneficial to reduce chloroplast absorbance of
excess light energy, thereby avoiding photo-inhibition and
potentially helping to limit photo-damage to protect the
chloroplast from light breakdown (Biswal 1995). Similar
phenomenon (decreased chlorophyll content, complete
degradation of grana and increase in electron-dense PGs)
can be observed upon dehydration of poikilochlorophyllous
desiccation tolerant plants such as Xerophyta to protect the
plastids against photo-oxidative damage (Solymosi et al.
2013). In contrast, increased content of Cars may fulfill
another protective function by accepting excessive excited
states of chlorophyll and releasing it in the form of heat
energy, stabilizing the thylakoid membranes and avoiding
peroxidative damage (Havaux et al. 2007). Therefore, Chl

breakdown and Car synthesis may be regarded as processes
of detoxification at high irradiance (Havaux et al. 2007;
Matile et al. 1996; Solymosi et al. 2013). Indeed, under
high irradiance, the contents of Chl a, Chl b, and Chl
a+b were apparently reduced, but the content of Car was
significantly increased in the chloroplasts of M. bodinieri
during this process; and although the photosynthetic effi-
ciency was lower, photosynthesis still occurred. This phe-
nomenon implies that excessive irradiance would lead to a
decline of photosynthetic capability in M. bodinieri, but the
plants may protect chloroplasts from high irradiance
damage through active defense mechanisms to maintain a
certain photosynthetic capacity. Among them, the pro-
cesses of Chl degradation and Car accumulation are
effective ways to avoid light damage under high irradiance.
In this process, the abundant PGs in chloroplasts may play
a very important role in Chl degradation and Car synthesis.
The mechanism whereby PGs are induced by light stress in
the process of Chl degradation in M. bodinieri is worth of
further study.

Conclusion

In our research, light intensity significantly influences the
photosynthetic capacity and morphological structure of M.
bodinieri. Suitable light irradiance is necessary to maintain
chloroplast biogenesis, physiological functions, and bio-
mass accumulation. M. bodinieri can adapt to different
irradiances. Under excessively high or low irradiance,
plants may alter their foliar morphological structure, pho-
tosynthetic pigment content, and photosynthetic capacity in
a positive way to adapt to the different light environments.
Especially, PGs play an important role in light detoxifica-
tion via Chl degradation and Car synthesis under high light.
According to variations of biomass and composition, I3
and /5o may be chosen as the optimal growth environment
to obtain the highest yields of total alkaloids and to
improve the economic value of medicinal plants. These
results can provide useful reference for the rational uti-
lization, introduction, and cultivation of Mahonia
resources.
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