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Abstract

Ananas comosus var. bracteatus is an important tropical ornamental plant
because of its green/white chimeric leaves. The accumulation of anthocyanin
makes the leaf red especially the white margin. However, the leaves lost red

color in summer and winter. Light intensity is one of the most important factors


https://doi.org/10.1101/2020.10.27.356857
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.27.356857; this version posted October 27, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

perpetuity. It is made available under a CC-BY 4.0 International license.

affecting leaf color along the season. In order to understand the effects of light
intensity on the growth and coloration of the chimeric leaves, Ananas comosus
var. bracteatus was grown under full sunlight, 50% shade and 75% shade for
75 days to evaluate the content of pigments, the color parameters (value L*, a*,
b*) and structural histocytology characteristics of chimeric leaves. The results
showed that high irradiance was beneficial to keep the chimeric leaves red.
However, prolonged exposure to high irradiance caused light damage, some of
the leaves wrinkled and even burned. Shading decreased the content of
anthocyanin and increased the content of chlorophyll especially in the white
margin of the leaves. Numerous chloroplasts were found in the mesophyll cells
of the white margin part of chimeric leaves under shading for 75 days. The
increase of chlorophyll content resulted in better growth of plants. In order to
balance the growth and ornamental value of the leaves, approximately 50%
shade is suggested to be the optimum light irradiance condition for Ananas
comosus var. bracteatus in summer.

Introduction

Variegated leaf chimeric plants are important ornamental plants because of their unique
colorful characteristics. The high diversity of color in chimeric plants was due to the
changes of spatial distribution of pigment types, contents and proportions in the leaves,
and this change is the result of the interaction between genetic and environmental

factors [ 1-3]. Climate, soil nutrients, and water has long been understood to be primary

factors influencing plant growth, and the light intensity is an important environmental
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factor [4,5]. In green leaves, chlorophyll dominates in pigments causing a green
appearance. Chlorophyll deficiency can cause leaves to turn white or yellow. The light
intensity can affect the content of chlorophyll, carotenoid, and anthocyanin in the leaves,
leading to variation in leaf color [6]. It has been shown that different plants have
different adaptability to light intensity. Photinia % fiaseri grown under full light was the
most densely foliated compared shaded plants [7]. Approximately 67% of natural light
(the irradiance intensity of sunlight was about 2500 umol m? s*! at noon during

September in Jinhua) was concluded to be the optimum light irradiance condition for
Tetrastigma hemsleyanum Diels et Gilg [4]. The research conducted by Kong et al [8]
showed that 30% and 50% of sunlight (the irradiance intensity of sunlight was about
2000 + 20 pumol photons m=s! at noon) were the most suitable growth environment
for Mahonia bodinieri (Gagnep.) Laferr obtaining higher biomass and could improve
the economic value. In addition, Light intensity can tightly regulate color change. Galax
urceolata leaves had a transition from red to green along with the decrease of light
intensity [9]; Kalamegh leaf transit its color from green to red from time to time under
varying intensities of light and shade [10]. Similarly, Shading was reported to improve
foliar color of Kalmia latifolia L from yellow-green to dark green in the first year of
production [11]. The leaves of both ‘Royal Glissade’ and ‘UF06-1-6" gradually
changed from green to red under different light environment, the anthocyanin content
increased while chlorophyll content decrease [ 12]. And a study in Arabidopsis thaliana
has shown that light intensity can affect the type of anthocyanin [ 13]. More importantly,

the structural and physiological adaptions of plants enable their survival under different
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light environmental conditions [14]. Indeed, the adaptions are mainly related to the
difference in the quantity and distribution of pigments, external morphology and
internal anatomy structure of leaves [ 15,16]. These changes in anatomical structure can
maximize photosynthetic efficiency and keep internal temperatures at optimal levels
[17,18].

Ananas comosus var. bracteatus, belonging to the family Bromeliaceae, is a
herbaceous perennial monocot. It has a high ornamental value all year round due to its
green/white chimeric leaves. During spring and autumn, the leaves will appear bright
red, which improved a lot in ornamental value of Ananas comosus var. bracteatus [19].
However, in summer and winter, the redness of the leaves gradually fades, returning to
green/white. How to maintain the red color of the leaves and extend the red color
viewing period is an important way to improve the ornamental and economic value of
Ananas comosus var. bracteatus. We have carried out a lot of studies on the molecular
mechanism of chimera traits formation of Ananas comosus var. bracteatus [20-24].
The genetic characteristics and physiological properties of other variegated leaf
chimeric plants have been systematically studied [25-28]. However, few studies have
addressed how chimeric plants response to varying light intensity, and the mechanism
under it is still unknown.

The objective of our present study was to determine the optimum light intensity
for the growth and high ornamental value of Ananas comosus var. bracteatus by
investigating the effects of different light intensity on the coloration change, pigments

content and proportion and internal anatomy structure of chimeric leaves. Our findings
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89  may promote the outdoor application of Ananas comosus var. bracteatus, which may
90 prove beneficial to the nursery and landscape industries.
91 Materials and methods

92 Plant materials and shading treatment

93  Two year old Ananas comosus var. bracteatus plants with red margin chimeric leaves
94  were used in this study. The plants were planted in pots containing a mixture of coconut
95 bran and river sand (1:2). The plants were divided into three groups for shading
96 treatments: natural sun-light condition (CK), 50% shading condition (T1), and 75%
97  shading condition (T2). Shading was accomplished by using one or two layers of
98  commercial black cloth shade, and the treatment lasted for 75 days. The fourth and fifth
99 leaves of the plants were sampled from three plants of each treatment every 15 days for

100  further detection.

101 Leaf color parameters

102  The leaf color parameters were measured by using an automatic color meter. The L*,

103 a*, b* values of the marginal and central parts of the chimeric leaf were measured

104  separately with three replicates.

105 Pigment content detection

106  The marginal and central parts of the fresh leaves were used for pigments detection.

107  The chlorophyll and carotenoid levels were detected using the Holm equation and a

108  method previously described [29]. The anthocyanin content detection is according to

109  the methodology described by Ren et al [25]. Three replications were used for each

110  sample.
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111 Microscope observation

112 Leaf samples of each treatment were harvested and sliced by double-sided blades,
113  mounted in water, and viewed immediately. The method of paraffin sections is
114  described in more detail by Liu et al [30]. The observation and photographical
115  documentations of the marginal and central parts of the chimeric leaves were carried
116  out using a photomicroscope (Leica DM 1000, Leica Microsystems, Ltd, Germany).
117 Results and discussion

118 Seasonal cycle of leaf color of Ananas comosus var.

119 bracteatus

120  There are significant differences in the chimeric leaf color of Ananas comosus var.
121 bracteatus between four seasons. In spring and autumn, the white edge of the chimeric
122 leaf turns to be red. At this time, the leaves are green/white/red mosaicked which
123  increased a lot the ornamental value of Ananas comosus var. bracteatus. (Fig 1A,C).
124  However, in summer and winter, the redness of the leaves gradually fades, only the
125  base part of the leaf edge remains a little red (Fig 1B,D).

126  Fig 1. The color change of Ananas comosus var. bracteatus leaves along four
127  seasons. spring (A), summer (B), autumn (C), and winter (D).

128 Morphologic changes of the leaves under different

129 light conditions

130  Shading treatment had the significantly effects on Ananas comosus var. bracteatus leaf
131  morphology. The morphologic changes of the leaves under different light conditions

132  were shown in figure 2.  Plants under 75% and 50% shade grown well throughout the


https://doi.org/10.1101/2020.10.27.356857
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.27.356857; this version posted October 27, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under a CC-BY 4.0 International license.

133 experimental period while sunburn were observed in the leaves of plants under full light.
134  The degree of leaf sunburn increased with the time of exposure. The margin of the
135  chimeric leaves under 75% shade firstly lost the red color to be white (about 45 days)
136  and then turned green along the treatment procedure. The leaf margin under both full
137  light and 50% shade maintained the red color. The sunburn spots existed on the leaves
138  cultured under full light for about 60 days. According to previous studies, light damage
139  was caused by the interaction of excess light and high leaf temperatures and as a
140  consequence affected plant growth [31,32]. Indeed, shading usually reduces plant
141 growth, but some plants, especially many evergreens, benefit from shading in the warm
142 area. For Euonymus japonica Hand. -Mazz. ‘Aureo-marginata’, plant growth was
143  optimized with 50% shading [33]. Shading increased the growth of Rhododendron x
144 ‘Pink Ruffles’ [34].

145  Fig 2. Visual foliage color changes of Ananas comosus var. bracteatus leaves under
146  different light intensity. (CK) full light, (T1) 50% shade, (T2) 75% shade, (A) day 0,
147  (B) day 15, (C) day 30, (D) day 45, (E) day 60, (F) day 75.

148 In order to analyze the color change of the leaves furtherly, the leaf color
149  parameters (L*, a*, b*) were detected. For treatment T1 and T2, value a* of the edge
150  of leaves gradually decreased. L* (lightness) of the green part of leaves increased
151 slightly as shade increased for all treatments (Fig 3A,B), indicating that the margin of
152  leaves had a gradual transition from red to green for T1 and T2 and the green part of
153  leaves became lighter for all treatments during our experiment (Fig 2A-F). The value

154  a* and b* of the margin of leaves decreased faster than the green part. The chimeric
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155 leaves of three treatments kept red in the first 30 days and then lost the red color
156  apparently. As light intensity decreased more and the shading time lasted longer, the
157  leaf lost red color quickly. Under 75 days of 75% shading treatment, the leaf margin
158  color moved from red to green. Shading influenced the leaf margin color apparently by
159  decreasing the red color and increasing the green color [11]. The center green part of
160  the chimeric leaves maintained green, and the leaf color did not change a lot along the
161  treatment.

162  Fig 3. Changes in leaf color parameters of the green center part (A) and red
163  margin part (B) of leaves under different light intensity. The circle in the color plate
164  indicated the color measured.

165 Pigment content changes in Ananas comosus var.

166 bracteatus chimeric leaves

167  The leaf color is directly related to the pigments content of the leaves. In order to reveal
168  the material basis of the leaf color changes, the pigment content of the margin and center
169  part of chimeric leaves of Ananas comosus var. bracteatus were analyzed.

170 Pigments changes in the center green part of the chimeric
171 leaves

172 Shading had significant influences on the accumulation of chlorophyll, carotenoid and
173  anthocyanin in the green center part of Ananas comosus var. bracteatus leaves (Fig 4A-
174 C). The chlorophyll content of center part of chimeric leaves under full light and 50%
175  shading treatment kept decreasing along 75 days. The chlorophyll content under full

176  light treatment decreased faster than that under 50%. This finding may be related to a
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177  greater degradation caused by high solar radiation and leaf temperature under full light.
178  Additionally, it was reported that being exposed to high light intensities for a long time
179  may harm the photosynthetic apparatus [35]. Chlorophyll was usually synthesized and
180  photo-oxidized in the presence of light. So the content of chlorophyll was greatly
181  affected by shading [4,36]. Moreover, the degree of photosynthetic damage increased
182  with the time of exposure to high solar radiation, and severe photo-inhibition was
183  followed by leaf death [32]. It is also important to point out that there is a markable
184  increase in leaf chlorophyll content under 75% shade for 45 days, which demonstrated
185  that plant’s ability to develop mechanisms of light harvest and greater plasticity to face
186  light deficit conditions by enhancing chlorophyll content [37]. The carotenoid content
187  decreased apparently under full light and 50% shading treatment during the 75 days.
188  But under 75% shading it decreased during the first 45 days and then increased
189  apparently from 45 to 75 days (Fig. 4B). Increased carotenoids content under shading
190  can enhance light absorption and transfer to chlorophyll for photosynthesis [38]. During
191  the experiment time, anthocyanins content of the green center part of the leaves were
192  all decreased consequently. When the light intensity decreased, the content of
193  anthocyanin decreased more. The highest anthocyanin content was observed under full
194 light (Fig 4C). Previous study showed that anthocyanins have the ability to protect
195  chlorophyll pigments from damage in high solar radiation conditions [39].

196  Fig 4. The changes of chlorophyll (A), carotenoid (B) and anthocyanin (C) content
197  in green center part of Ananas comosus var. bracteatus leaves and the changes of

198  chlorophyll (D), carotenoid (E) and anthocyanin (F) content in the red margin part


https://doi.org/10.1101/2020.10.27.356857
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.27.356857; this version posted October 27, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under a CC-BY 4.0 International license.

199  under different shading treatments

200 Pigment changes in the red margin part of the chimeric leaves
201  During the treatment period, the chlorophyll contents of the red margin part of chimeric
202 leaves were increased under three treatments. There are apparent differences in the
203  increasing chlorophyll content among the three treatments. Under 75% shading, the
204  chlorophyll content was the highest and increased most rapidly, especially after 45 days
205 of treatment (Fig 4D). Along the treatment procedure, the carotenoid content of
206  marginal part of the leaves increased consequently under three treatments. But there are
207  no significant differences in carotenoid content among the three treatments. (Fig 4E).
208 However, shading can fast the decrease of anthocyanin content in the red margin part
209  of leaves (Fig 4F). The content of anthocyanin decreased more when the shading
210  intensity and time increased. At the first 30 days of full light and 50% shading, the
211 anthocyanin content increased, and then decreased quickly during 30 days to 75 days.
212 Under 75% shading, the anthocyanin content decreased consequently along the 75 days.
213 It has been shown that light exposure was a prerequisite for significant anthocyanin
214 synthesis, and a high level of solar radiation promoted the anthocyanin synthesis [9,10].
215  Inaddition, anthocyanin in epidermal tissue can provide some protection from UV solar
216  radiation [40]. In order to maintain plants growth, chlorophyll gradually accumulated
217  in the red part while the anthocyanin content decreased after day 30.

218 Proportion of pigments in Ananas comosus var. bracteatus
219 chimeric leaves

220  The leaf color is determined by the content and relative proportion of the chlorophyll,
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221  carotenoid and anthocyanin. In the green center part of the chimeric leaves, chlorophyll
222  and anthocyanin were the dominant pigments sharing about 45% of the total pigments
223  amount respectively during the first 15 days, so the center part of the leaves showed
224  dark green. This is the result of the interaction between the reflectance of green
225  chlorophyll and red anthocyanin. During 30 to 75 days, the proportion of chlorophyll
226  increased apparently. The increase of chlorophyll proportion is more apparent with the
227  increase of shading intensity. After 75 days of 75% shading, the proportion of
228  chlorophyll increased to about 70% and the proportion of anthocyanin decreased to
229  about 10%. The proportion of carotenoid increased slightly along the shading time and
230  shading intensity (Fig. 5A). According to the increase of chlorophyll and decrease of
231  anthocyanin, the color of the center part of the chimeric leaves changed from dark green
232  to green.

233 In the red margin part of the chimeric leaves, anthocyanin was the dominant
234  pigment, then chlorophyll and carotenoid. At the first 30 days, anthocyanin accounted
235 for more than 90% of the total pigment amount. After 30 days of treatment, the
236  proportion of chlorophyll and carotenoid increased and that of anthocyanin decreased
237  (Fig. 5B). As the shading intensity and time increased, the chlorophyll proportion
238 increased more and the anthocyanin proportion decreased more. Under full light
239  treatment for 75 days, the proportion of anthocyanin content remained more than 80%
240  of the total pigment content, while under 75 days of 75% shading treatment the
241  proportion of anthocyanin decreased to 28%. Under 50 shading for 75 days, the

242  anthocyanin proportion was more than 70%. The changes in the pigments relative
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243  proportion resulted in the morphology changes we observed. It is notable that the
244  proportion of carotenoid in the red margin of the leaves increased more apparently than
245  that in the green center part of leaves, especially under 75% of shading treatment. There
246  are different pigment ratios in plants grown under different light conditions, and the
247  ratios of pigments can reflect the light adaptability of plants. Plants grown under high
248  light tend to produce more anthocyanin, which enhances the ornamental character of
249  plants [9,12,40]. However, plants tend to produce more chlorophyll under low light
250  condition to maintain sufficient photosynthetic antennas. This response allows the plant
251  to capture the required light energy [8,10]. In addition, the different coloration between
252  the center and marginal part of the chimeric leaves is the result of the different content
253  and ratio between anthocyanin and chlorophyll. Shading can influence the pigment ratio
254  in Ananas comosus var. bracteatus, which agrees with other studies [10,12].

255 Fig 5. The changes of relative proportion of chlorophyll, carotenoid and
256  anthocyanin in the green center part (A) and red margin part (B) of Ananas
257  comosus var. bracteatus chimeric leaves under different light intensity.

258 Pigment location and |eaf structure changes of

259 chimeric leaves

260 In order to reveal the distribution of pigment in the chimeric leaves and the effect of
261  shading on the structure of the leaf tissues, anatomic observations of the leaves were
262  carried out. The red chimeric leaves used in this experiment were consisted of red
263  margin and green center tissues (Fig 6A). In the red margin part, no chloroplast was

264  observed in the mesophyll cells, all the mesophyll cells are white (Fig 6B1,C1,E1). In
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265 the green center part of the leaf, large amounts of chloroplasts were observed in the
266  mesophyll cells which gave it green color (Fig 6B1,D1,F1). Red cells containing
267  anthocyanin were located in the upper and lower epidermis cells and the 1-2 cell layer
268  beneath the epidermis of the leaf (Fig 6C1,D1). Anthocyanins were located in the
269  vacuoles of the cells, which made the entire cell appear red. Under the full light for 75
270  days, the red cells with anthocyanin always existed in/under epidermis in both red
271  margin and green center part of the leaf, but were less than that in leaves of 0 d (Fig
272 6A2,B2,C2,D2). Almost no green cells with chloroplasts were observed in the
273 mesophyll cells of red leaf margin under full light (Fig 6B2,C2). However, a few green
274  spots were observed in the red margin of the leaf under 50% shading for 75 days (Fig.
275  6A3)because some green cells with chloroplasts existed in the red margin (Fig 6B3,C3).
276  Red cells of the leaf under 50% shading existed in/under the upper and lower epidermis
277  of red margin and green center of the leaf, but less than that of the leaf of the 0 d (Fig
278  6B3,C3,D3). After treated with 75% shading for 75 d, the margin of the leaf lost red
279  color and then turned green (Fig 6A4). Red cells were seldom observed in/under the
280 epidermis of the leaf. However, green cells with chloroplasts apparently accumulated
281  in the margin of the leaf (Fig 6B4,C4,D4). It is also important to point out that there
282  was no coexistence of chlorophyll and anthocyanin in a cell.

283 Light intensity has been considered an important factor for the photosynthetic
284  mechanism. However, plants absorb more light than they need to saturate
285  photosynthesis and cause the damage of the photosynthetic machinery. With time of

286  exposure to high light conditions, the degree of damage will increase and leaf death will
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287  occur [31]. In our present study, full light was much for Ananas comosus var.
288  bracteatus. As is already known, light intensity promotes structural changes in leaf
289 tissue. The mesophyll cells in the leaf margin and green center tissues of the leaves
290  under full light were reduced in size, and some of them were wrinkled in transverse
291  section (Fig 6 E2,F2). It could be that excessive light and high leaf temperature resulted
292  in water losing of the leaf cells. However, the mesophyll cells under 75% shading were
293  oval and tense (Fig.6 E4, F4). Under the cuticle of leaf center green part presented large
294  parenchyma cells, which were water storage cells, an important structural feature of
295  Ananas comosus var. bracteatus as a drought-enduring plant adapting to the drought
296  environment. This is an important structure of the green center part of chimeric leaves.
297  Fig 6. The pigment location and anatomic character of the green center and red
298  margin part of the chimeric leaves (A1-F1) The anatomic structure of the leaf at 0 d.
299  (A2-F2) The anatomic structure of the leaf under full light (CK) for 75 days (A3-F3)
300 The anatomic structure of the leaf under 50% shading (T1) for 75 days. (A4-F4) The
301 anatomic structure of the leaf under 75% shading (T2) for 75 days. (A) Leaf sample
302  (Scale bars=1cm). (B) Leaf cross-section (Scale bars=400um). (C) The distribution of
303 pigment in red margin tissues (Scale bars=200um). (D) The distribution of pigment in
304  green center tissues (Scale bars =200um). (E) The mesophyll parenchyma cell in the
305 white margin part of the chimeric leaves (Scale bars =100um). (F) The mesophyll
306  parenchyma cell in the green center part of the chimeric leaves (Scale bars =100um).
307 MWh, white tissue; Mgr, green tissue; Cu, cuticle; e, epidermis; Ch, mesophyll

308 parenchyma; Aq, water storage parenchyma; vb, vascular bundle.
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309 GConclusions

310 Inthis study, our results can be concluded that light intensity affects the leaf color, color
311 parameters, pigments accumulation, distribution and ratio, mesophyll cells, and
312  chloroplasts of the marginal and central parts of chimeric leaves of Ananas comosus
313 var. bracteatus. 75% shading boosted the decrease of anthocyanin content, increase of
314  chlorophyll content, and the number of chloroplasts in the mesophyll cells, and the
315  foliage transited its color to green reducing the ornamental value. However, high
316  irradiance promoted the accumulation of anthocyanin in the mesophyll cells, relative
317  proportion of anthocyanin content and value L* (lightness) of the margin part of
318  chimeric leaves. The plants submitted to full light and 50% shade could maintain red
319  and had a higher ornamental value. In addition, long exposure to full light contributed
320 to light damage or even leaf death and the occurrence of wrinkled and smaller
321 mesophyll cells in Ananas comosus var. bracteatus, while 50% shade could prevent the
322  light damage caused by full light. In order to balance its growth and ornamental value,
323  50% shading is a good cultivating condition for Ananas comosus var. bracteatus in
324  summer.
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