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32 ABSTRACT

33  Mature embryos were used as an explant for embryogenic callus (EC) induction, and
34 then EC was further developed to form somatic embryos during somatic
35  embryogenesis (SE) of Ormosia henryi Prain; however, some mature embryos could
36  induced non-embryogenic callus (NEC), browning callus (BC) or snowflake callus
37 (SC). These phenomena might be related to the biochemical and histochemical
38  differences during somatic embryo induction. The present study was conducted to
39  analyze the biochemical events and histochemical changes at different SE stages in 0.
40  henryi. The contents of soluble sugar, starch, soluble protein, H,O,, and endogenous
41 hormones and the activities of polyphenoloxidase (PPO), superoxide dismutase
42  (SOD), ascorbate peroxidase (APX), peroxidase (POD) and catalase (CAT) were
43  measured at different SE stages, such as EC, globular embryo (GE), and cotyledon
44 embryo (CE), and in abnormal tissue, such as NEC, BC, and SC. The results showed
45  that the contents of soluble sugar and starch; the activities of PPO, SOD, APX and
46 POD; and the ratios of indole-3-acetic acid/abscisic acid (IAA/ABA),
47  1AA/gibberellins (IAA/GAs), auxin /GAs (AUX/GAs), and AUX/ABA decreased
48  gradually at different SE stages. In contrast, the contents of soluble protein, H,O, all
49  endogenous hormones gradually increased. However, CAT activity and the ratios of
50 IAA/cytokinins (IAA/CKs), AUX/CKs, ABA/CKs, and GAs/CKs first increased and
51  then decreased. The high contents of GAs and ABA, high ratios of ABA/CKs and
52 GAs/CKs and low ratios of IAA/ABA, IAA/GAs, AUX/GAs and AUX/ABA were
53  responsible for the inability of the callus to form EC. The low enzyme activities, low
54  contents of energy substances and H,O, were related to NEC formation. The high
55  contents of soluble sugar, H,0,, AUX, CKs and PPO activity and the low content of
56  soluble protein were the basic causes of BC formation. The high-energy substances
57  contents and low activities of SOD and POD facilitated SC formation . Histochemical
58  observation showed that starch granule staining gradually lightened with SE
59  development, but protein granules were darkly stained. Compared with EC, starch and
60  protein granules were stained darker in SC, and lighter in NEC and BC. These results
61  showed that energy substances were the material basis of SE, which affected enzyme
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62  activities, regulated reactive oxygen species (ROS) metabolism, and thus regulated
63  the morphogenesis and development of somatic embryos. In addition, the contents
64 and ratios of endogenous hormones affected the dedifferentiation, dedifferentiation
65 and embryogenesis of somatic cells. To induce EC from mature embryos and further
66  develop their formation into somatic embryos, it is necessary to adjust the energy
67  supply and hormone ratio in the medium.

68

69 Keywords: Ormosia henryi, Somatic embryogenesis, Biochemical events,
70  Histochemical observation.
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74
75 INTRODUCTION

76 ~ Somatic embryogenesis (SE) is an efficient approach for the clonal propagation of
77  plants (Correia et al., 2011), Its developmental process resembles zygotic embryo
78  development (Leljak-Levanic et al., 2004), which is an ideal material for studying
79  morphology, physiology, biochemistry and molecular biology in embryogenesis and
80  development (Morel et al., 2014). Since the late 1950s, Steward (1958) found that
81  carrot root cells could be regenerated through SE in vitro, and the SE for many plants
82  has been studied. O. henryi is a precious tree species in China and has great economic
83 and ecological potential as a raw material for making high-grade furniture and
84  handicrafts; some factors restrict the scale propagation of O. henryi, such as scarce
85  wild resources, biennial fruiting, dormancy caused by the hardness seed coat and pests
86  that eat the seeds (Wei et al., 2014). Therefore, it is very important to research asexual
87  propagation for O. henryi. Our previous research has established the SE protocols of
88  O. henryi (Wu et al., 2020), but the underlying mechanism is not well understood.
89  During the process of callus subculture, callus is prone to browning and eventually

90  necrosis, and its transformation into SC is a common phenomenon, seriously


https://doi.org/10.1101/2020.09.21.307009
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.21.307009; this version posted September 24, 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 aCC-BY-NC 4.0 International license.

91  hindering the further development of callus. Manivannan et al.(2015) and Roowi et
92  al.(2010) reported that the morphogenesis and external morphological characteristics
93  of SE were regulated by complex biochemistry and molecules inside the cell tissues.
94  Therefore, it is very important to understand its physiological mechanism in the
95 regulation of this process.

96 Sugar is an indispensable energy substance and carbon skeleton for embryonic
97  development (Bartos et al., 2018), and it can regulate cell osmotic pressure (Iragi and
98  Tremblay, 2001), protect cell membrane integrity (Bartos et al., 2018), and determine
99 the shape and developmental fate of cell (Baluska et al., 2003). Proteins affect embryo
100 development (Cangahuala-Inocente et al.,, 2014), embryo morphogenesis
101 (Cangahuala-Inocente et al., 2014), embryo maturation (Jiménez, 2001) and cell
102 signal transduction (Cangahuala-Inocente et al., 2014). Previous studies have
103  confirmed that the changes in their contents could be used as a marker of different SE
104  stages (Jiménez, 2001; Cangahuala-Inocente et al., 2014).

105 ROS, such as - OH, H;O,, and O,- continuously occur in mitochondria,
106  chloroplasts and peroxisomes of plant cells as byproducts of various metabolic
107  pathways of respiration and photosynthesis (Libik et al., 2005; Zhang et al., 2010).
108  H,0; plays the role of a secondary messenger in cell signaling transduction, affects
109  gene expression (Libik et al., 2005) and stimulates embryonic cell formation (Cui et
110  al., 1999). However, in vitro culture of explants provides a stressful environment,
111 which can stimulate the overproduction of ROS (Fatima et al., 2011), and interfere
112 with intracellular redox homeostasis, normal physiological activities and cell
113 metabolism (Cui et al., 1999). Plants have an antioxidant system to remove excess
114  ROS to maintain the balance of ROS contents in cells (Manivannan et al., 2015). In
115  recent years, changes in the activities of SOD, CAT, POD and APX had been shown
116  to be highly correlated with the ROS elimination at different SE stages (Cui et al.,
117 1999; Libik et al., 2005).

118 Exogenous hormones play an irreplaceable role in SE induction, and their levels
119  affect the balance of endogenous hormones in plants, regulate plant growth and
120  morphogenesis (Guo et al., 2017), and even determine the developmental fate of cells
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121 (Grzyb et al., 2018). Auxin triggers SE induction (Nic-Can and Loyola-Vargas, 2016),
122 and its asymmetric distribution plays key roles in the polar transport of auxin, stem
123 cell formation (Su and Zhang, 2009) and SE induction (Choi et al., 2001). Like auxin,
124  cytokinin is a key regulatory factor for SE (Jiménez, 2005), and the balance between
125  cytokinin and auxin determines the dedifferentiation and redifferentiation states of
126  cells. In addition, ABA and GAs play a positive role in SE maturation and
127  germination (Zhang et al., 2010; Kim et al., 2019). Although endogenous hormones
128 have made some achievements in SE induction and regulation, their regulatory
129  mechanism is still not well understood.

130 Biochemical events during SE in O. henryi were determined to gain a better
131 understanding of the role of the energy substance, ROS, enzyme activities and
132 endogenous hormones in triggering the embryogenic pathway, and they could serve as
133 markers in the determination of different stages of somatic embryo development.
134  Moreover, the histochemical changes in the accumulation and distribution of starch
135  and protein granules were examined at different SE stages, and the changes in starch
136  and protein contents were assessed at different SE stages based on the quantitative

137  and qualitative analysis.
138

139 RESULTS

140  Energy substance

141  The contents of soluble sugar, starch and protein were significantly different at
142  different SE stages (EC -GE -CE) (Fig .2). The contents of soluble sugar and starch
143 decreased gradually with SE development, and the soluble protein contents increased,
144  which indicated that carbohydrate substances were consumed by somatic embryo
145  growth and development while the increase in protein content offered material
146  conditions for the maturation and germination of somatic embryos. Compared with

147  EC, the contents of soluble sugar, starch and protein were lower in NEC, which
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148 indicated that energy substances were the material basis for EC transformation to the
149  somatic embryo; in contrast, the contents of soluble sugar, starch and protein were
150  significantly higher in SC than EC, indicating that the high-energy substance contents
151  facilitated SC formation; however, the soluble protein content was lowest in BC,
152 which indicated that BC activity was low, and might be a cause of its final necrosis.
153

154  H,0, contents and enzyme activities

155  The H;O, content and activities of PPO, SOD, APX, POD, and CAT were
156  significantly different at different SE stages (Fig .3). H,O, content increased gradually,
157  whereas the activities of PPO, SOD, APX and POD decreased gradually with SE
158  development. CAT activity, however, was the highest in GE. It is worth noting that
159  APX activity decreased sharply in GE and CE, which was 15% and 23% of EC,
160  respectively. There were significant differences in APX and CAT activities between
161  EC and GE. Among them, APX activity in EC was 570% higher than in GE, and CAT
162  activity was 89% higher in GE than EC.

163 An increase in contents by 36% (H,O;) and activities by 63% (PPO), 13% (SOD),
164  64% (APX), 48% (POD), and 115% (CAT) were noticed in EC compared with NEC,
165  which indicated that the high H,O, contents and the high enzyme activities could
166  promote SE. The H,O, content and PPO activity were highest in BC, which might be
167  the fundamental reason for callus turning into BC. Compared with EC, SOD and POD
168  activities of SC were significantly decreased, which indicated that the low activities of
169  SOD and POD affected SC formation.

170
171 Endogenous hormones

172 The contents of AUX, CKs, GAs and ABA were significantly different at different SE
173 stages (Fig. 4). Their total contents showed an increasing trend. Except for AUX total

174  contents, which were lowest in GE, the total contents of all endogenous hormones
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175  were lowest in EC and highest in CE. These findings indicated that a relatively high
176  AUX content and low contents of CKs, GAs and ABA were conducive to EC
177 induction, a high AUX content was the premise for somatic embryo development and
178  polarity establishment, a high CKs content regulated the differentiation of somatic
179  embryos in the latter stage, and high contents of GAs and ABA promoted the
180  maturation and germination of somatic embryos in the latter stage.

181 Compared with EC, the contents of AUX and CKs were similar in NEC and SC,
182  and IAA contents in AUX and DZ contents in CKs were higher in EC; the contents of
183 AUX and CKs in BC were significantly higher than those in EC. In addition, the
184  contents of ME-IAA and tZ were lower in EC than NEC, BC and SC. These results
185  showed that NEC formation was related to the low 1AA content; the callus with high
186  contents of AUX and CKs was not conducive to EC formation; while the callus with
187  low contents of IAA and DZ, and high tZ content could easily form SC. Moreover, the
188  contents of GAs and ABA in NEC, BC and SC were more than 6 times that of EC,

189  which indicated that the high contents of GAs and ABA inhibited EC induction.
190

191  Endogenous hormones ratios

192  The interaction between endogenous hormones can be expressed by their ratios to
193  evaluate the balance of endogenous hormones at different SE stages. The ratios of
194 1AA/ABA, 1AA/GAs, AUX/GAs and AUX/ABA decreased gradually. The ratios of
195 IAA/CKs, AUX/CKs, ABA/CKs and GAsS/CKs first increased and then decreased.
196  The ratios of IAA/CKs and AUX/CKs were the lowest in CE, and the ratios of
197  ABA/CKs, GAs/CKs were lowest in EC. These results indicated that the high ratios
198  of IAA/ABA, IAA/GAs, AUX/GAs, and AUX/ABA and low ratios of ABA/CKs and
199  GAs/CKs were conducive to EC induction at an early stage of SE. The low ratios of
200 IAA/CKs and AUX/CKs promoted maturation and germination of the somatic
201 embryo.

202 Compared with EC, the ratios of IAA/ABA, IAA/GAs, AUX/GAs, and
203  AUX/ABA decreased significantly in NEC, BC, and SC, and the ratios of ABA/CKs
204  and GAs/CKs were higher. In addition, the ABA/GAs ratio was higher in NEC and
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205 lower in BC. These fundings indicated that the low ratios of IAA/ABA, IAA/GAsS,
206 AUX/GAs, and AUX/ABA and the high ratios of ABA/CKs and GAs/CKs were
207  responsible for the inability of the callus to form EC; however, an ABA/GAsS ratio that

208  was too high or too low ABA/GAS ratio was not conducive to SE induction.
209

210  Histochemical studies

211  Starch granules

212 As shown in Fig.5, starch granules were mainly distributed in the cell wall and
213 intercellular space, followed by an uneven distribution in cytoplasm and reduced
214  levels in the nucleus. These findings showed that carbohydrates were the main
215  components of the carbon skeleton, and cytoplasm was the main site of carbohydrate
216  synthesis.

217 At different SE stages, the starch granules staining was dark in the EC, and
218  starch granule staining of EC masses (Fig. 5-c) was especially darker than in the
219  surrounding tissues, which indicated that EC masses stored sufficient nutrients for the
220 growth and development of SE. The starch granule staining gradually lightened with
221 SE development, but the meristem staining (Fig. 5f-i) was dark, which confirmed that
222 the meristem was active and might provide the best explanation for the strong
223 embryogenic response of the shoot apical meristem (SAM).

224 Compared with EC, the starch granule staining was lightest in BC, followed by
225  NEC, but it was darker in SC. These findings indicated that the abundant energy
226  substances were the basis for callus formation of EC, but the callus with excessive
227  energy substances could easily form SC.

228

229  Protein granules

230  As shown in Fig.6, the protein granule staining was relatively light, which was most

231  obvious in the nucleus, followed by the cytoplasm, which indicated that proteins in
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232 the nucleus were most abundant. This feature was related to the need for a large
233 number of proteins and enzymes for DNA replication and transcription in the nucleus.

234 With SE development, the protein grain staining became gradually darkened (Fig.
235 6d-h), with the darkest staining observed in CE. More protein grains accumulated in
236 the meristems, which indicated their strong activity and vigorous metabolism.

237 Compared with EC, the protein granules staining were light in NEC and BC, and
238 with greater numbers of vacuolar cells, the numbers of nuclei in the cell were reduced,
239 however, it was darker in SC. These results indicated that the callus with the low
240  protein content and activity affected the ability of the callus to form EC, but the callus
241 with the high protein content could easily form SC.

242
243  DISCUSSION

244 Energy substances

245 C and N participate in the metabolic energy, carbon skeletons and biochemical
246  signaling during plant growth and development (Bartos et al., 2018), and they are
247  closely related to the growth and development of SE and morphogenesis
248  (Cangahuala-Inocente et al., 2014). In this study, the contents of soluble sugar and
249  starch gradually decreased with SE development, similarly to findings reported in
250  Acca sellowiana (Cangahuala-Inocente et al., 2014) and spruce (Hazubska-Przybyl et
251 al., 2016). This decrease was related to the consumption of a large amount of energy
252 for the growth and development of SE. However, the protein content increased with
253  SE development, similarly to findings reported in Eucalyptus globulus (Pinto et al.,
254  2010), Coffea arabica (Bartos et al., 2018), Catharanthus roseus (Fatima et al., 2011)
255 and Cordyline australis (Warchot et al., 2015). These phenomena could be related to
256  the synthesis of late embryogenesis abundant protein (LEA) and reserve proteins,
257  which might play an important role in embryonic development and protect embryos
258  against dehydration (Gomes et al., 2014); however, the protein content in late stages
259  of SE were decreased in Acca sellowiana (Cangahuala-Inocente et al., 2014) and

260  Persian walnut (Jariteh et al., 2015).
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261 EC induction was the basis of SE. The contents of soluble sugar, starch and
262  protein were higher in EC than NEC, similarly to findings reported in banana (Wang
263 et al., 2013), alfalfa (Martin et al., 2000) and Catharanthus roseus (Fatima et al.,
264  2011), because it was difficult or impossible for NEC to develop into the somatic
265 embryo. These findings showed that the accumulation of energy substances was the
266  material basis for EC transformation into the somatic embryo. Compared with EC, the
267  contents of starch and protein were lower in BC, which indicated that BC activity was
268  low and thus affected the synthesis of starch and protein, which may explain the final
269  necrosis of BC. In contrast, the contents of soluble sugar, starch and protein increased
270  significantly in SC, but SC could not further develop into somatic embryos, which
271 confirmed that the accumulation of energy substances affected the cell activity and
272 morphogenesis. These results indicated that too low or too high contents of energy
273 substances were not conducive to the further growth of callus. A previous study
274  confirmed that the sucrose concentration affected carbon metabolism in EC, and
275  medium supplemented with different sucrose concentrations was needed to reduce the
276  frequency of SC, although the frequency of SC (9%) was significantly reduced at a
277  low sucrose concentration (20g/L), the SE induction rate (19%) also reduced.

278

279  H,0; contents and enzyme activities

280  The H,0O, content increased in the late stage of SE, and similar results were reported
281 in wolfberry (Cui et al.,, 1999) and Begonia (Manivannan et al., 2015), which
282  indicated that ROS metabolism played a decisive role in cell differentiation and
283  development (Cui et al., 1999). The activities of SOD and APX decreased in GE and
284  CE. Fatima et al.(2011) reported similar results in Catharanthus roseus; APX activity
285  significantly decreased, which might be related to the high activities of POD and CAT
286 in GE and CE, which consumed excessive H,0,, leading to the decrease in APX
287  activity. A similar phenomenon was reported in Citrus reticulata (Liu, 2016).

288 H,0O, content and the activities of PPO, SOD, APX, POD and CAT in the EC of
289  O. henryi were higher than those in NEC, which indicated that the callus with the low
290  H,0; content and low enzyme activities were not sufficient to induce SE. The H,0,
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291  accumulation could trigger the stress response, play a role as a secondary messenger
292 involved in cell signaling and promote SE development. Similar results have been
293  reported in Albizia lebbeck (Saeed and Shahzad, 2015) and Mesembryanthemum
294  crystallinum (Libik et al., 2005). Compared with EC, higher H,O, contents, higher
295  PPO activity and lower antioxidant enzyme activities were detected in BC, which
296 caused BC to be in a state of high oxidative stress. Wichers et al.(1985) reported that
297  PPO activity increased in cell culture of Mucuna pruriens during cell senescence,
298  which might represent the main reasons for callus transformation into BC and even
299  necrosis. To reduce the BC frequency, medium supplemented with anti-browning
300 agents, such as polyvinylpyrrolidone, ascorbic acid and activated carbon, reduced the
301 frequency of callus transformation into BC, but the results were not significant
302  differences (data not shown). Compared with EC, SOD and POD activities decreased
303  significantly in SC, and therefore, we speculated that callus with low SOD and POD
304  activities could easily form SC. Fatima et al.(2011) reported that POD was a marker

305 involved in cell morphogenesis.
306

307  Endogenous hormones

308  Endogenous hormone levels regulate the dedifferentiation, redifferentiation and
309  embryogenesis of somatic cells at different SE stages (Grzyb et al., 2018). At different
310 SE stages of O. henryi, IAA content increased significantly in CE, which was
311  consistent with the results of SE maturation of Norway Spruce (Vondrakova et al.,
312 2018) and larch (Aderkas et al., 2001), indicating that auxin is related to the
313  establishment of embryo polarity (Vondrakova et al., 2018). Auxin is required for SE
314  maturation to mediate SAM by establishing the homeodomain transcription factor
315 WUSCHEL (WUS), which is essential for stem cell initiation and meristem
316  maintenance (Lee and Clark, 2015). Similarly, CKs contents increased significantly in
317  CE, which is consistent with a report on SE maturation and germination in spruce
318  (Vondrakova et al., 2018). Recent advances have shown that CKs are essential factors
319 that regulate shoot initiation via WUS expression (Cheng et al., 2013), and the CKs
320 response factors ARABIDOPSIS RESPONSE REGULATORs (ARRs) directly
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321  activate WUS expression and thus initiate SAM formation (Zhang et al., 2017; Liu et
322 al., 2018). Some studies had shown that high GAs levels can inhibit SE induction, but
323 GAs have a positive effect on the maturation and germination of embryos (Kim et al.,
324  2019), as also confirmed in our study. ABA content was also the highest in CE,
325 indicating that ABA could promote the maturation and differentiation of embryos.
326  Vondrakova et al.(2018) found that ABA content was highest in the SE maturation
327  stage of spruce. Cheng(2016) reported that the ABA content increased significantly
328 after EC formation in cotton, and the genes related to ABA synthesis and signal
329  transduction were also differentially expressed in cotton. The ABA2, NCED, PP2C,
330 ABF, PYR/PYL and ABA receptor family were upregulated in the embryo.

331 We found that the IAA contentwas higher in EC than NEC, which was consistent
332 with the results obtained for Cyathea delgadii (Grzyb et al., 2017). Su and
333  Zhang(2009) reported that auxin gradients must be established for EC induction, and
334  expressive of WUS gene was correlated with auxin gradients and initiated the polar
335 localization of PIN1lin EC. These findings indicated that endogenous auxin had
336  important significance for WUS gene and SE induction. The contents of tZ and cZ in
337  NEC were higher than in EC, similarly to findings reported in Prunus persica (Pé
338  rez-Jiménez et al., 2013), this result was also supported by the research of Fraga et
339  al.(2016), who found that the decrease in the Z level was related to the embryogenic
340 potential. Compared with EC, BC with high contents of AUX and CKs was not
341 conducive to EC formation; while the callus with low contents of IAA and DZ, and
342 high tZ content could easily form SC. In addition, the contents of GAs and ABA in
343  NEC, BC and SC were more than 6 times that of EC, which indicated that the high
344  contents of GAs and ABA inhibited EC induction. Similar results had shown that the
345  higher ABA content in NEC was also found in Hevea brasiliensis (Etienne et al., 1993)
346  and Cyathea delgadii (Grzyb et al., 2017), while Pérez-Jiménez et al.(2013) found no
347  significant difference in ABA content between NEC and EC in Prunus persica. In
348  contrast, Nakagawa et al.(2001) found a higher ABA level in EC in Cucumis melo.
349  These difference may depend on the sensitivity of different species to ABA and the
350 difference in time and space. The content difference of these endogenous hormones in
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351  different SE stages and different callus can provide a reference for SE induction and
352  the application of exogenous hormone.

353
354  Endogenous hormone ratios

355  The ratios of endogenous hormones contents can be used as a physiological index to
356  regulate the dedifferentiation and redifferentiation of the cell (Grzyb et al., 2018), and
357  evaluate embryogenesis (Pérez-Jiménez et al., 2013). At different SE stages of O.
358 henryi, the high ratios of IAA/ABA, IAA/GAs, AUX/GAs, and AUX/ABA and low
359  ratios of ABA/CKs and GAs/CKs were favorable for EC induction; however, the
360 ratios of IAA/CKs and AUX/CKs were lower in CE and promoted SE maturation and
361 differentiation, which indicated that low AUX and high CKs contents were needed for
362  SE maturation and differentiation, consistent with the actual theory.

363 The IAA/ABA ratio was significantly higher in EC than NEC, and similar results
364  were found in Corylus avellana (Centeno et al., 1997); In contrast, the ABA/CKSs ratio
365  was significantly higher in NEC than EC, and similar results have been reported by
366  Grzyb et al. (2017). Guo et al.(2018) reported that the ABA/GAs ratio can reflect the
367  growth and dormancy of plant, as well as determine the developmental pattern of the
368  embryo or late stages of the embryo (Zheng et al., 2013). Our study showed that the
369  callus with low ratios of IAA/ABA, IAA/GAs, AUX/GASs, and AUX/ABA, and high
370  ratios of ABA/CKs and GAs/CKs could not form EC, and an ABA/GAs ratio that was
371  too high or too low was not conducive to SE induction.

372
373  Histochemical studies

374  Starch and protein are active metabolites in cell growth and morphogenesis. The
375  starch granule staining gradually lightened with SE development of O. henryi, and the
376  protein grain staining gradually darkened. Similar findings have been reported in
377  Picea sitchensis SE (Liu, 2009). The changes at different SE stages can be used as a
378  biochemical marker in O. henryi and provide important information for SE induction.

379 Compared with EC, the starch and protein granules staining were lighter in NEC.
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380  Similar results have been reported in Picea sitchensis (Liu, 2009)and Albizia lebbeck
381  (Saeed and Shahzad, 2015); similarly, the starch and protein granules staining were
382  lighter in BC and darker in SC. These phenomena were consistent with the results of
383  our quantitative analysis, which indicated that contents of energy substances that were
384  too low or too high were not conducive to callus development.

385 In summary, SE was a complex physiological process, and a single or two

386  indexes was insufficient to evaluate the SE mechanism in O. henryi. The

387  physiological indexes interacted with each other, and the results showed that energy
388  substances were the material basis of SE, which affected the enzyme activities,

389  regulated ROS metabolism, and thus regulated the morphogenesis and development
390  of somatic embryos. In addition, the contents and ratios of endogenous hormones

391  affected the dedifferentiation, dedifferentiation and embryogenesis of somatic cells.
392 The formation of NEC was related to low contents of energy substances. H,O, and
393  low enzyme activities; the high contents of soluble sugar, H,O,, AUX, CKs, and high
394  PPO activity and low content of soluble protein were the basic causes of BC

395  formation; the high-energy substance contents and low activities of SOD and POD
396  could easily form SC. The high contents of Gas and ABA, high ratios of ABA/CKs
397 and GAs/CKs, and low ratios of IAA/ABA, IAA/GAs, AUX/GAs, and AUX/ABA
398  were explanations for the inability of the callus to form EC. Based on the above

399  conclusion, the EC induction rate and frequency of EC transformation into a somatic
400 embryo in O. henryi might be regulated and improved by adjusting the external

401  conditions, such as the medium composition and culture environment, especially the
402  application of exogenous hormone types and concentrations.

403

404 MATERIALS AND METHODS

405  Plant materials

406  Mature seeds were collected from a 120-150-year-old O. henryi tree growing in
407  Mengguan town, Guiyang city (latitude: 26°14"23"N, longitude: 106°25'12"W) on

408 Nov 2017. The mature seeds were treated with concentrated H,S0, for 1 h, washed
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409  with tap water for 30 min, and disinfected in 75% alcohol for 1 min and then in 2%
410  NaClO for 8 min, followed by five rinses in sterile distilled water. Because the seed
411  coat is hard, the mature seeds were soaked in sterile water for 24 h to make them
412 swell and soften, which was conducive to stripping the mature embryos. Mature
413 embryos were used as the explant for SE induction (Wu et al., 2020).

414 The mature embryos were inoculated into B5 medium (Gamborg et al., 1968)
415  supplemented with 30 g/L sucrose, 500 mg/L glutamine, 2.5 g/L phytagel, 0.2 mg/L
416  6-benzylaminopurine (BA) and 2.0 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D) for
417  callus induction. The pH values of the medium were adjusted to 5.90+0.1 before
418  autoclaving 121°C for 20 min. After 6 weeks, callus were transferred into B5 medium
419  supplemented with 0.5 mg/L kinetin (KT), 1.0 mg/L 2,4-D for callus proliferation
420  induction; after 4 weeks, NEC (Fig. 1-a), BC (Fig. 1-b) , SC (Fig. 1-c) and EC (Fig.
421 1-d) were collected. GE (Fig. 1-e) was obtained after EC continued to be cultured in
422  the above medium for 2 weeks in the dark at 25 + 2°C. CE (Fig. 1-f) was obtained
423  after GE was cultured in B5 differentiation medium supplemented with 0.5 mg/L
424  thidiazuron (TDZ) and 0.2 mg/L naphthaleneacetic acid (NAA) for 60 days.

425 The different tissues were collected, the culture medium of tissue surface was
426  cleaned with deionized water. The tissues were placed in 5 ml centrifuge tubes,
427  quickly frozen in liquid nitrogen, and then transferred to -80 °C freezer for storage.

428

429  Biochemical analyses

430  The contents of energy substances, ROS, endogenous hormones and enzyme activities
431  in different tissues, such as NEC, BC, SC, EC, GE and CE, were determined. Fresh
432  tissues of 0.2-0.5g were obtained to detect and analyze biochemical events, with 3-5

433 replications performed per treatment.

434  Energy substances

435 The contents of soluble sugar and starch were determined using the sulfuric
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436  acid-anthrone method (Liu et al., 2016), and the soluble protein content was
437  determined using Coomassie brilliant blue (Bradford, 1976).

438

439  H,0, contents and enzyme activities

440  H,0O, was determined according to the method of Ferguson et al. (1983) method. SOD
441  activity was determined using the nitroblue tetrazolium method (Dhindsa et al., 1981).
442  PPO activity was determined by pyrocatechol colorimetry (Liu et al., 2016). POD
443  activity was measured using the guaiacol colorimetric method (Turkan et al., 2005).
444  The determination of APX activity was based on the method of Yoshiyuki and Kozi
445  (1981), and CAT activity was estimated according to Aebi(1984).

446

447  Endogenous hormones

448  The contents of endogenous hormones, such as AUX (indole-3-acetic acid [IAA],
449  methyl indole-3-acetate [ME-1AA], 3-indolebutyric acid [IBA], indole-3-carboxylic
450 acid [ICA], indole-3-carboxaldehyde [ICAId]), CKs (N6-isopentenyladenine [IP],
451  trans-zeatin [tZ], cis-zeatin [cZ], dihydrozeatin [DZ]), GAs (gibberellin Al [GA1],
452  GA3, GA4, GA7, GA9, GA15, GA19, GA20, GA24, GA53) and ABA, were
453  measured using the Metware Chttp://www.metware.cn/) method in different tissues.
454  The tissues were removed from -80 °C freezer and ground into a powder with a
455  grinder (MM 400, Retsch) (30 Hz, 1 min); then, 50 mg of the powdered tissues was
456  added as an internal standard of the appropriate amount and extracted with methanol:
457  water: formic acid = 15:4:1 (v: v: v). The extracts were concentrated and then
458  redissolved in 100 ul 80% methanol aqueous solution and filtered with 0.22 pm PTFE
459  filter membranes. They were then placed in sample bottles and analyzed using liquid
460  chromatography-tandem mass spectrometry (LC-MS/MS). The peak area of each
461  peak represented the relative content of the corresponding hormone. Finally, the

462  qualitative and quantitative analysis results were obtained for all sample hormones.
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Histochemical studies

The different tissues were fixed in FAA (formalin: acetic acid: 50% alcohol, 1:1:18)
for 24 h. The tissue was processed with an alcohol-xylol series and embedded in
paraffin. Sections (8 pm) were cut on a rotary microtome (Leica, Germany) and
dewaxed with xylol. Starch granules were stained with Schiff reagent (Liu, 2009), and
protein granules with naphthol yellow S reagent (Liu, 2009). Finally, the sections
were mounted with neutral balsam and examined under a DM3000 light microscope

(Leica, Germany).

Statistical analysis

The results were expressed as the mean + standard error for 3-4 replications per
treatment. They were analyzed by one-way ANOVA followed by Tukey’s test (p <

0.05) with SPSS (version 18).

Supplemental Data
Supplemental Energy substance

Supplemental H202 contents and enzyme activities

Supplemental hormones levels
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490 Tables

491  Table 1. Ratios of phytohormones during somatic embryogenesis in O. henryi.
492  Data are the means (xSD) of three replicates. The use of the same lowercase letters
493  indicates that the values were not significantly different according to Tukey’s test (p <
494  0.05). CKs represent the sum of cZ, tZ, DZ and IP contents. GAs represent the sum of
495 GA4, GA15 and GA19 contents. AUX represent the sum of IAA, ICAId and ME-1AA

496 contents.

Phytohormone
ratios NEC EC BC SC GE CE
IAA/ABA 0.16+0.02b 3.16+0.58a 0.57+0.1b 0.3+0.05b 0.74+0.2b 0.86x0.1b
IAA/CKSs 1.24+0.09a 2.38+0.04a 1.74+0.1a 1.3+0.3a 4+2a 0.88+0.2a

IAA/GAS 0.36+0.04c 2.94+0.17a 0.36+0.02c 0.33+0.03c 0.6+0.08bc 1.01+0.13b
AUXI/CKs 8.16+0.44a 8.22+0.26a 9.89+1.08a 7.89+1.51a 10.9+5.26a 2.72+0.43a
AUXI/GAs 2.38+0.62b  10.15+0.88a 2+0.06b 1.93+0.21b 1.71+0.33b 3.19+0.76b
AUX/ABA  1.07+0.14b  10.93+3.52a  3.16+0.61b 1.53+0.21b 2.02+0.63b 2.7+0.35b
ABA/CKs 7.69+0.68a  0.81+0.16b 3.3+0.6ab 5.2+1.1ab 5.5+2.7ab 1+0.1b
ABA/GAs 2.29+0.5a 0.99+0.16b  0.65+0.07b 1.3+0.2ab 0.9+0.1b 1.2+0.2ab

GAs/CKs 3.55+0.43a 0.81+0.04a 4.93+0.49% 4.02+0.59% 6.95+3.33a 0.88+0.18a

497
498

499  Figure Legends

500 Fig.1 Somatic embryogenesisin O. henryi.

501  (a-d) The mature embryos were inoculated into B5 medium supplemented with 30 g/L
502  sucrose, 500 mg/L glutamine, 2.5 g/L phytagel, 0.2 mg/L 6-benzylaminopurine (BA)
503 and 2.0 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D) for callus induction. After 6
504  weeks, callus were transferred into B5 medium supplemented with 0.5 mg/L kinetin

505 (KT), 1.0 mg/L 2,4-D for proliferation induction. After 4 weeks, non-embryogenic
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506  callus (a), browning callus (b), snowflake callus (c), and embryogenic callus (d) were
507  obtained.

508

509  (e) Globular embryo was obtained after embryogenic callus continued to be cultured
510 in B5 medium supplemented with 0.5 mg/L kinetin (KT), 1.0 mg/L 2,4-D for 6 weeks
511 inthe dark at 25+ 2°C.

512

513  (f) Cotyledon embryo was obtained after globular embryo was cultured in B5
514  differentiation medium supplemented with 0.5 mg/L thidiazuron (TDZ) and 0.2
515  mg/L naphthaleneacetic acid (NAA) for 60 days.

516

517 Fig. 2 Contents of soluble sugar, starch and protein during somatic
518  embryogenesis in O. henryi.

519  (I) Soluble sugar contents at different SE stages, such as EC, GE, and CE, and in
520 abnormal tissues, such as NEC, BC, and SC. Bars represent the meanzstandard error
521  of three independent experiments, bars denoted by the same letter are not significantly
522  different using the Tukey’s test (p< 0.05).

523

524  (II) Starch contents at different SE stages, such as EC, GE, and CE, and in abnormal
525  tissues, such as NEC, BC, and SC. Bars represent the meanzstandard error of three
526  independent experiments, bars denoted by the same letter are not significantly
527  different using the Tukey’s test (p< 0.05) .

528

529  (III) Protein contents at different SE stages, such as EC, GE, and CE, and in abnormal
530 tissues, such as NEC, BC, and SC. Bars represent the meanzstandard error of three
531 independent experiments, bars denoted by the same letter are not significantly
532  different using the Tukey’s test (p< 0.05).

533

534  Fig. 3 H,O; content and enzymatic activity during somatic embryogenesis in O.
535  henryi.
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536  (I) H20O, contents at different SE stages, such as EC, GE, and CE, and in abnormal
537  tissues, such as NEC, BC, and SC. Bars represent the mean + standard error of three
538 independent experiments, bars denoted by the same letter are not significantly
539  different using the Tukey’s test (p< 0.05).

540  (II) Polyphenoloxidase activity at different SE stages, such as EC, GE, and CE and in
541  abnormal tissues, such as NEC, BC, and SC. Bars represent the mean + standard error
542  of four independent experiments, bars denoted by the same letter are not significantly
543  different using the Tukey’s test (p< 0.05) .

544

545  (III) Superoxide dismutase activity at different SE stages, such as EC, GE, and CE
546 and in abnormal tissues, such as NEC, BC, and SC. Bars represent the mean +
547  standard error, bars denoted by the same letter are not significantly different using the
548  Tukey’s test (p< 0.05).

549

550 (IV) Ascorbate peroxidase activity at different SE stages, such as EC, GE, and CE
551 and in abnormal tissues, such as NEC, BC, and SC. Bars represent the mean *
552  standard error of four independent experiments, bars denoted by the same letter are
553  not significantly different using the Tukey’s test (p< 0.05).

554

555 (V) POD activity at different SE stages, such as EC, GE, and CE and in abnormal
556  tissues, such as NEC, BC, and SC. Bars represent the mean + standard error of three
557 independent experiments, bars denoted by the same letter are not significantly
558  different using the Tukey’s test (p< 0.05).

559

560 (VI) CAT activity at different SE stages, such as EC, GE, and CE and in abnormal
561  tissues, such as NEC, BC, and SC. Bars represent the mean + standard error of four
562  independent experiments, bars denoted by the same letter are not significantly
563  different using the Tukey’s test (p< 0.05).

564

565
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Fig. 4 Endogenous hormones contents during somatic embryogenesis in O.

henryi.

() Auxin (IAA, ICAId and ME-1AA) contents at different SE stages, such as EC,

GE, and CE, and in abnormal tissues, such as NEC, BC, and SC.

(IT) Cytokinin (cZ, tZ, DZ and IP) contents at different SE stages, such as EC, GE,

and CE, and in abnormal tissues, such as NEC, BC, and SC.

(IIT) Gibberellin acid (GA4, GA15 and GA19) contents at different SE stages, such as

EC, GE, and CE, and in abnormal tissues, such as NEC, BC, and SC.

(IV) Abscisic acid (ABA) contents at different SE stages, such as EC, GE, and CE,
and in abnormal tissues, such as NEC, BC, and SC. Data are the means * standard
error of three replicates. The use of the same lowercase letters indicates that the values

were not significantly different according to Tukey’s test (p < 0.05).

Fig. 5 Starch grains staining during somatic embryogenesis in O. henryi.

Starch granules were mainly distributed in cell wall and intercellular space, followed
by uneven distribution in cytoplasm, less in nucleus, and then the meristem staining
was dark. (a) Non-embryogenic callus. (b) Embryogenic callus. (c) Embryogenic
callus. (d) Browning callus. (e) Snowflake callus. (f) Globular embryo. (g) Heart-

shaped embryo. (h) Prophase of CE. (i) Cotyledon embryo.

Fig. 6 Protein grains staining during somatic embryogenesis in O. henryi.

Protein granules staining was relatively light, which was the most obvious in nucleus,
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591  followed by cytoplasm, and then there were more protein grains accumulated in the
592  meristems. (a) Non-embryogenic callus. (b) Embryogenic callus. (c) Browning callus. (d)
593  Snowflake callus. () Globular embryo. (f) Heart-shaped embryo. (g) Prophase of

594  cotyledon embryo. (h) Cotyledon embryo.

595
596
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Fig.1 Somatic embryogenesis in O. henryi.

(a-d) The mature embryos were inoculated into BS medium supplemented with 30
g/L sucrose, 500 mg/L glutamine, 2.5 g/L phytagel, 0.2 mg/L 6-benzylaminopurine
(BA) and 2.0 mg/L 2.4-dichlorophenoxyacetic acid (2,4-D) for callus induction. After
6 weeks, callus were transferred into BS medium supplemented with 0.5 mg/L kinetin
(KT), 1.0 mg/L 2,4-D for proliferation induction. After 4 weeks, non-embryogenic
callus (a), browning callus (b), snowflake callus (¢), and embryogenic callus (d) were
obtained. (e) Globular embryo was obtained after embryogenic callus continued to be
cultured in B5 medium supplemented with 0.5 mg/L kinetin (KT), 1.0 mg/L 2,4-D for
6 weeks in the dark at 25 + 2°C. (f) Cotyledon embryo was obtained after globular
embryo was cultured in B5 differentiation medium supplemented with 0.5 mg/L
thidiazuron (TDZ) and 0.2 mg/L naphthaleneacetic acid (NAA) for 60 days.
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Fig. 2 Contents of soluble sugar, starch and protein during somatic

embryogenesis in O. henryi.

(I) Soluble sugar contents at different SE stages, such as EC, GE, and CE, and in
abnormal tissues, such as NEC, BC, and SC. Bars represent the mean+standard error
of three independent experiments, bars denoted by the same letter are not significantly
different using the Tukey’s test (p< 0.05). (II) Starch contents at different SE stages,
such as EC, GE, and CE, and in abnormal tissues, such as NEC, BC, and SC. Bars
represent the mean+standard error of three independent experiments, bars denoted by
the same letter are not significantly different using the Tukey’s test (p< 0.05). (III)
Protein contents at different SE stages, such as EC, GE, and CE, and in abnormal
tissues, such as NEC, BC, and SC. Bars represent the mean+standard error of three
independent experiments, bars denoted by the same letter are not significantly
different using the Tukey’s test (p< 0.05).
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Fig. 3 H20: content and enzymatic activity during somatic embryogenesis in O.

henryi.

(I) H2O: contents at different SE stages, such as EC, GE, and CE, and in abnormal
tissues, such as NEC, BC, and SC. Bars represent the mean + standard error of three
independent experiments, bars denoted by the same letter are not significantly
different using the Tukey’s test (p< 0.05). (II) Polyphenoloxidase activity at different
SE stages, such as EC, GE, and CE and in abnormal tissues, such as NEC, BC, and
SC. Bars represent the mean + standard error of four independent experiments, bars
denoted by the same letter are not significantly different using the Tukey’s test (p<
0.05) . (IIT) Superoxide dismutase activity at different SE stages, such as EC, GE, and
CE and in abnormal tissues, such as NEC, BC, and SC. Bars represent the mean +
standard error, bars denoted by the same letter are not significantly different using the
Tukey’s test (p< 0.05). (IV) Ascorbate peroxidase activity at different SE stages, such
as EC, GE, and CE and in abnormal tissues, such as NEC, BC, and SC. Bars represent
the mean =+ standard error of four independent experiments, bars denoted by the same
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letter are not significantly different using the Tukey’s test (p< 0.05). (V) POD activity
at different SE stages, such as EC, GE, and CE and in abnormal tissues, such as NEC,
BC, and SC. Bars represent the mean + standard error of three independent
experiments, bars denoted by the same letter are not significantly different using the
Tukey’s test (p< 0.05). (VI) CAT activity at different SE stages, such as EC, GE, and
CE and in abnormal tissues, such as NEC, BC, and SC. Bars represent the mean +
standard error of four independent experiments, bars denoted by the same letter are
not significantly different using the Tukey’s test (p< 0.05).
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Fig. 4 Endogenous hormones contents during somatic embryogenesis in O.

henryi.

(I) Auxin (IAA, ICAld and ME-IAA) contents at different SE stages, such as EC, GE,
and CE, and in abnormal tissues, such as NEC, BC, and SC. (IT) Cytokinin (c¢Z, tZ,
DZ and IP) contents at different SE stages, such as EC, GE, and CE, and in abnormal
tissues, such as NEC, BC, and SC. (III) Gibberellin acid (GA4, GA15 and GA19)
contents at different SE stages, such as EC, GE, and CE, and in abnormal tissues, such
as NEC, BC, and SC. (IV) Abscisic acid (ABA) contents at different SE stages,
such as EC, GE, and CE, and in abnormal tissues, such as NEC, BC, and SC. Data are
the means + standard error of three replicates. The use of the same lowercase letters

indicates that the values were not significantly different according to Tukey’s test (p <
0.05).
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Prophase of CE

100 ua

Fig. 5 Starch grains staining during somatic embryogenesis in O. henryi.

Starch granules were mainly distributed in cell wall and intercellular space, followed
by uneven distribution in cytoplasm, less in nucleus, and then the meristem staining
was dark. (a) Non-embryogenic callus. (b) Embryogenic callus. (¢) Embryogenic
callus. (d) Browning callus. (e) Snowflake callus. (f) Globular embryo. (g)
Heart-shaped embryo. (h) Prophase of CE. (i) Cotyledon embryo.
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Fig. 6 Protein grains staining during somatic embryogenesis in O. henryi.

Protein granules staining was relatively light, which was the most obvious in nucleus,
followed by cytoplasm, and then there were more protein grains accumulated in the
meristems. (a) Non-embryogenic callus. (b) Embryogenic callus. (¢) Browning callus. (d)
Snowflake callus. (e) Globular embryo. (f) Heart-shaped embryo. (g) Prophase of
cotyledon embryo. (h) Cotyledon embryo.
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