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Abstract

Medicinal plant (MP) cultivation is taken into consideration for the sustainable use of MPs. The effort in developing
effective management of MPs has focused on biomass allocation of to the medicinal parts. Two experiments were designed
and carried out to explore genetic and environmental effects on the biomass partitioning patterns of Dendrobium officinale
Kimura et Migo in southwest China. We found that there were significant differences in the average of stem biomass (SB),
leaf biomass (LB), total biomass (TB), and stem length (SL), respectively, among nine provenances of D. officinale (p<0.01).
The allometric relationships differed among provenances, indicating different growth strategies in different provenances of
D. officinale. Significant differences in the average of SB, LB, TB, and SL, respectively, were also found among the same
provenance of D. officinale cultivated at five different sites (p<0.01). It suggested that environmental factors influenced the
biomass accumulation in the plants. These findings show that the biomass allocation of D. officinale was able to respond to
both genetic and environmental effects. Therefore, the provenances with high-yield should be selected for commercial
cultivation, and a suitable environment for D. officinale growth should be considered.
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Introduction

Medicinal plants (MPs) have a multi-billion-dollar
industry for their therapeutic value worldwide. The usage
of MPs rapidly increased along with market demand (Li
et al., 2015). Compared with wild non-MPs, wild MPs are
more threatened because of over-harvesting (Chi et al.,
2017). Cultivation of MPs is widely viewed as a solution
to relieve harvest pressure on natural plant populations
(Astutik et al., 2019). Therefore, cultivation practices and
good agricultural practices can be taken into consideration
for the sustainable use of MPs (Chen et al., 2016). For
example, the effort in developing effective management
of MPs has focused on increasing biomass allocation to
the medicinal parts (Zhang et al., 2017).

Plant allometry is the quantitative relationship
between the allocation of biomass to different structures
and the plant size (Weiner, 2004). Plant biomass
allocation may depend on environmental and genetic
factors (Geng et al., 2007; Pervaiz et al., 2010; Poorter
et al., 2012). Plants will allocate relatively more biomass
to their structures that can uptake of the most limiting
environmental factors. Moreover, the allocation of
biomass is also affected by many genes associated with
abiotic stress response (Vasseur et al., 2018). Therefore,
it is important to explore the effects of environments and
heritability on the allometry of plant biomass allocation
(Niklas et al., 2008; Xie et al., 2012). Many previous
studies have focused on intraspecific variability of tree
allometry (Oleksyn et al., 1999; Spinnler et al., 2003);
but in recent years, studies have added considerably to
understanding the allometry of herbaceous plants. For
example, in the study on Malva parviflora, the variations
in the environmental factors between different
bioclimatic regions affected the allometric relationships

of this species (Eideh & Elkarmi, 2005). Patty et al.,
(2010) found that several perennial herbs in the high
tropical Andes allocated more biomass on massive tap
roots because of the substantial grazing pressure and low
annual precipitation. In a previous study, changes in
biomass allocation of Coptis teeta, a perennial
herbaceous plant, might result from light availability
change caused by the cultivation method (Zhang et al.,
2015). However, plant allometry may not always be
altered by environmental changes. The variation in
biomass allocation of Laportea canadensi in response to
the environment was mediated by allometric realities
(Menges, 1987). Miller et al., (2000) found that the
changes in biomass allocation of herbaceous plant
species under different nutrient treatments were mainly a
result of overall plant size, indicating these species had
simple allometric trajectories.

Dendrobium  officinale ~ Kimura et  Migo
(Orchidaceae) is one perennial MP, and its stem is used in
East and Southeast Asian countries like other
Dendrobium plant species for maintaining gastric tonicity
and promoting salivary secretion (Ng et al., 2012). The
market demand for several Dendrobium species has made
the natural populations endangered (Liu et al., 2014). In
China, most D. officinale in markets are from tissue
culture and have been planted in greenhouses (Chen et al.,
2012). The cultivated D. officinale is rich in genetic
diversity, and the genetic relationships of D. officinale
germplasms were correlated with their geography
provenances (Yuan et al., 2011). Although the important
agronomic characteristics of this species, such as biomass
and length of the stem, are correlated with the provenance
(Gao et al., 2012; Xu et al., 2008; Zeng et al., 2013), our
knowledge on the allometry of different provenances D.
officinale remains lacking. In addition, environmental
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factors, such as humidity and temperature, were key
factors for D. officinale growth in greenhouse cultivation
(Yuan et al., 2020). Therefore, the following questions
have been addressed in this study: (1) Does the allometry
of D. officinale differ among provenances in the same
environment condition? (2) Does the allometry of the
same provenance of D. officinale differ at different sites?

Materials and Methods

Studying area and species: The study area was situated

in five different places: Menghai (N21°58'43",
E100°25'52", 1270 m.as.l.), Pu’er (N22°49'45",
E100°5927", 1350 m.a.s.l.), Puwen (N22°30'13",
E101°04'32", 860 m.a.s.l.), Wenshan (N23°19'45",

E104°15'41", 1250 m.a.s.l.), and Yuxi (N24°2601",
E102°31'53"”, 1660 m.a.s.l.) in Yunnan Province, China.
The employees in each site received the same training of
techniques for D. officinale cultivation. Seedlings of
nine provenances (YT-01 — YT-09) of D. officinale from
different places in Yunnan were obtained by tissue
culture from Yuxi Xiangxin Agricultural Plantation on
April 15, 2011. The plants were authenticated by
Professor Hang Jin at the Medicinal Plants Research
Institute, Yunnan Academy of Agricultural Sciences.
Healthy tissue culture seedlings of D. officinale that
were 4-5 cm in height were transplanted at a spacing of
15 ¢cm x 10 cm to seedling beds with sterilized barks of
Pinus yunnanensis as substrate (10 cm in depth). The
seedling beds were elevated to avoid contacting the
ground of the greenhouses. Plants were watered every
three days. The concentration of 0.1% NPK 15-15-15
fertilizer was applied to plants every five days in spring
and every seven days in summer.

Experimental design and sampling: Two experiments
were designed and carried out in this study. In
experiment 1, the seedlings of the nine provenances
were transplanted on April 15, 2011, in a greenhouse in
Yuxi. After 20 months the samples were harvested on
December 15, 2012 (Fig. 1). In experiment 2, the
seedlings of the provenance YT-08 were transplanted in
greenhouses on April 15, 2011, at five different places,
including Menghai, Pu’er, Puwen, Wenshan, and Yuxi.
The samples were harvested on the same day as those in
experiment 1.

When harvesting stems with leaves were cut from the
whole plant. Fifty-three to fifty-five stems with leaves
were randomly selected from each treatment. Only one
stem was collected from each individual. The stem length
(SL) was recorded after harvesting. Then, each specimen
was divided into stem and leaves and then was oven-dried
at 50°C to constant mass and then weighted to determine
the biomass. Total biomass (TB) was calculated as stem
biomass (SB) plus leave biomass (LB).

Statistical analysis

One-way ANOVA test was used to compare the
biomass or stem length among different provenances (or
the same provenance cultivated at different places).
Standardized Major Axis regression was employed for
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estimating the allometric relationships, using ‘smatr’ R
package (3.4) (Warton et al., 2012). The ‘sma’ function in
smatr was performed to compare the relationships among
different provenances or the YT-08 provenance cultivated
at different places (Warton et al., 2006; Warton et al.,
2012). A test of heterogeneity in slopes among different
provenances (or the same provenance cultivated at
different places) was run, using likelihood ratio statistic.
If the p value is above 0.01, which means the slopes are
not significantly different, we then tested for differences
in intercept or shift along the main axis of the allometric
relationships with Wald statistics (Zhang et al., 2015).
The figures were generated using R 3.5.3 (R Development
Core Team, 2019).

Fig. 1. Cultivated Dendrobium officinale plants in the

greenhouse.
Results

In experiment 1, there were significant differences in
the average of SB, LB, TB, and SL, respectively, among
provenances (one-way ANOVA; p<0.01; df=493).
Provenance YT-07 showed the greatest variation of SB,
LB, TB, and SL, compared with other provenances (Fig.
2). There was an allometric relationship in each log-log
relationship (p<0.001, Table 1), but the slope of
regressions differed significantly among provenances for
the relationships of SB to TB, LB to TB, LB to SB, and
SL to SB (p <0.001, Table 2, Fig. 3).
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Table 1. Regression parameters of the log-log relationships among different provenances of
Dendrobium officinale, estimated by the SMA regression.

. . Provenance 2 95% 95%
Relationship code r p Slope Cl of slope Intercept Cl of intercept
YT-01 0.979  <0.001 1.078  1.035,1.122 -0.169 -0.177, -0.161
YT-02 0.966  <0.001 1.078  1.025,1.133 -0.218 -0.227, -0.210
YT-03 0.944  <0.001 1.130  1.059, 1.207 -0.230 -0.243, -0.218
YT-04 0.986  <0.001 1115  1.079, 1.152 -0.228 -0.236, -0.219
logSB vs. logTB YT-05 0.924  <0.001 1.014  0.939, 1.094 -0.205 -0.213, -0.197
YT-06 0.906  <0.001 1.303  1.196,1.419 -0.272 -0.286, -0.258
YT-07 0.958  <0.001 1.028 0.972,1.087 -0.219 -0.245, -0.193
YT-08 0.969  <0.001 1.067 1.016, 1.120 -0.215 -0.225, -0.205
YT-09 0.952 <0.001 1.150 1.082,1.222 -0.256 -0.270, -0.242
YT-01 0.884  <0.001 0.925 0.841,1.015 -0.492 -0.508, -0.476
YT-02 0.900  <0.001 0.959  0.879,1.046 -0.406 -0.419, -0.393
YT-03 0.819  <0.001 0.937  0.834,1.053 -0.403 -0.421, -0.384
YT-04 0.944  <0.001 0.849  0.795, 0.906 -0.397 -0.409, -0.384
logLB vs. logTB YT-05 0.835  <0.001 1.136  1.016, 1.270 -0.418 -0.431, -0.405
YT-06 0.705  <0.001 0.861  0.741,1.002 -0.344 -0.360, -0.327
YT-07 0.893  <0.001 1.052 0.961, 1.151 -0.447 -0.490, -0.405
YT-08 0.889  <0.001 0.972  0.887,1.065 -0.423 -0.440, -0.405
YT-09 0.854  <0.001 0.899  0.810, 0.999 -0.371 -0.391, -0.352
YT-01 0.777 <0.001 0.858  0.754,0.977 -0.347 -0.380, -0.313
YT-02 0.766  <0.001 0.890 0.779,1.016 -0.212 -0.248, -0.176
YT-03 0.608  <0.001 0.829  0.698, 0.984 -0.212 -0.244, -0.179
YT-04 0.879  <0.001 0.761  0.692,0.838 -0.223 -0.237, -0.209
logLB vs. logSB YT-05 0.587 <0.001 1.120  0.939, 1.336 -0.188 -0.244, -0.133
YT-06 0.403  <0.001 0.661  0.534,0.819 -0.164 -0.209, -0.119
YT-07 0.738  <0.001 1.023 0.889,1.178 -0.223 -0.262, -0.185
YT-08 0.756  <0.001 0.911  0.796, 1.044 -0.227 -0.250, -0.204
YT-09 0.669  <0.001 0.782  0.668,0.916 -0.171 -0.193, -0.150
YT-01 0.673  <0.001 0.791 0.676,0.925 1.429 1.392, 1.467
YT-02 0.692 <0.001 0.673  0.578,0.784 1.278 1.246, 1.309
YT-03 0.741  <0.001 0.675 0.587,0.776 1.264 1.242,1.285
YT-04 0.590 <0.001 0.512  0.430,0.611 1.381 1.363, 1.398
logSL vs. logSB YT-05 0.189  <0.001 0.680 0.532,0.869 1.336 1.288, 1.384
YT-06 0.552 <0.001 0.595 0.494,0.716 1.204 1.170, 1.239
YT-07 0.719  <0.001 0.622  0.538,0.719 1.435 1.410, 1.459
YT-08 0.666  <0.001 0.803  0.685,0.940 1.343 1.319, 1.367
YT-09 0.443  <0.001 0.637  0.519,0.781 1.354 1.330, 1.378

SB, Stem biomass; TB, total biomass; LB, leaf biomass; SL, Stem length

Table 2. Tests for heterogeneity of slope and shift in intercept or location along the common slope for log-log

relationships among different provenances of Dendrobium officinale.

Relationship A shiftin 0 A shift in Shift the location along
slope? intercept? the common slope?
SBvs.TB Y <0.001 - - - -
LBvs. TB Y <0.001 - - - -
LB vs. SB Y <0.001 - - - -
SL vs. SB Y <0.001 - - - -

SB, Stem biomass; TB, total biomass; LB, leaf biomass; SL, Stem length
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In experiment 2, there were significant differences in
the average of SB, LB, TB, and SL, respectively, among
the samples collected from different sites (one-way
ANOVA; p<0.01; df=270). YT-08 samples from Yuxi
showed the greatest medians of SB, LB, and TB, whereas
the samples from Puwen showed the greatest median of
SL (Fig. 4). An allometric relationship has been found in

every log-log relationship. In the relationships of SB to
TB, LB to TB, and LB to SB, YT-08 samples from
different sites had the same slope but the intercepts were
different significantly (p<0.001, Table 3, Fig. 5).
However, the slopes differed significantly among the
samples from different sites for the regression of stem
length versus stem biomass (p=0.009, Table 4).
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Fig. 2. Stem biomass, leaf biomass, total biomass, and stem length of different provenances of Dendrobium officinale.
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Fig. 3. Relationships of stem biomass and leaf biomass to total biomass, as well as leaf biomass and stem length to stem biomass of
different provenances of Dendrobium officinale.
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Table 3. Regression parameters of the log-log relationships in YT-08 provenance of Dendrobium officinale
cultivated at different sites, estimated by the SMA regression.

. . . 2 95% 95%
Relationship Site r p Slope Cl of slope Intercept Cl of intercept
Yuxi 0.969 <0.001 1.067 1.016, 1.120 -0.215 -0.225, -0.205
Wenshan 0.862 <0.001 1.174 1.060, 1.300 -0.233 -0.250, -0.217
logSB vs. logTB Pu’er 0.965 <0.001 1.094 1.040, 1.152 -0.147 -0.156, -0.139
Menghai 0.958 <0.001 1.150 1.086, 1.218 -0.243 -0.258, -0.228
Puwen 0.954 <0.001 1.077 1.014, 1.144 -0.212 -0.224, -0.200
Yuxi 0.889 <0.001 0.972 0.887, 1.065 -0.423 -0.440, -0.405
Wenshan 0.752 <0.001 1.033 0.901, 1.184 -0.370 -0.390, -0.350
logLB vs. logTB Pu’er 0.741 <0.001 0.978 0.850, 1.124 -0.539 -0.560, -0.518
Menghai 0.867 <0.001 0.892 0.805, 0.988 -0.385 -0.406, -0.364
Puwen 0.866 <0.001 1.002 0.904, 1.111 -0.419 -0.438, -0.399
Yuxi 0.756 <0.001 0.911 0.796, 1.044 -0.227 -0.250, -0.204
Wenshan 0.391 <0.001 0.880 0.711, 1.089 -0.165 -0.232, -0.098
logLB vs. logSB Pu’er 0.566 <0.001 0.893 0.746, 1.070 -0.407 -0.449, -0.366
Menghai 0.704 <0.001 0.776 0.666, 0.904 -0.196 -0.236, -0.156
Puwen 0.692 <0.001 0.930 0.797, 1.087 -0.221 -0.267, -0.176
Yuxi 0.666 <0.001 0.803 0.685, 0.940 1.343 1.319, 1.367
Wenshan 0.488 <0.001 0.665 0.547, 0.809 1.387 1.341,1.433
logSL vs. logSB Pu’er 0.688 <0.001 0.608 0.522, 0.709 1.314 1.290, 1.338
Menghai 0.490 <0.001 0.534 0.437, 0.652 1.404 1.368, 1.441
Puwen 0.658 <0.001 0.754 0.640, 0.888 1.459 1.420, 1.498
SB, Stem biomass; TB, total biomass; LB, leaf biomass; SL, Stem length
e o 1 R L
w o ! - —_— E
2 1 | : | o < ——
3 - = 1= o] 4 T 4L
_:_ T | T T I _:_ T T T
Menghai Pu'er Puwen Wenshan Yuxi Menghai Pu'er Puwen Wenshan Yuxi
s “7 ’ o g 7] 3 :
El o+ — |l 5a] - T e
kS | _ 3 o & T —
: ' T N Lo [—WE
_:_ _:_ _:_ T T T T T T T
Menghai Pu'er Puwen Wenshan Yuxi Menghai Puer Puwen Wenshan Yuxi

Fig. 4. Stem biomass, leaf biomass, total biomass, and stem length of YT-08 Dendrobium officinale at different sites.
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Table 4. Tests for heterogeneity of slope and shift in intercept or location along the common slope for log-log
relationships in YT-08 provenance of Dendrobium officinale cultivated at different sites.

Relationship Ashiftin D _A shift in D Shift the location along
slope? intercept? the common slope?
SBvs.TB N 0.201 Y <0.001 - -
LBvs. TB N 0.427 Y <0.001 - -
LB vs. SB N 0.488 Y <0.001 - -
SL vs. SB Y 0.009 - - - -

SB, Stem biomass; TB, total biomass; LB, leaf biomass; SL, Stem length
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Fig. 5. Relationships of stem biomass and leaf biomass to total biomass, as well as leaf biomass and stem length to stem biomass of
YT-08 Dendrobium officinale at different sites.

Discussion population distribution and limited gene flow mainly due to
habitat fragmentation and loss (Ding et al., 2008; Li et al.,
Genetic effects on biomass allocation: Provenance often  2008; Hou et al., 2012). This could be the reason for the
results in different changes in the characteristics of the same observed differences among the provenances in our study.
plant species collected from different places (Osterc et al.,  The allometric relationships differed among provenances D.
2017). Prock & Korner (1996) have discovered that the  officinale, indicating different growth strategies in different
herbaceous plant Ranunculus glacialis transplanted from provenances. Therefore, the provenances with high-yield
northern Sweden to Austria showed significantly lower leaf ~ should be selected for commercial cultivation to meet the
weight ratio when compared with the local Austria  market demand.
transplants. Our data indicate that the different provenances
of D. officinale grown under the uniform environmental Environmental effects on biomass allocation: Site-
conditions showed differences in biomass allocation and  specific variation in plant biomass allocation is widely
stem length. Similar results have been achieved for D. known in response to numerous selection pressures for
denneanum (He et al., 2010). Previous studies on wild D. adaptations to environmental changes (Bonser & Aarssen,
officinale plants suggested that there was low genetic ~ 2003; Enquist & Niklas, 2002; Kamal et al., 2021; Weiner,
diversity of the species at the population level but high at the ~ 2004). Small vascular epiphytes could adjust their relative
species level, which was most likely resulting from growth rate in response to optimal environmental
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conditions (Laube & Zotz, 2003). For example, the
epiphytic orchids can adjust to light availability by
morphophysiological changes, (Pires et al., 2012). In the
case of Dendrobium species, plant growth could be
affected by temperature (Ai et al., 2010), light (Zheng et
al., 2012), and substrate (Xie et al., 2017).

In our study, the environmental effects on the growth
of YT-08 of D. officinale existed. Considering that the
same substrate and fertilizer were used for the cultivation
of YT-08 of D. officinale at different sites in this study,
environmental factors such as light, temperature, or
moisture could be the key factors that influence the
biomass accumulation in the plants. In a previous study,
significant differences of the contents of two phenolic
components, quercetin and erianin, have also been
detected in the stems of YT-08 D. officinale from
Menghai, Pu’er, and Puwen (Wang et al., 2018). Many
plants have developed the mechanisms to produce large
amounts of phenolic compounds which are very important
for their interaction with the environment (Malik et al.,
2012; Cheynier et al., 2013). The differences in the
allocation of biomass and the contents of the phenolic
compounds in YT-08 D. officinale reflected the
environmental differences of the cultivation places.

Conclusion

Our data show that the allometry of D. officinale
differed among provenances in the same environmental
condition and the allometry of the same provenance of D.
officinale differed at different sites. Overall, the results
indicated that the allometry of D. officinale can be the
response to the comprehensive effects of genetic and
environmental factors.
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