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A B S T R A C T   

Phalaenopsis is an important ornamental pot plant for the global horticultural market. The inflorescences of 
Phalaenopsis horticultural hybrids require support from a stick during plant cultivation because of the weight of 
multiple large flowers. Developing a horticultural hybrid with a sufficiently lignified inflorescence stem that does 
not require additional support could be a way to reduce the costs of production. This study aimed to (i) determine 
the orientation and degree of lignification in the inflorescence stem of different species and horticultural hybrids 
of Phalaenopsis and investigate whether these lignification patterns follow any (ii) topological or (iii) phyloge-
netic pattern of interest to further explore in genetic precision breeding. Inflorescences of comparable devel-
opmental stages of six species and 17 horticultural hybrids of flowering Phalaenopsis orchids were sampled. The 
orientation of the inflorescence varied from erect, sub-erect, arching, to pendant. The degree of lignification was 
measured with ImageJ using stained microscopic tissue sections and statistically analyzed. A molecular phy-
logeny of the species of Phalaenopsis was reconstructed based on plastid and nuclear ribosomal DNA sequences to 
analyze phylogenetic patterns. Our results show a significant difference in the degree of lignification between the 
different Phalaenopsis species and hybrids, between peduncle and rachis, and among the six different inflores-
cence positions analyzed. We found a positive correlation between inflorescence orientation and the proportion 
of lignified area per total stem area and the proportional thickness of the lignified fiber walls in the peduncle. We 
conclude that the degree of lignification is heritable, as we observed among our sample size a higher positive 
correlation between stem lignification variables among closely related taxa compared to more distantly related 
ones. However, a larger species sampling is needed to further validate our results.   

1. Introduction 

Phalaenopsis is one of the 726 orchid genera (Christenhusz and Byng, 
2016). Over 73 species, seven sub-species and nine natural hybrids of 
Phalaenopsis are currently recognized (WCSP) and 37.646 horticultural 
hybrids are registered with the Royal Horticultural Society (RHS). 
Phalaenopsis has a major role in the world floriculture industry with a 

global share comprising around 10% of the international fresh-cut 
flower trade. The Netherlands currently has 67% of the world’s orchid 
market share (De et al., 2015), where 8 million flowering Phalaenopsis 
plants in 2000 to 150 million in 2015 are produced (Grosscurt, 2017). 
This makes Phalaenopsis a vital export product that needs constant 
improvement to keep up with international competing markets (Tang 
and Chen, 2007). Horticultural cultivars have been produced by crossing 
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two or more wild species with horticultural varieties, or hybrids with 
hybrids (Hsu et al., 2018). The most important targets of Phalaenopsis 
breeding program include flower color, flower size, stalk length, leaf 
shape and ornamentation, flower longevity, ease of cultivation, and 
disease resistance (Hsu et al., 2018; Li et al., 2021; Tang and Chen, 
2007). Phalaenopsis hybrids are divided into two categories: standard 
flowers and novelty (Tang and Chen, 2007). Cultivars in the standard 
flower group have few inflorescences with large-sized flowers whereas 
novelty group consists of new types of Phalaenopsis cultivars including 
harlequin and multifloral (Tang and Chen, 2007). The harlequin type 
consists of flowers with unique patterns, and is derived from P. ‘Golden 
Poker’, which has dramatic colors with large spots, distributed in a 
random pattern (Chen et al., 2004). The multiflora type has multiple 
inflorescences with smaller flowers (Lopez et al., 2007). 

The inflorescence of Phalaenopsis is made up of a peduncle and a 
rachis: the first part is the basal one and only carries sterile bracts; the 
latter is the apical one and bears floral bracts and flowers that are placed 
distichously along the main axis. In nature, the inflorescence architec-
ture of orchids is the compelling character for successful pollination, 
fruit development and seed dispersal (Iwata et al., 2012; Wyatt, 1982). 
Natural species and horticultural hybrids, that were developed from the 
natural species, have a variation of inflorescence orientations (De et al., 
2015) categorized as erect, sub-erect, arching, and pendant. Many 
Phalaenopsis inflorescences have a pendant or arching orientation, 
which are supported by a stick during flower development in cultiva-
tion. The downside of this procedure is the amount of time and human 
resources it takes to replace the sticks with larger ones during plant 
growth, a process that cannot be robotized. A solution could be the 
development of hybrids that have inflorescences with an upright or erect 
orientation with more mechanical strength of especially the basal part so 
that they are not dependent on a wooden stick to stay upright. 

1.1. Lignification of plants 

Lignin is one of the major components of plant cell walls, and is 
formed by the direct deposition of polyphenolic compounds present in 
secondary cell walls of various cell types, notably sclerenchyma fibers 
and sclereids that are scattered across many different tissues and organs 
(Barros et al., 2015). Lignin metabolism plays a pivotal role in the 
adaptation to different environmental biotic and abiotic stress factors 
across many herbaceous and woody angiosperms (Dória et al., 2018; 
Dória et al., 2019; Lens et al., 2013, 2016; Schwallier et al., 2017; 
Thonglim et al., 2020). In orchids, lignification has been recorded from 
root velamen (Joca et al., 2017; Pridgeon et al., 1983), stems 
(Schweingruber and Börner, 2018), peduncles (Bercu et al., 2012), and 
fruits (Dirks-Mulder et al., 2019). In Phalaenopsis, lignification is re-
ported from the stem, roots, and peduncle (Bercu et al., 2012). Research 
on the degree of lignification of different parts of the inflorescence of 
orchids in general, and Phalaenopsis in particular, has not yet been 
carried out. 

1.2. Aim of this study 

This study carried out an inventory of the inflorescence orientation 
and degree of lignification of the peduncle and rachis of a total of six 
natural species and 17 horticultural hybrids of Phalaenopsis. In addition, 
we also surveyed the degree of lignification of six different positions 
across peduncle and rachis on the basal, middle, and apical parts of four 
Phalaenopsis hybrids. The data were subsequently statistically analyzed 
with the aim to (i) determine the degree of lignification and (ii) inves-
tigate whether the different lignification patterns and orientation 
observed follow any topological and/or phylogenetic pattern to further 
explore in genetic precision breeding. We hypothesized the following: 
(1) there is a different degree of lignification between species and hor-
ticultural hybrids; (2) the most basal parts of the peduncle in general and 
taxa with erect peduncles in particular contain the most lignified cells; 

and (3) lignification and orientation are inheritance characters for spe-
cies and hybrids of Phalaenopsis. 

2. Material and methods 

2.1. Plant materials 

Natural species of Phalaenopsis and horticultural cultivars were 
selected representing different orientations of the inflorescence and 
their economic importance (Table S1). A total of 23 different plants, 
consisting of six species of Phalaenopsis and 17 horticultural hybrids, 
were obtained from horticulture company Dümmen Orange, the 
Netherlands B.V (https://emea.dummenorange.com/site/en) and other 
retailers. In this research, four main types of inflorescence orientations 
were investigated (Fig. 1). The first category consisted of erect in-
florescences, in which the peduncle and rachis have an upright position. 
The second category consisted of a sub-erect inflorescence, in which the 
peduncle and rachis have a nearly erect orientation, deviating up to 15◦

from a vertical orientation. The third category comprises arching in-
florescences, in which the peduncle is oriented upwards but the rachis 
apex is facing downwards. The last category had pendant inflorescences, 
in which both the peduncle and rachis grow downwards. Examples of 
different natural species of Phalaenopsis with the four categories of in-
florescences investigated are depicted in Fig 2. 

We sampled inflorescences of comparably sized plants, of which 
40–50% of the flowers were open. In this stage, the inflorescence is fully 
developed in Phalaenopsis (Christenson, 2009; Paradisoand De Pascale, 
2014). In this way, we standardized sampling and ensured that tissues 
among the different genotypes analyzed were of a comparable devel-
opmental stage and age. The inflorescence was removed at the base of 
the peduncle. The freshly harvested inflorescence was dissected in two 
parts: the rachis (i.e., the apical part containing the flowers and floral 
bracts) and the peduncle (i.e., the basal part only having sterile bracts). 
We compared the difference in selected lignification variables in 
peduncle and rachis of 23 Phalaenopsis natural species and hybrids. 

The degree of lignification was investigated in more detail at six 
different positions of the peduncle and rachis of four Phalaenopsis hor-
ticultural hybrids. These hybrids were selected based on variation in the 
orientation of the inflorescence of the corresponding parental lines. 
These were Phalaenopsis ”Lausanne”, P. “Liodoro”, P. Sunny Smell and P. 
“Macassar” X “Samera”, all clonally propagated. 

Both the peduncle and rachis of each plant were divided into three 
parts: the lowest part (0.5 cm from the base of the peduncle), the middle 
part (0.5 cm from the second node counted from the base), and the upper 
part (0.5 cm from the third/last node before the onset of the rachis) of 
the peduncle, and the lowest part (0.5 cm from the first node of the 
rachis counted from the base), middle part (0.5 cm from the middle node 
of the rachis), and upper part of the rachis (0.5 cm from the last node of 
the rachis) (Fig. 3). Fresh cuttings were preserved for at least 24 h in 
70% (v/v) ethanol before embedding. 

2.2. LR white embedding 

The LR white embedding process followed the detailed protocol 
described by Hamann et al. (2011). Approximately 5 mm of each 
transverse section of inflorescence was removed and dehydrated in 
ethanol absolute for at least 1 h. Next, the LR-white resin (Agar Scientific 
Ltd., Stansted, Essex, UK) infiltration process was initiated with 
increasing steps of ethanol 100%: LR White resin ratios (3:1, 2:1, 1:1, 
1:2, 1:3) with an incubation time of at least 8 h for each change. The 
tubes were placed under vacuum with a vacuum gas pump (VWR, 
Radnor, Pennsylvania, USA) for 30 min between each ratio step and 
stored in the refrigerator during infiltration. In the last infiltration step, 
sections were thoroughly infiltrated in 100% LR-white resin overnight. 
Gelatin capsules (Electron Microscope Sciences, Hatfield, Pennsylvania, 
USA) were placed vertically in molds, filled with LR-white and a small 
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label, and stem samples were placed vertically in these molds. Finally, 
the closed capsules were polymerized at 60 ◦C for 48 h. 

2.3. Sectioning and staining 

Samples were sectioned using a Leica RM2265 microtome with 
disposable Tungsten Carbon blades (Leica, Eisenmark, Wetzlar, Ger-
many) with a thickness of 4 μm. The sections were placed on a drop of 
40% acetone on a microscope slide and fixated on a hot plate for at least 
1 hr at 60 ◦C. The microscope slides in triplicate sections were stained 
with toluidine blue (1% (w/v) (VWR chemical BDH®, Radnor, Penn-
sylvania, USA) in 1% (w/v) borax for 30 s, then rinsed with distilled 
water, air-dried, and mounted with DPX new-100,579 (Merck Chemicals 
B.V., Amsterdam, North-Holland, the Netherlands), covered with a 
coverslip, and photographed after 48 h. Photographs were made with a 
Zeiss stacking microscope Discovery V20 (Carl Zeiss AG., Oberkochen, 
Germany) with Axiovision SE64 Rel. 4.9.1 software (Carl Zeiss AG., 
Oberkochen, Germany). 

2.4. Measurement of the degree of lignification 

We chose to carry out an anatomical survey and histological light 
microscopy to localize and quantify the lignin content of different cells 
(Bercu et al., 2012; Dória et al., 2018; Dória et al., 2019; Lens et al., 
2013; Schwallier et al., 2017; Thonglim et al., 2020). The measurements 
were done with Fiji-Image J software (Schindelin et al., 2012) by using 
photographs of the cross-section slices made from 4 µm stained tissue 
sections. Light Microscope images of toluidine blue stained sections 
were analyzed with ImageJ (Rueden et al., 2017). Toluidine blue is used 
to stain polysaccharides and lignin in cell walls. The intensity of the blue 
color is different depending on the deposition of lignin. Higher deposi-
tion of lignin in the cells was recognized by a higher intensity (or darker) 
blue color of stained cell walls (Figs. 4 and 5). 

Variables recorded from the sections were diameter of the stem in 
cross section (mm), total stem area in cross section (mm2), and lignifi-
cation characters like: lignified stem area (mm2), proportion of lignified 
area per total stem area, fiber cell area (µm2), fiber lumen area (µm2), 
fiber wall area (µm2), and proportion of fiber wall area per fiber area 
(which is a measurement of fiber wall thickness). We classified the de-
gree of lignification based on the proportion of lignified area per total 
stem of the lowest part of the peduncle and rachis per genotype in 
triplicate. (Table 1 and Figs. 4 and 5). 

2.5. Analysis of variance 

Two different statistical analyses were performed by using a two-way 
MANOVA. The first analysis was carried out to determine the variation 
between the different natural species and horticultural hybrids on the 
one hand and inflorescences on the other (Data S1), and the second 
analysis was performed to assess the variation of the different horti-
cultural hybrids on the one hand and the different positions on the 
inflorescence analyzed on the other hand (Data S2). If there were sig-
nificant effects among the treatments, the mean values of the treatments 
were further tested using Tukey (HSD) at p = 0.05. The MANOVA, 
including the HSD-test were performed in IBM SPSS version 26 (IBM 
Corporate Netherlands, Amsterdam, North-Holland, the Netherlands). 
Data visualization of MANOVA results was made by using the ggplot2 
package version 3.3.3 (Wickham, 2016) in R studio version 1.2.5033 (R 
Team, 2019). 

2.6. Relationship between phenotypes and genotypes 

Analyses were performed to investigate the correlation between 
dependent variables of the peduncle and rachis of the 23 Phalaenopsis 
genotypes investigated. The orientation of the inflorescence was 
included in this analysis with the following categories: (1) pendant: 
hanging downward; (2) arching: moderately curved-arched; (3) sub- 
erect: standing up or growing in a nearly erect position; and (4) erect: 
fully upright. Pearson correlation coefficients were computed using R 
version 3.6.2 (RC 2016) in R studio version 1.2.5033 (R Team, 2019) 
using the cormat package (Meyer, 2010). Pearson correlation criteria 
were classified as high (≥ ± 0.50 to ± 1), medium (≥ 0.30 to < ± 0.50), 
and low (< ± 0.30). Finally, we performed PCA analyses by operating R 
using the factoextra package (Kassambara and Mundt, 2020). 

2.7. Genetic variation, heritability, and genetic advance of lignification 
characters of different species and horticultural hybrids of Phalaenopsis 
orchids 

Lignification data from the peduncle and rachis of the 23 Phalae-
nopsis natural species and horticultural hybrids investigated were sta-
tistically analyzed as follows. The different orchid individuals were 
treated as ‘genotypes’ (expressed by variance σ2

g) and the variety in 
their lignification data as ‘phenotypes’ (expressed by variance σ2

p) based 
on Eqs. (1)–(2): 

Value of phenotypic variance
(
σ2

p
)
= MSt

/
r (1)  

Fig. 1. Schematic overview of different orientations of the inflorescences in Phalaenopsis. A. Erect. B. Sub-erect. C. Arching. D. Pendant. Color code: brown=
peduncle, and green= rachis. Scale bar: 1 cm. Illustrations by Esmée Winkel. 
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Value of genotypic variance
(
σ2

g
)
= (MSt − MSe)

/
r (2)  

where MSt is the mean square of the treatment, MSe is the mean square 
error, and r is the number of replications. 

The genotypic coefficient of variation (GCV) and phenotypic coeffi-
cient of variation (PCV) were calculated using the following formulas, as 
suggested by Burton (1952). 

Genotypic coefficient of variation (GCV) =
̅̅̅̅̅̅̅
σ2

g
√

x
× 100% (3)  

Phenotypic coefficient of variation (PCV) =
̅̅̅̅̅̅̅
σ2

p
√

x
× 100% (4)  

where x is the grand mean of a character. According to Deshmukh et al. 

(1986), PCV and GCV values greater than 20% are regarded as high, 
values between 10% and 20% are regarded as a medium, and values less 
than 10% are considered as low. 

The estimation of broad-sense heritability using the formula as 
suggested by Falconer (1996) was calculated as shown in Eq. (5): 

Broad-sense heritability
(
h2

B
)
=

(
σ2

g
)/(

σ2
p
)

(5)  

where h2
B is broad-sense heritability. The heritability criteria were 

based on McWhirter (1979). Low heritability was indicated by a value of 
h2

B < 0.2, medium heritability by 0.2 ≤ h2
B ≤ 0.5 and high heritability 

by h2
B > 0.5. 

The expected genetic advance (GA) and genetic advance as a per-
centage of the mean (GAM) were calculated as shown in Eq. (6) and (7): 

Fig. 2. Variation of inflorescence architecture in Phalaenopsis. A. Phalaenopsis pulcherrima has an erect peduncle and rachis. B. Phalaenopsis equestris has an erect 
peduncle and sub-erect rachis. C. Phalaenopsis amboinensis has an arcuate peduncle and rachis. D. Phalaenopsis amabilis has a pendant peduncle and rachis. Pho-
tographs by Dewi Pramanik (A–C) and Suskandari Kartikaningrum (D). Scale bars: 1 cm. 
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GA = h2
B × σp × k (6)  

GAM = (GA / x) × 100% (7)  

where k is the standardized selection differential at 5% selection in-
tensity (k = 2.063), x is the grand mean of a character, and σp is the 
square root of phenotypic variance (Johonson et al., 1955). Since 

environmental factors may affect heritability, we calculated the Genetic 
Advance as a percentage of the Mean (GAM) for predicting genetic gain 
in the selection process (Roychowdhury and Randrianotahina, 2011). 
Values of genetic advance as a percentage of the mean from 0 to 10% are 
recognized as low, 10 to 20% as moderate, and 20% and above as high. 

2.8. Phylogenetics and ancestral state reconstruction 

A molecular phylogeny of the 17 Phalaenopsis species assessed in this 
study was reconstructed based on plastid trnL, trnL-trnF and nuclear ri-
bosomal nrITS sequences available in NCBI GenBank- (https://www. 
ncbi.nlm.nih.gov/genbank/) (Benson et al., 2015). We included Hygro-
chilus parishii, Ornithochilus difformis, and Vanda tricolor as outgroups 
(Zou et al., 2015). We aligned the sequences using MAFFT (Multiple 
Alignment using Fast Fourier Transform) and concatenated the align-
ments in Geneious Prime 2020 (https://www.geneious.com). Missing 
data were applied when a DNA sequence was not available in NCBI 
GenBank. These datasets were analyzed with MrBayes v.3.2.6 using the 
following parameters: number of generations Ngen=50 × 106 for the 
combined and individual datasets, number of runs (nruns=2), number of 
chains to run (nchains=4), temperature parameter (temp=2) and sam-
pling frequency of 1000 yielding 50,001 trees per run. The log files from 
MrBayes were inspected in Tracer v.1.6 to check the convergence of 
independent runs (i.e. with estimated sample size (ESS) > 200). The 
initial 25% of trees were discarded as burn-in, and the resulting trees 
were used to obtain a 50% majority-rule consensus tree. 

To reconstruct ancestral states (ASRs) of inflorescence architecture, 
we categorized peduncle and rachis orientation as either erect, sub- 
erect, arching, or pendant (Figs. 1 and 2). Information on inflores-
cence orientation was obtained from our observations and from Chris-
tenson (Christenson, 2009). Inflorescence lignification was categorized 
into high, medium, and low based on our measurements (Table 2). We 
used a randomly sampled set of 1000 trees from the post burn-in sample 
of the 50,000 ultrametric trees obtained from MrBayes. The ultrametric 
trees were obtained with PATHd8, a program for phylogenetic dating 
without a molecular clock (https://www2.math.su.se/PATHd8/;(Brit-
ton et al., 2007; Schoch et al., 2009). 

The resulting trees and the 95% highest posterior density (HPD) 
estimations were visualized in FigTree v1.4.3 (Rambaut, 2006) and 
manipulated with R programming language (R Team, 2016) under R 
studio (RStudio Team, 2020) using the package APE (Paradis et al., 
2004), ggtree (Yu et al., 2016), and phytools (Revell, 2012). 

ASRs were analyzed with Maximum Likelihood (ML) and stochastic 
character mapping (SCM) using ultrametric trees (Bogarín et al., 2019). 
For the ML approach, we tested several models: equal rates (ER), sym-
metrical (SYM), and all rates different (ARD) with the re-rooting method 
of Yang et al. (1995) and the function ACE implemented in the R 
packages APE, ggtree, and phytools. A likelihood ratio test, comparing 
the log-likelihoods among models, was used to select the best-fitting 
model. Character correlations were tested with Bayesian Inference 
with BayesTraits V3 (Pagel, 1999, 1994; Pagel et al., 2004; Pagel and 
Meade, 2006). We chose the method Multistate and MCMC parameters 
of 30,010,000 iterations, sample period of 1000, burn-in of 10,000, auto 
tune rate deviation and stepping stones 100 10,000. We used the method 
Reversible-Jump MCMC with hyper-prior exponential to assess the best 

Fig. 3. Schematic overview of light microscopy sections made from six 
different positions distributed over the peduncle and rachis of Phalaenopsis. 
Abbreviations: Pl: lower part of peduncle, Pm: middle part of peduncle, Pu: 
upper part of peduncle, Rl: lower part of rachis, Rm: middle part of rachis, Ru: 
upper part of rachis. Scale bar: 1 cm. Illustration by Esmée Winkel. 

Fig. 4. Series of 4 μm thick light microscopy sections sampled from six different positions of the inflorescence of Phalaenopsis “Liodoro”. The section was stained with 
toluidine blue. A lower peduncle (A), middle peduncle (B), upper peduncle (C), lower rachis (D), middle rachis (E), and upper rachis (F). Scale bar: 1 mm. 
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fitting models in proportion to their posterior probabilities according to 
the MCMC approach. We chose the hyper-prior approach as recom-
mended by Pagel and Meade (2006) to reduce the arbitrariness when 
choosing priors. We selected the option reversible jump hyper-prior 
exponential with prior distribution set according to the transition 
ranges obtained from a preliminary ML analysis. To evaluate the cor-
relation of characters, we relied on a Bayes Factors test using the mar-
ginal likelihood from the stepping stone sampler. 

3. Results 

3.1. Variation in lignification of different inflorescence parts among 
Phalaenopsis genotypes investigated 

We found a substantial variation in lignification along the peduncle 
and rachis across the 23 Phalaenopsis natural species and horticultural 
hybrids analyzed. The area of sclerenchyma and the area of fiber cell 
wall decreased from the lower part of the peduncle to the upper part of 
the rachis, indicating a degree of lignification corresponding to the stem 
development stages or the age of the tissue. The highest proportion of 
lignified area per total stem area (PLIG) was detected in the lower part of 
the peduncle of P. viridis, P. “Purple Gem” (a horticultural hybrid 
resulting from crossing P. pulcherrima with P. equestris), P. Sunny Smell, 
and P. “Macassar” x “Samera”, the lowest proportion in the rachis of 
P. violacea var. “Alba” (Data S1 and Table 2). 

The stem diameter (D) of the peduncle and rachis varied between 
1.61–6.12 mm. The smallest was found for the rachis of P. amabilis (D of 
1.61 mm) and the largest for the rachis of P. “Liodoro” (D of 6.12 mm). 
The stem area (AS) of the peduncle and rachis also varied among the 
genotypes and parts of the inflorescence investigated. The largest AS was 
found for the peduncle of P. “Liodoro” (27.78 mm2), and the smallest for 
the rachis of P. amabilis (2.16 mm2) (Table 2). 

The measurement results of characters related to lignification were 
as follows: the largest lignified stem area (mm2) (ALIG) was found for the 
peduncle of P. “Liodoro” (4.17 mm2). In contrast, the smallest ALIG was 
measured for the rachis of P. amabilis (0.21 mm2). A higher proportion of 
lignified area per total stem area (PLIG) was found for the peduncle of 
P. viridis, P. Sunny Smell, P. “Macassar” x “Samera”, and P. “Purple 
Gem”, (0.16, 0.17, 0.17, and 0.19; respectively) with the lowest found 
for the rachis of P. violacea var. “Alba” (0.06) (Table 2). 

Among the genotypes tested, the largest fiber cell area (AF) and fiber 

lumen area (AFL) were observed in the rachis of P. F4666 (1424.48 µm2 

and 1078.89 µm2, respectively) and the smallest in the rachis P. viridis 
(321.27 µm2, and 142,2 µm2, respectively). The largest fiber wall area 
(AFW) was measured for the peduncle of P. “Liodoro” (577.55 µm2) and 
the lowest for the rachis of P. Sunny Smell (148.52 µm2). The proportion 
of fiber wall area per fiber cell area (PFWAF) was the highest for the 
peduncle of P. viridis (0.68) and the lowest for the rachis of P. Sunny 
Smell (0.19) (Table 2). 

A highly significant difference (P = 3.43− 115) in lignification char-
acters was detected among the 23 Phalaenopsis genotypes. We also found 
a highly significant difference in the interaction between genotype and 
inflorescence part (P = 9.69− 53) in all variables measured 
(Tables S2–S5). 

3.2. Detailed comparison of lignification degree of four Phalaenopsis 
genotypes and six inflorescence parts 

To better understand the degree of lignification of different parts of 
the inflorescence and different Phalaenopsis genotypes, we analyzed six 
different transverse sections of the inflorescence in more detail in four 
different genotypes. Lignification variables were measured and calcu-
lated from sections of 4 µm thick made at these six positions. P. Sunny 
Smell had the highest percentage of lignified cell walls in the basal part 
of the peduncle, and the upper part of the rachis of P. “Lausanne” had the 
lowest percentage of lignified cell walls (Data S2 and Tables S6–S10). 
Detailed findings of each variable are described below. 

The highest stem diameter (D) was observed for P. “Liodoro” and the 
smallest D was detected in P. “Macassar” x “Samera” (26.35 mm and 
6.48 mm, respectively). There was no significant difference in D among 
the different positions of an inflorescence (P = 0.41) and among all 
genotypes and positions analyzed together (P = 0.84) (Table S9). The D 
only showed significant differences between the four Phalaenopsis ge-
notypes investigated (P = 2.38− 07) (Table S7). 

For all genotypes and positions analyzed together, the largest stem 
area (AS) and the lignified stem area (mm2) (ALIG) were observed in the 
lowest part of the peduncle of P. “Liodoro” (27.78 mm2 and 4.17 mm2, 
respectively) and the smallest AS was found in the upper part of the 
rachis of P. “Macassar” x “Samera” (3.54 mm2), while the smallest ALIG 
was detected in the middle and upper part of the rachis of P. “Macassar” 
x “Samera” (0.26 mm2 and 0.24 mm2, respectively). The highest pro-
portion of lignified area per total stem area (PLIG) was observed in the 

Fig. 5. Section of the lower part of the peduncle of Phalaenopsis “Purple Gem” stained with toluidine blue. Different tissue types are indicated. Scale bar: 100 μm.  
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basal part of the peduncle of P. “Macassar” x “Samera” (” (0.17) and P. 
Sunny Smell (0.17). The smallest PLIG was found in the middle part of the 
rachis of P. “Macassar” x “Samera” (0.04) (Table S10). 

The largest fiber cell area (AF) and fiber lumen area (AFL) were 
observed in the basal peduncle of P. Sunny Smell (1241.18 µm2 and 
921.58 µm2, respectively). The basal peduncle of P. “Liodoro” has the 
largest fiber cell wall area (AFW) (577.55 µm2). A higher proportion of 
fiber wall area per fiber cell area (PFWAF) was obtained from the middle 
part of the peduncle of P. “Liodoro”, the lower part of the peduncle and 
the upper part of the peduncle of P. “Macassar” x “Samera” (0.68, 0.67, 
and 0,70; respectively) (Table S10). 

A highly significant difference was found between the four Phalae-
nopsis genotypes and the six positions of inflorescence, and the inter-
action between these factors (all P<0.01 respectively). The differences 
among AS, ALIG, PLIG, AF, AFL, AFW, and PFWAF were highly significant 
(P<0.01) (Table S9). 

3.3. Correlation between phenotypes and genotypes analyzed 

Correlations between the characters measured were as followed: the 
stem diameter(D), the stem area (AS), the lignified stem area (ALIG), fiber 
cell area (AF), fiber lumen area (AFL), and fiber cell wall area (AFW) were 
all significantly positively correlated for both the peduncle as well as the 

rachis (r = 0.32 to 0.97; all have P<0.01). We found variations in cor-
relation values and significance levels between the inflorescence stem 
orientation (O), the proportion of lignified area per total stem area 
(PLIG), and the proportion of fiber wall area per fiber cell area (PFWAF) 
(r= − 0.82 to 0.54) (Fig. 6). 

From the peduncle and rachis, the ALIG was highly positively corre-
lated with D, AS, AF, and AFW (r = 0.53 to 0.91; respectively) (all have 
P<0.01), whereas in the rachis, ALIG also had a highly positive corre-
lation with AFW (r = 0.53; P<0.01). In the peduncle, the PLIG was highly 
positively correlated with PFWAF (r = 0.54; P<0.01), and PFWAF was 
negatively correlated with AF and AFL in both peduncle and rachis 
(peduncle: r=− 0.62 and r=− 0.82; rachis: r=− 0.54 and r= − 0.69; all 
have P<0.01). Meanwhile, the rachis, PLIG has a negative medium cor-
relation with AS (r=− 0.33; P<0.01). The AFW of the peduncle were all 
significantly positively correlated with AS, ALIG, and AF (r = 0.60 to 0.67; 
all have P<0.01). As for the rachis, the AFW were highly positively 
correlated with AF, AFL, and ALIG (r = 0.53 to 0.73; all have P<0.01). The 
inflorescence orientation of the peduncle has a medium positive corre-
lation with the PLIG and PFWAF (r = 0.40 and r = 0.31; P<0.01 and 
P<0.01; respectively) and a medium negative correlation with AF and AFL 
(r = − 0.38 and r = − 0.40; P<0.01 and P<0.01; respectively). Mean-
while, for the rachis, the inflorescence orientation was negatively 
correlated with AF and AFL (r = − 0.31 and r = − 0.35; P<0.01 and 
P<0.01; respectively) (Fig. 6a and b). 

To better understand the relations among the different lignification 
variables and genotypes investigated, we conducted a Principal 
Component Analysis (PCA) of the peduncle and rachis data sets. The 
peduncle had two PCA factors, and the rachis had three PCA factors, 
however, we only present the first two PCA factors in the biplot (Fig. 7): 
the longer the lines, the larger the loadings. In the peduncle, the first 
PCA was positively associated with PLIG, PFWAF, and O (peduncle: 0.62, 
0.67, and 0.64, respectively; rachis: 0.45, 0.57, 0.73, respectively). The 
first PCA was negatively associated with D, AS, ALIG, AF, AFL, AFW 
(peduncle: 0.12 to 0.58; rachis: 0.02 to 0.45). In the peduncle, the sec-
ond PCA was positively associated with AF and AFL (0,91 and 0.85, 
respectively) and negatively associated with other variables (0.26 to 
0.88). Meanwhile, in the rachis, the second PCA was positively associ-
ated with AF, AFL, and PLIG (0.91, 0.90, and 0.03; respectively) and 
negatively related to the rest of the variables (0.30 to 0.88) (Table S1) 
(Fig. 7 a and b). 

The biplot enabled evaluating the relationships among the variables 
and genotypes, with the genotypes distributed near the variables being 
more closely correlated. The genotypes distributed at the upper part of 
the first PCA axis were associated with PLIG, PFWAF, and O, indicating 
that these genotypes are associated with more severe lignification of 
peduncle and rachis. In contrast, genotypes at the lower part of the first 
PCA axis were negatively associated with inflorescence lignification 
(Tables S1 and S11) (Fig. 7a and b). 

3.4. Genetic variation, heritability, and genetic advance of lignification 
characters of different natural species and horticultural hybrids of 
Phalaenopsis orchids analyzed 

We detected high genetic variation, high heritability, and high ge-
netic advance for all characters of the inflorescences of the 23 Phalae-
nopsis natural species and horticultural hybrids investigated. All 
characters tested had high genotypic coefficient of variation and 
phenotypic coefficient of variation values (> 20%), a high broad-sense 
heritability value (> 0.9) and a high genetic advance as percentage of 
mean (> 59%) (Table 3). 

3.5. Ancestral state reconstructions 

The ancestral state reconstructions of orientation and lignification of 
peduncle and rachis was based on the ER model. The Bayesian analysis 
showed that erect is the ancestral state of the orientation of peduncle 

Table 1 
List of anatomical and genetic variables measured, their acronym, definitions, 
calculations, microscope techniques, and units.  

Acronym Definition Calculation Unit Technique 

D Diameter of stem Diameter of stem in 
cross section 

mm LM 

AS Total stem area Total stem area in cross 
section 

mm2 LM 

ALIG Lignified stem 
area 

Total sclerenchyma 
area + sclerenchyma 
fiber caps area in cross- 
section 

mm2 LM 

PLIG Proportion of 
lignified area per 
total stem area 

ALIG/AS – LM 

AF Fiber cell area Area of single 
sclerenchyma fiber cell 
in cross section 

µm2 LM 

AFL Fiber lumen area Area of single 
sclerenchyma fiber 
lumen in cross section 

µm2 LM 

AFW Fiber wall area AF – AFL for the same 
fiber 

µm2 LM 

PFWAF Proportion of fiber 
wall area per fiber 
cell area 

AFW/AF for the same 
fiber; a measure of 
sclerenchyma fiber wall 
thickness 

– LM  

O Inflorescence stem 
orientation 

Scoring of the peduncle 
and rachis orientation: 
1: pendant; 2=arcuate; 
3=sub-erect;4=erect 

– Direct 
observation 

σ2
p Value of 

phenotypic 
variance 

Eq. (1) – – 

σ2
g Value of genotypic 

variance 
Eq. (2) – – 

GCV Genotypic 
coefficient of 
variation 

Eq. (3) – – 

PCV Phenotypic 
coefficient of 
variation 

Eq. (4) – – 

h2
B Broad-sense 

heritability 
Eq. (5) – – 

GA Genetic advance Eq. (6) – – 
GAM Genetic advance 

as percentage of 
mean 

Eq. (7) – –  
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Table 2 
Mean of variables measured from the interaction effects of 23 Phalaenopsis genotypes and two different parts of the inflorescence: the peduncle and rachis.  

Genotype Part of 
inflorescence 

Orientation Diameter of stem 
(mm) 

Total stem 
area 
(mm2) 

Lignified 
stem area 
(mm2) 

Proportion of 
lignified area per 
total stem area 

Fiber cell 
area (µm2) 

Fiber lumen 
area (µm2) 

Fiber wall 
area (µm2) 

Prop0rtion of fiber 
wall area per fiber 
cell area 

Classification of lignin content 
based on proportion of 
lignified area per total stem 
area 

P.amabilis Peduncle Pendant 1.79 nm 2.44 rs 0.33 ut 0.14 dc 523.65 
hijklm 

284.45 hijklm 239.2 
defghijk 

0.54 abcdef Medium 

Rachis Pendant 1.61 n 2.16 s 0.21 u 0.1 hijklm 576.97 
ghijklm 

367.53 
fghijklm 

209.44 ghijk 0.43 efghijklm Low 

P.bastianii Peduncle Erect 2.92 jklmn 5.17 pqrs 0.58 opqrstu 0.11 fghi 598.04 
fghijklm 

352.42 
fghijklm 

245.61 
defghijk 

0.5 bcdefghij Medium 

Rachis Arcuate 2.74 jklmn 4.51 pqrs 0.34 stu 0.08 nopq 618.19 
efghijklm 

378.45 
fghijklm 

239.74 
defghijk 

0.46 cdefghijk Low 

P.javanica Peduncle Arcuate 3.21 ghijklmn 7.37 
lmnopq 

0.72 nopqrst 0.1 hijkl 705.76 
defghijklm 

470.37 
cdefghijklm 

235.38 
defghijk 

0.41 lmn Low 

Rachis Arcuate 2.80 jklmn 6.62 
mnopq 

0.74 
mnopqrst 

0.11 efgh 964.1 
abcdefghi 

730.75 abcdef 233.35 
defghijk 

0.28 lmnop Medium 

P. violacea var. 
“Alba” 

Rachis Pendant 2.84 jklmn 8.14 
klmnop 

0.47 qrstu 0.06 q 445.17 jklm 279.37 ijklm 165.8 ijk 0.44 cdefghijklm Low 

P. viridis Peduncle Erect 3.91 cdefghijkl 9.49 
jklmno 

1.5 fghi 0.16 b 547.23 
hijklm 

202.64 klm 344.58 
bcdefghij 

0.68 a High 

Rachis Erect 2.94 jklmn 5.16 pqrs 0.54 pqrstu 0.11 ghij 321.27 m 142.42 m 178.85 hijk 0.59 abcde Medium 
P. F4373 Peduncle Pendant 5.28 abcde 20.71 cd 2.14 bcd 0.1 ghijk 1095.45 

abcde 
692.22 
abcdefghi 

403.22 
abcdef 

0.44 cdefghijklm Low 

Rachis Pendant 4.52abcdefghijk 14.41 fghi 1.27 ghijk 0.09 ijklmno 1295.1 abc 829.17abcd 465.93 ab 0.43 efghijklm Low 
P. F3875 Peduncle Pendant 3.69 defghijkl 10.79 ijkl 1.13 ijklmn 0.1 ghijk 1057.54 

abcdefg 
599.3 
bcdefghijk 

458.24 abc 0.47 cdefghijk Low 

Rachis Pendant 3.92 cdefghijkl 10.54 
ijklm 

1.37 ghij 0.13 cdef 1151.54 
abcd 

836.05 abcd 315.49 
bcdefghijk 

0.33 ijklmnop Medium 

P. F1405 Peduncle Arcuate 5.07 cdefg 22.4 bc 1.96 cde 0.09 jklmno 1100.33 
abcde 

737.17 abcdef 363.16 
bcdefgh 

0.37 fghijklmno Low 

Rachis Pendant 4.60 abcdefghij 18.87 cde 1.43 fghij 0.08 lmnop 1108.86 
abcde 

823.21 abcde 285.65 
bcdefghijk 

0.31 klmnop Low 

P. F3380 Peduncle Arcuate 2.68 klmn 5.84 opqrs 0.77 
lmnopqrs 

0.13 cde 920.32 
bcdefghij 

500.74 
cdefghijklm 

419.57 abcd 0.53 abcdefg Medium 

Rachis Arcuate 2.22 lmn 4.21 pqrs 0.52 pqrstu 0.12 defg 968.8 
abcdefghi 

599.6 
bcdefghijk 

369.2 
bcdefgh 

0.45 cdefghijkl Medium 

P. F2451 Peduncle Arcuate 3.93 cdefghijkl 9.75 
jklmno 

0.74 
mnopqrst 

0.08 mnopq 893.07 
bcdefghijk 

576.64 
bcdefghijkl 

316.42 
bcdefghijk 

0.39 fghijklmn Low 

Rachis Arcuate 3.86 cdefghijkl 12.88 ghij 0.8 lmnopqr 0.06 pq 508.21 ijklm 355.91 
fghijklm 

152.3 jk 0.33 ijklmnop Low 

P. F5124 Peduncle Arcuate 5.51 abcd 22.29 bc 2.51 b 0.11 efgh 920.21 
bcdefghij 

545.23 
bcdefghijklm 

374.99 
abcdefg 

0.5 bcdefghij Medium 

Rachis Pendant 3.81 cdefghijkl 10.5 ijklm 0.84 
klmnopq 

0.08 klmnop 1101.59 
abcde 

832.95abcd 268.64 
cdefghijk 

0.31 klmnop Low 

P. F5024 Peduncle Arcuate 5.29 abcd 21.17 cd 2.09 bcd 0.1 hijkl 1366.07 ab 925.69 ab 440.38 abc 0.38 fghijklmn Low 
Rachis Arcuate 3.48 efghijklmn 11.57 hijk 1.1 ijklmn 0.1 ghijk 1179.04 

abced 
854.24 abc 324.8 

bcdefghijk 
0.32 jklmnop Low 

P. F3162 Peduncle Arcuate 4.93 abcdefghijkl 18.77 cde 1.99 cde 0.11 ijklmno 1057.74 
abcdefg 

694.55 
abcdefgh 

363.2 
bcdefgh 

0.39 fghijklmn Medium 

Rachis Pendant 3.21 ghijklmn 11.98 ijk 1 jklmno 0.08 klmnopq 1112.6 abcd 874.36 abc 238.24 
defghijk 

0.2 op Low 

P. F4666 Peduncle Erect 4.66 abcdefghi 18.48 cde 2.05 cd 0.11 fghi 1089.47 
abcdef 

724.3 abcdef 365.18 
defgh 

0.37 fghijklmno Medium 

Rachis Sub-erect 5.57 abc 17.47 def 1.47 fghi 0.08 klmnopq 1424.48 a 1078.89 a 345.6 
bcdefghi 

0.27 mnop Low 

(continued on next page) 
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Table 2 (continued ) 

Genotype Part of 
inflorescence 

Orientation Diameter of stem 
(mm) 

Total stem 
area 
(mm2) 

Lignified 
stem area 
(mm2) 

Proportion of 
lignified area per 
total stem area 

Fiber cell 
area (µm2) 

Fiber lumen 
area (µm2) 

Fiber wall 
area (µm2) 

Prop0rtion of fiber 
wall area per fiber 
cell area 

Classification of lignin content 
based on proportion of 
lignified area per total stem 
area 

P. F4713 Peduncle Arcuate 4.96 abcdefghi 16.5 efg 1.73 def 0.1 hijkl 924.54 
bcdefghij 

649.07 
bcdefghi 

275.46 
bcdefghijk 

0.34 ijklmnop Low 

Rachis Pendant 3.50 efghijklm 9.63 
jklmno 

1 jklmno 0.1 ghijk 919.64 
bcdefghij 

720.72 abcdefg 198.93 ghijk 0.24 nop Low 

P. F044 Peduncle Arcuate 5.98 ab 25.62 ab 2.35 bc 0.09 ijklmno 981.24 
bcdefghi 

574.73 
bcdefghijkl 

406.5 abcde 0.47 cdefghijk Low 

Rachis Arcuate 4.51 abcdefghijk 15.93 efg 1.18 hijkl 0.07 opq 1158.92 
abcd 

819.07 abcde 339.85 
bcdefghijk 

0.36 ghijklmnop Low 

P. pulcherrima 
var. “Alba” 

Peduncle Erect 2.79 jklmn 5.26 pqrs 0.57 opqrstu 0.11 fghi 409.65 klm 227.36 jklm 182.29 ghijk 0.48 cdefghijk Medium 
Rachis Erect 3.08 ijklmn 5.82 opqrs 0.57 pqrstu 0.1 hijkl 519.94 

hijklm 
367.37 
fghijklm 

152.58 jk 0.35 hijklmnop Low 

P. “Liodoro” Peduncle Erect 5.61 abc 27.78 a 4.17 a 0.15 bc 1005.18 
abcdefgh 

427.63 
defghijklm 

577.55 a 0.62 abc Medium 

Rachis Erect 6.12 a 18.8 cde 1.58 efgh 0.08 lmnop 740.41 
defghijklm 

389.49 
fghijklm 

350.92 
bcdefghijk 

0.53 abcdefgh Low 

P. ks Super Zebra 
x sib 

Peduncle Erect 3.64 defghijklm 7.46 
lmnopq 

1.13 ijklmn 0.15 bc 728.61 
defghijklm 

414.81 
efghijklm 

313.8 
bcdefghijk 

0.54 abcdefg Medium 

Rachis Arcuate 3.94 cdefghijkl 10.3 jklmn 0.8 lmnopqr 0.08 lmnop 715.02 
defghijklm 

496.7 
cdefghijklm 

218.32 
efghijk 

0.37 fghijklmno Low 

P. “Purple Gem” Peduncle Erect 2.35 lmn 4.36 pqrs 0.85 
lkmnopq 

0.19 a 380.07 lm 169.51 lm 210.56 
fghijk 

0.62 abc High 

Rachis Erect 2.21 lmn 3.87 qrs 0.41 rstu 0.1 ghij 515.85 
hijklm 

307.06 ghijklm 208.79 ghijk 0.47 cdefghijk Medium 

P. Sunny Smell Peduncle Arcuate 4.90 abcdefghi 9.76 
jklmno 

1.62 efg 0.17 b 1241.18 abc 921.58 ab 319.6 
bcdefghijk 

0.31 klmnop High 

Rachis Arcuate 5.02 abcdefgh 10.02 
jklmn 

0.92 klmnop 0.09 hijklmn 999.84 
abcdefghi 

851.32 abc 148.52 k 0.19 p Low 

P. “Lausanne” Peduncle Sub-erect 4.97 abcdefgh 12.73 ghij 1.94 cde 0.15 bc 567.11 
ghijklm 

342.06 
fghijklm 

225.05 
efghijk 

0.44 defghijklm Medium 

Rachis Arcuate 4.25 abcdefghijk 10.99 ijkl 1.15 ijklm 0.1 ghij 870.94 
cdefghijkl 

634.86 
bcdefghij 

236.08 
defghijk 

0.33 ijklmnop Low 

P. “Macassar” x 
“Samera” 

Peduncle Arcuate 3.17 hijklmn 4.24 pqrs 0.72 nopqrst 0.17 b 417.97 klm 177.44 lm 240.53 
defghijk 

0.67 ab High 

Rachis Pendant 3.30 fghijklmn 6.27 nopqr 0.4 rstu 0.06 pq 445.56 jklm 288.26 hijklm 157.3 ijk 0.44 defghijklm Low 

Means followed by the same letter in the same column are not significantly different based onTukey test, p< 0.05. 
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and rachis in Phalaenopsis (Fig. 9). In addition, a high lignin content of 
the peduncle and rachis might be the most ancestral state among the 
Phalaenopsis species sampled (Fig. 10). 

4. Discussion 

4.1. Lignification patterns in the inflorescences of different Phalaenopsis 
species and horticultural hybrids investigated 

Our results indicate the degree of lignification differs among 
different species and horticultural Phalaenopsis hybrids, between cell 
types, cell wall layers, and stem development stages, which is in 
agreement with previous findings (Barros et al., 2015; Buranov and 
Mazza, 2008; Rencoret et al., 2008). The lignin deposition is primarily 
found in the concentric sclerenchyma layer in the outer stem part that 
surrounds the more central area, including the vascular bundles, and in 
the sclerenchyma fibers on top of the vascular bundles (so-called fiber 
caps) (Fig. 5). Lignification in the xylem of the vascular bundles is much 
less pronounced than that of the sclerenchyma areas. 

The difference between high and low lignification degree in Phal-
aenopsis inflorescences is associated with the width of the sclerenchyma 
zone surrounding the central stem as well as the cell wall thickness of the 
fibers in this lignified area and the fiber cap area. The horticultural 
hybrid P. “Purple Gem” has the highest degree of stem lignification, 
leading to a higher mechanical strength of the inflorescence stems, as 
also have been demonstrated in many other species such as peony (Zhao 
et al., 2020, 2012), Chrysanthemum (Lv et al., 2011), sudangrass (Li 
et al., 2015), millet (Sreeja et al., 2016), barley (Begović et al., 2015), 
and rice (Li et al., 2009). 

4.2. Variation in the degree of lignification of the peduncle and rachis of 
Phalaenopsis species and horticultural hybrids 

Based on the analysis of variance, the highest proportion of lignified 
area per total stem area was detected in the lower part of the peduncle of 
P. viridis and P. “Purple Gem” (Tables 2, S2–S10). Phalaenopsis viridis has 
many flowers that open simultaneously, with thick petals and sepals. 
Unfortunately, this species is rarely used as a parental line and it has 
therefore contributed very little to the breeding of Phalaenopsis cultivars 
yet (Christenson, 2009). Our survey revealed that the inflorescence of 
this species has an erect orientation, a high proportion of lignified area 

per total stem area, and a high fiber wall area per fiber area. These are 
important characters to design a breeding program for multiflora type 
hybrids with an erect inflorescence. 

Phalaenopsis “Purple Gem” is a horticultural hybrid resulting from 
crossing P. pulcherrima with P. equestris (Table S1). The relatively high 
degree of lignification of the inflorescence of this cultivar is inherited 
from P. pulcherrima. Using P. viridis or P. “Purple Gem” as parental lines 
for future breeding programs may result in offspring with more lignified 
erect inflorescences that do not need support from sticks during inflo-
rescence development. This is of course only the case when cross- 
incompatibilities, such as a different ploidy and genome size are over-
come. For example, P. pulcherrima is estimated to have a haploid genome 
size of 6.16 pg while P. amabilis, considered to be the main founder of the 
standard type Phalaenopsis cultivars, has a haploid genome size of 1.4 pg 
(Lee et al., 2017). In addition, most standard flower cultivars are 
tetraploid while the wild Phalaenopsis species are diploid (Lee et al., 
2020). Nevertheless, crossing between species and different cultivar 
groups is possible, of which P. “Purple Gem” is a proof. 

To determine if there is a significant difference in the degree of 
lignification between different positions in the inflorescence of Phalae-
nopsis, the degree of lignification of six stem parts was measured in 
triplicate and compared. As expected, there were significant differences 
in the degree of lignification between the six positions (see Fig. 8). The 
lignified area and fiber wall area gradually decreased towards the apex 
of the inflorescence, as found for other monocots such as for instance 
Etlingera elatior (Zingiberaceae)(Choon and Ding, 2017). This indicates 
that the degree of lignification decreases in younger stem parts. Overall, 
lignification on top of vascular bundles (fiber caps) and the lignified 
zone surrounding the more central stem area including the scattered 
vascular bundles are key areas in the stems for maintaining peduncle 
strength during inflorescence development (Choon and Ding, 2017). 

4.3. Correlation between lignification patterns, inflorescence architecture 
and ecology 

The inflorescence orientation had a significant correlation with the 
proportion of lignified area per total stem area (PLIG) and the proportion 
of fiber wall area per fiber cell area (PFWAF). This result indicates that the 
higher the degree of lignification of an inflorescence, the more erect its 
orientation will be. In other words, Phalaenopsis genotypes with a higher 
general degree of lignification, such as P. viridis, were positively 

Fig. 6. Pearson correlation plot of dependent variables of the peduncle (A) and rachis (B) of the 23 Phalaenopsis species and horticulture hybrids analyzed in this 
study. ** = correlation is significant at the 0.01 level (2-tailed); * = correlation is significant at the 0.05 level (2-tailed). Person correlation color key: blue = negative 
correlation (below 0); white = no correlation (0); red= positive correlation (above 0). The degree of the correlation coefficients varied between high (≥± 0.50 to ±
1), medium (≥0.30 to <± 0.50) and low (<± 0.30). Abbreviations: D= diameter of stem (mm); AS= total stem area (mm2); ALIG= lignified stem area (mm2); PLIG=

proportion of lignified area per total stem area; AF = fiber cell area (μm2); AFL= fiber lumen area (μm2); AFW = fiber wall area (μm2); PFWAF = proportion of fiber wall 
area per fiber cell area; and O= inflorescence stem orientation. 
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associated with the lignification characters (PLIG and PFWAF) and 
orientation of inflorescence. On the contrary, genotypes with a relatively 
low degree of lignification, such as P. amabilis and P. violacea “Alba” 
were placed far from clustered lignification variables in the PCA plots. In 
Arabidopsis thaliana, gene silencing of xylem fiber lignification in inflo-
rescence stems results in severely reduced physical properties of the 
stems, indicating that lignin content is essential for stem stiffness and 
strength (Jones et al., 2001). 

From an evolutionary and ecological point of view, lignification of 
the inflorescence and inflorescence orientation may be strongly related 
to the natural habitat of a species. P. viridis, with erect and strongly 
lignified inflorescence stems, grows on limestone and in open fields 
(Comber, 1976). The drought and relatively low availability of nutrients 
in this habitat are triggers for the development of strong secondary cell 
wall lignification in the sclerenchyma (Barros et al., 2015). These ob-
servations confirm the previous findings in various other plant lineages 
that there is the link between increased stem lignification and increased 
drought tolerance (Dória et al., 2019; Lens et al., 2016, 2013; Thonglim 
et al., 2020). 

Furthermore, the abundance of sunlight in open area habitat might 
have driven the evolution of an erect orientation of the inflorescence as 
plants can easily capture sunlight. In contrast, the Phalaenopsis species 
that live as epiphytes on trees under the shade of a canopy (e.g., 

P. javanica), and species that lives in swamp habitats where humidity 
level is high (e.g., P. violacea) (Christenson, 2009; Pridgeon et al., 2014), 
have pendant and less lignified inflorescences. In general, it has been 
observed that lignin deposition in stems is generally decreased under 
shady conditions (Hussain et al., 2019). Pendant inflorescences may 
have evolved in adaptation to reach and capture sufficient sunlight 
under a canopy. Experimental evidence for this hypothesis was obtained 
with the inflorescence of A. thaliana, where application of blue light to 
the inflorescence stems resulted in phototropism (Kagawa et al., 2009). 
Orientation of an inflorescence towards sunlight has several advantages, 
it might for instance optimize photosynthesis and/or attract pollinators 
to open flowers by generating more contrast with the background 
(Serrano et al., 2018). 

4.4. Genetic variation, heritability, and genetic advance of different 
lignification traits in Phalaenopsis 

The estimation of genetic parameters such as the genotypic coeffi-
cient of variation (GCV), phenotypic coefficient of variation (PCV), 
heritability (h2

B) and genetic advance (GA) for quantitative characters is 
useful for conducting an effective breeding program (Amiri et al., 2018; 
Regmi et al., 2021; Wani et al., 2014). More specifically, GCV and PCV 
estimate the relative amount of variation found in the different 

Fig. 7. Principal component analysis of lignification variables of peduncle (A) and rachis (B) of 23 Phalaenopsis species and horticultural hybrids. The numbers 
represent 23 Phalaenopsis species and horticultural hybrids (see Table S1). Abbreviations: D= diameter of stem (mm); AS= total stem area (mm2); ALIG= lignified 
stem area (mm2); PLIG= proportion of lignified area per total stem area; AF = fiber cell area (μm2); AFL= fiber lumen area (μm2); AFW = fiber wall area (μm2); PFWAF 
= proportion of fiber wall area per fiber cell area; and O= inflorescence stem orientation. 
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characters analyzed (Roychowdhury and Randrianotahina, 2011). 
The GCV and PCV values that were recorded in all characters 

analyzed indicates that there is a high level of variability. The difference 
between PCV and GCV found indicates the magnitude of the environ-
mental effect. Small value differences between PCV and GCV were 
detected in all characters measured which indicates that these charac-
ters are less affected by a larger environmental effect (Saroj et al., 2021). 
Selection based on these characters would be most beneficial for future 
breeding programs to create a more lignified cultivar of Phalaenopsis. 

According to Deshmukh et al. (1986), the GCV and PCV estimates of 
all characters can be categorized as high (see Table 3). A high GCV 
suggests the presence of exploitable genetic variability, which can 
facilitate selection (Yadav et al., 2009). On the other hand, a high PCV 
implies a high expression of both genetic and environmental effects on 
characters (Khan et al., 2009). The small differences in the value of PCV 
versus GCV suggests less influence of the environment on the expression 
of these characters. This means that the environmental condition does 
not influence the character that relates to lignification levels. The ge-
notype with more lignified stems will benefit when its habitat changes to 
drier conditions. In this case, the ability of plants in regulating 
drought-induced embolism in the xylem is the crucial factor for a plant 
to survive during a period of water shortage (Thonglim et al., 2020). 

Heritability is important to predict whether environmental or ge-
netic factors influence a character. High heritability values in all char-
acters measured indicate that genetic factors have a more significant 
influence than environmental factors on phenotypic appearance. Be-
sides, broad-sense heritability also indicates whether or not there is 
sufficient genetic variation in a population to enable a population to 
respond to selection pressure (Gatti et al., 2005; Milatović et al., 2010; 
Ullah et al., 2012). High heritability values can be used to improve the 
effectiveness of selection. According to our research, the characters that 
directly relate to lignification such as lignified area of stem, proportion 
of lignified area per total stem area, fiber wall area, and proportion of 
fiber wall area per fiber cell area showed a high broad-sense of herita-
bility. High genetic advance as a percentage of mean (GAM) was found 
for all characters. Heritability, together with genetic advance and GCV, 
provide the best estimations of the expected amount of advancement 
through phenotypic selection (Johonson et al., 1955). 

4.5. Ancestral character state reconstruction of Phalaenopsis 
inflorescences 

Based on our sampling, the character states of inflorescence orien-
tation and lignification are phylogenetically informative in Phalaenopsis. 
Character state reconstructions show that closely related species seem to 
have the same orientation and degree of lignification of the inflores-
cence. This finding was supported by the results from the PCA analysis, 
showing that closely related species and horticultural hybrids had a 
positive correlation and association with lignification variables 
compared to more distantly related species, which indicates that these 
characters are passed on to the next generations. 

The results of the Bayesian analysis showed that an erect and ligni-
fied peduncle and rachis are ancestral characters in Phalaenopsis. How-
ever, due to the limitations of our sample size, further analyses have to 
be carried out with additional genetic diversity (species and hybrids) 
and environmental variables to assess whether lignification characters 
are phylogenetically conserved throughout the entire Phalaenopsis 
genus, or whether the impact of environment is the main driver of 
inflorescence orientation and lignification. 

5. Conclusions 

The degree of lignification and inflorescence orientation are impor-
tant characteristics for a breeding program for the development of 
Phalaenopsis hybrids with a rigid, upright inflorescence stem. Our sur-
veys revealed a significant difference in lignification characters of Ta
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inflorescences among different Phalaenopsis species and horticultural 
hybrids, between peduncle and rachis, and along six different positions 
on the inflorescence. Topologically the degree of lignification corre-
sponds to the inflorescence stem developmental stages. The highest 
degree of lignification was found at the basal parts of the peduncle, 
whereas the lowest lignification was found in the apical parts of the 
rachis. In addition, based on our sample size, our results suggest that the 
degree of lignification is a heritable character as we observed a higher 
degree of heritability, and positive correlation between lignification 
variables among closely related natural species and horticultural hy-
brids compared to more distantly related taxa. Future work on the genes 
that code for lignification traits, and other molecular mechanisms un-
derlying the spatial control of lignin deposition in Phalaenopsis, may 
help to develop a cultivar that does not need artificial support of its 

inflorescences during development. Our study provides strong argu-
ments that selection based on lignification characters contribute to such 
a breeding program of new Phalaenopsis cultivars. 

CRediT authorship contribution statement 

Dewi Pramanik: Conceptualization, Methodology, Formal analysis, 
Validation, Investigation, Writing – original draft, Writing – review & 
editing. Marlies Spaans: Formal analysis, Investigation, Validation, 
Writing – original draft. Twan Kranenburg: Conceptualization, Meth-
odology. Diego Bogarin: Formal analysis. Reinout Heijungs: Formal 
analysis. Frederic Lens: Conceptualization, Methodology, Formal 
analysis, Writing – review & editing. Erik Smets: Conceptualization, 
Methodology. Barbara Gravendeel: Conceptualization, Validation, 

Fig. 8. Box plots of lignin content measured by calculating the proportion of lignin area per total stem area of four different Phalaenopsis horticultural hybrids in light 
microscopy sections sampled from six different positions of the inflorescence (see Fig. 3). Abbreviations: Pl=lower part of peduncle, Pm=middle part of peduncle, 
Pu=upper part of peduncle, Rl=lower part of rachis, Rm=middle part of rachis, Ru=upper part of rachis. 

Fig. 9. Ancestral state reconstruction of orientation of the peduncle (A) and rachis (B) of 21 Phalaenopsis species and three outgroups from stochastic mapping 
analysis based on joint sampling (10,000 mapped trees). Posterior probabilities are depicted as pie charts. 
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Bogarín, D., Pérez-Escobar, O.A., Karremans, A.P., Fernández, M., Kruizinga, J., 
Pupulin, F., Smets, E., Gravendeel, B., 2019. Phylogenetic comparative methods 
improve the selection of characters for generic delimitations in a hyperdiverse 
Neotropical orchid clade. Sci. Rep. 9, 15098. https://doi.org/10.1038/s41598-019- 
51360-0. 

Britton, T., Anderson, C.L., Jacquet, D., Lundqvist, S., Bremer, K., 2007. Estimating 
divergence times in large phylogenetic trees. Syst. Biol. 56, 741–752. https://doi. 
org/10.1080/10635150701613783. 

Buranov, A.U., Mazza, G., 2008. Lignin in straw of herbaceous crops. Ind. Crops Prod. 28, 
237–259. https://doi.org/10.1016/j.indcrop.2008.03.008. 

Burton, G.W., 1952. Quantitative inheritance in grasses. In: Proceedings of 6th 
International Grassland Congress, pp. 277–283. 

Chen, T.C., Wu, W.L., Chen, W.H., 2004. Development of harlequin flower derived from 
somaclone mutants of Phalaenopsis Golden Peoker “Brother. In: Proceedings of 8th 
Asia Pacific Orchid Conference (APOC8). Tainan, Taiwan. March 6–8, 
2004Presented at the 8th Asia Pacific Orchid Conference (APOC8).  

Choon, S.Y., Ding, P., 2017. Developmental changes in cellular structure and cell wall 
metabolism of torch ginger (Etlingera elatior (Jack) R.M. Smith) inflorescence. Curr. 
Plant Biol. 10, 3–10 [Internet.  

Christenhusz, M.J.M., Byng, J.W., 2016. The number of known plants species in the 
world and its annual increase. Phytotaxa 261, 201. https://doi.org/10.11646/ 
phytotaxa.261.3.1. 

Christenson, E.A., 2009. Phalaenopsis: A Monograph. Timber Press. 
Comber, J.B., 1976. The rediscovery of Phalaenopsis viridis on a limestone ridge in 

Indonesia. Orchid Dig. 40, 84–89. 
De, L., Pathak, P., Rao, A.N., Rajeevan, P.K., 2015. Global orchid industry. In: De, L.C. 

(Ed.), Commercial Orchids. De Gruyter Open Poland, Warsaw, Poland, pp. 13–19. 
Deshmukh, S.N., Basu, M.S., Reddy, P.S., 1986. Genetic variability, character association 

and path coefficients of quantitative traits in Virginia bunch varieties of groundnut. 
Indian J. Agric. Sci. 56, 816–821. 

Dirks-Mulder, A., Ahmed, I., Broek, Uit Het, Krol, M., Menger, L., Snier, N., van 
Winzum, J., de Wolf, A., Van’t Wout, A., Zeegers, M., Butôt, J.J., Heijungs, R., van 
Heuven, R., Kruizinga, B.J., Langelaan, J., Smets, R., Star, E.F., Bemer, W., 
Gravendeel, M., 2019. Morphological and molecular characterization of orchid fruit 
development. Front. Plant Sci. 10, 137. https://doi.org/10.3389/fpls.2019.00137. 
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