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Abstract

Phalaenopsis is an economically important horticultural ornamental, but its growth is slow
and costly. The vegetative cultivation phase is long and required to ensure sufficient plant
size. This is needed to develop high quality flowering plants. We studied the effects of tem-
perature (27 or 31 °C) and light intensity (60 or 140 umol m2 s™') on plant growth and devel-
opment during the vegetative cultivation phase in two experiments, with respectively 19 and
14 genotypes. Furthermore, the after-effects of treatments applied during vegetative growth
on flowering traits were determined. Increasing light intensity in the vegetative phase accel-
erated both vegetative plant growth and development. Increasing temperature accelerated
vegetative leaf appearance rate, but strongly reduced plant and root biomass accumulation
when temperatures were too high. Flowering was greatly affected by treatments applied dur-
ing vegetative growth, and increased light and temperature increased number of flower
spikes, and number of flowers and buds. Genotypic variation was large in Phalaenopsis,
especially in traits related to flowering, thus care is needed when generalising results based
on a limited number of cultivars. Plant biomass and number of leaves during vegetative
growth were positively correlated with flowering quality. These traits can be used as an early
predictor for flowering capacity and quality of the final product. Additionally, this knowledge
can be used to improve selection of new cultivars.

Introduction

Phalaenopsis is an economically important horticultural crop, which is cultivated either as pot-
ted ornamental or as cut flower. The potted Phalaenopsis accounts for 19 and 32% of the pot-
ted plant sales in the USA and Europe, respectively [1]. Growth of Phalaenopsis is slow and
therefore costly. The natural habitat of Phalaenopsis is evergreen forests in tropical and sub-
tropical Asia, characterized by relatively constant humid, warm and relatively shaded condi-
tions. While seasonality hardly occurs in these forests, variations in environmental conditions
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are sufficient to induce flowering [2]. In commercial cultivation, temperature is the main
determinant for different Phalaenopsis cultivation phases [3, 4]. Plant development is defined
by the rate at which organs (e.g. leaves and flowers) are initiated and appear [5]. An increase in
temperature, up to a certain optimum, increases plant development rates and thus affects dura-
tion of each cultivation phase.

Phalaenopsis cultivation can be divided in three separate phases. The vegetative phase of
Phalaenopsis is the longest phase, which takes 50-70 weeks on average, measured from the
moment that plants move to the greenhouse after propagation in the lab [4, 6]. During this
phase, Phalaenopsis is grown at high temperatures (>28°C) which promotes leaf initiation and
outgrowth, and inhibit flowering [7]. Flowering in Phalaenopsis is mainly temperature-con-
trolled, and temperatures below 25°C induce flowering [8]. In practice, plants in the flower
induction phase are exposed to temperatures between 19-21°C for 6-9 weeks [7, 9]. This
phase is followed by the flowering phase which lasts approximately 8-10 weeks, in which
plants are exposed to higher temperatures (approximately 22°C) to accelerate flower develop-
ment [8, 9]. Flower induction and flower outgrowth can be relatively well controlled, and most
of the research so far has focussed on induction and the process of flowering itself, ranging
from environmental factors [10-13] and hormonal control [14, 15] to understanding of the
genetic pathways involved in flower development [16, 17]. Although Phalaenopsis plants are
grown for their flowers, the vegetative cultivation phase is important to ensure sufficient plant
size. It is commonly assumed that this is necessary to develop multiple flower spikes and high
quality flowers, which increases the plant’s economic value [8]. Per Phalaenopsis leaf, two
undifferentiated, dormant axillary buds are present. Under favourable environmental condi-
tions, the upper bud can develop into a flower spike once the plant has matured [18]. There-
fore, number of leaves is considered an important indicator during vegetative cultivation [6,
12], as flowering potential is thought to increase with number of leaves. Previous studies on
Phalaenopsis showed that increasing temperature from 28°C to 31°C in the vegetative phase
the number of leaves increased, although this did not always result in increased leaf area [19].
Reducing nocturnal temperature resulted in less leaves, lower leaf area and reduced biomass
accumulation [20].

Saturating light levels are in the range of 130-200 umol m™s!, depending on plant stage,
temperature and cultivar [2, 21, 22 and references therein]. Because of these low intensities,
light is considered of secondary importance when compared to temperature [11]. However,
several studies on Phalaenopsis showed that increased irradiance during the vegetative phase
resulted in increased leaf initiation rate and leaf area [10, 11, 19]. These traits are also affected
by photoperiod and daily light integral (DLI), which promoted leaf growth, leaf initiation rate
and biomass accumulation [7, 11]. While a relatively low temperature is considered the main
factor for flower induction, a sufficient level of irradiance is also needed for flowering. When
light intensities are too low, time to flowering is delayed [23], or even completely absent [13].
Vice versa, higher light intensities in the flowering phase resulted in a reduced time to visible
flower spike (flower induction), a higher number of flower spikes, and a higher number of
flowers [10, 11, 19]. Time to visible flower spike was positively correlated with higher levels of
soluble sugars [23, 24], which suggests that there might be a role for carbohydrates in number
of days to spiking.

Thus, both light and temperature are important for various key processes in Phalaenopsis,
and the two factors interact in ways that are yet poorly understood. To provide insight in how
underlying traits contribute to growth and development in Phalaenopsis, and how they corre-
late, a hierarchical component analysis can be used [25]. It helps to systematically study how
these components are affected by changes in environmental factors and their interaction. This
method has been applied on several other crop species, such as tomato [25], anthurium [26],
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and wheat and rice [27], and can be used to find desirable characteristics that contribute to
either a reduction of vegetative growth time and/or increased plant quality.

The number of studies on young Phalaenopsis plants is limited, but considering the lengthi-
ness of the vegetative phase, an improvement might rapidly increase the economy of the culti-
vation cycle. The need to expand knowledge on young plants is also recognized by e.g. Runkle
[7], who calls for more well-described studies with detailed information on temperature, light
intensity and spectrum. Optimizing climate conditions in the vegetative phase might result in
a reduction of cultivation time and/or in higher quality plants. In addition, there are indica-
tions that genotypic variability is significant in these responses. For instance, Dueck et al. [19]
and Hiickstddt and Torre [22] observed genotypic variation in the response of leaf initiation
rate, leaf area increase and dry matter accumulation to light intensity. Genotypic variability is
also found for the after-effects of treatments in the vegetative phase on flowering [22], and
while recognized by others [6, 7] this variation to date remains largely unexplored. Genotypic
variability and specific needs are also ignored in practice, where different genotypes are grown
in one greenhouse under identical climate conditions.

This study aims to determine the effects of light and temperature on growth and develop-
ment of Phalaenopsis in the vegetative phase, and how treatments in the vegetative phase affect
flower induction and flower outgrowth. Furthermore, this study aimed to find whether vegeta-
tive traits can be used to predict plant and flower quality in the flowering phase. To increase
insight in variability of sensitivity to changes in the environment, this study was conducted on
a large set of genotypes. We quantified the contribution of underlying components of plant
growth, to determine how these traits correlate with each other. We hypothesized that the veg-
etative growth stage environment affects reproductive-stage traits and that genotypes vary in
their responses to the environment conditions provided, as well as in how sensitive they are to
differences in the environment. To determine genotypic variation in the vegetative growth
response to light, temperature and their interaction, we conducted two experiments with a
broad range of genotypes (19 and 14). The latter experiment (with 14 genotypes) was com-
bined with a follow-up experiment to study the after-effects of light and temperature in the
vegetative phase on flower spike growth and quality. Gaining insight in genotypic variability
and underlying traits can help to optimize vegetative growth and possible shorten the vegeta-
tive cultivation phase. Additionally, this knowledge can be used to improve selection of new
cultivars.

Material and methods
Plant material

Vegetative Phalaenopsis plants were grown in a Venlo type greenhouse (Bleiswijk, The Nether-
lands) for 20 weeks after propagation in the lab, before they were transferred to 12 cm trans-
parent pots filled with coconut bark. Genotypes used in this study were provided by breeding
company Anthura (Bleiswijk, The Netherlands). Breeding in Phalaenopsis focusses on creating
either regular sized plants with fewer, but larger flowers and buds (Fig 1A), or smaller plants
with a high number of small flowers (Fig 1B) (sometimes referred to as Grandiflora and Multi-
flora plant types, respectively [28]). In experiment I, 13 Grandiflora and 6 Multiflora genotypes
were used, in experiment II, 11 Grandiflora and 3 Multiflora genotypes were used, and the
selected genotypes consisted of plants with a variety of flower colours, growth rates, and ten-
dencies to carry one or multiple flower spikes. For detailed information on genotypic similarity
and description of phenotypes, see S1 and S2 Files. Genotypes used in experiment II are a sub-
set of experiment I, plus one additional genotype.
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Fig 1. Representative phenotype of Phalaenopsis plant types Grandiflora (A) and Multiflora (B).

https://doi.org/10.1371/journal.pone.0251405.9001

Experimental setup

Vegetative phase (Experiment I and II). Two separate experiments were conducted, but
their experimental setup was largely similar (Table 1). Per experiment, two climate chambers
were used, corresponding with temperature treatments. In experiment I, light treatments were
nested within temperature and replicated three times per climate chamber by creating six sepa-
rate compartments within the chamber. In experiment II, light treatments were also nested
within temperature and replicated twice, by creating four compartments per climate chamber.
The second experiment initially aimed to serve as a repetition of temperature, but this experi-
ment was analysed separately because climate conditions were not identical. Experiment II fur-
thermore aimed to increase insight in after-effects of treatments that were applied during
vegetative growth on flowering plants.

Experiment I was conducted at Wageningen University & Research in Wageningen, The
Netherlands with vegetative plants that were 9 weeks old after transfer to 12 cm pots.
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Table 1. Overview of experimental set-up and growth conditions, highlighting differences between setup of vege-
tative experiment I and II.

Experiment I Experiment II
Experimental setup
Number of genotypes 19 14
Transfer to climate chamber May February
Duration experiment (weeks) 19 15

Settings in climate chamber

Temperature (day and night) (°C) 27 26
31 30

Plant density (plants m?) 80 (9 weeks) 80
55 (10 weeks)

CO, concentration (ppm) 500 800

Watering interval (days) 5 7

https://doi.org/10.1371/journal.pone.0251405.t001

Experiment II was conducted at the Phalaenopsis breeding company Anthura in Bleiswijk, The
Netherlands with vegetative plants that were grown for 5 weeks after transfer to 12 cm pots.
Plants were illuminated for 14 hours per day by red/white, and far-red LED modules (Philips
LED production module deep red/white and GreenPower LED research module Far Red; Sig-
nify, Eindhoven, The Netherlands) at a PPED of either 60 or 140 umol m™ s and additional
far red of 10 or 23 umol m™* s, respectively. Here, red light is defined as light between 600
and 700 nm, and far-red as light between 700-800 nm, which resulted in a R:FR ratio of
approximately 1.2, or a phytochrome photostationary state of 0.83 [29]. Vapor pressure deficit
of the air was set at 1 kPa for all treatments. Plants were watered with nutrient solution with an
EC1.2mScm™ and pH of 5.7 (S1 Table).

For destructive harvest in experiment I, 5-7 plants were randomly selected per genotype,
per compartment. This resulted in 30-42 plants pooled per temperature treatment. Within
temperature, this resulted in 15-21 plants per light treatment. In experiment II, replications
within one compartment were treated as being independent, resulting in 20 harvested plants
per temperature per genotype, and nested within that 10 plants per light treatment (For a
graphic representation of the experimental setup, see S1 Dataset). Vegetative plants were
destructively harvested after 19 weeks (experiment I) or 15 weeks (experiment II). In both
experiments an initial destructive harvest was conducted (n = 15). Number of leaves and roots,
leaf area (LI3100, LiCor, Lincoln, USA), and dry weight of shoot and root were determined.
Roots were cut off as close to the stem as possible, and any substrate material that was still
attached to the roots was removed. The leaves were then carefully peeled off so the stem
remained intact. In the initial harvest, the stem was combined with leaves for dry weight mea-
surements. For all dry weight measurements, plant material was dried for at least 48 hours at
80°C. When plants were transferred to climate chambers, the youngest fully grown leaf of each
plant was marked with a clothespin. All leaves that appeared after the leaf with the clothespin
were considered new leaves and counted as such. In the final destructive harvest, dry weights
of leaves, stem and roots as well as leaf area and number of leaves were determined. Relative
growth rate (RGR, g d"') was calculated according to Eq 1, where W represents weight of the
plant and t time of harvest. T1 is the initial harvest before start of the experiment. For vegeta-
tive plants, this was based on total plant dry weight, but for flowering plants RGR was based on
shoot dry weight only. Leaf mass area (Ima, g cm ™) is the ratio of leaf mass to leaf area, and
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was calculated using all leaves per plant.

RGR = (In(W2) — In(W1))/(£2 — 1) (1)

Generative phase (continuation of experiment II). Remaining plants from experiment
1T continued to grow vegetatively at a lower plant density (60 plants m™2) for another eight
weeks, before they were moved to the greenhouse (August). Plants were placed at a continuous
19°C (day and night), at a set CO, concentration of 500 ppm, VPD of 0.81 kPa at an average
DLI of 7.5 mol m day . To achieve sufficient DLI within a 15 hour day, high pressure sodium
(HPS) lighting was switched on towards the end of the day. Plant density was 50 plants per m”
%, and watering was done every 5-6 days. After eight weeks of flower induction, temperature
was set to continuous 20°C, CO, concentration to 650 ppm, while DLI, VPD and watering
schedule remained similar. Supplemental lighting was applied both at the beginning and the
end of the day. Plants of a genotype were harvested when approximately 2/3 of the plants of
that genotype had two open flowers per plant (n = 10). This is called the consumer-ready
stage. At this developmental stage plants would normally be sold, and is therefore a good
moment to determine plant quality. This means plants were harvested in a physiologically sim-
ilar developmental stage, rather than an identical point in time. The first genotype was har-
vested 15 weeks after transfer to the greenhouse, while the last genotype was harvested after 21
weeks. The number of flower spikes, open flowers, buds, total number of leaves, as well as
number of new leaves since the start of the experiment, were counted. Leaf area was deter-
mined, as well as dry weight of leaves, using the same method as previously described. To cal-
culate RGR of flowering plants, the number of days until harvest per genotype was used.

Statistical analysis

Data were analysed using linear mixed-effect models using R version 3.6.1 [30] with package
Ime4 [31]. Measurements of individual plants were pooled per compartment. Treatments and
genotype were analysed as fixed effects, and replications of light and temperature were
included as random effect as well, because the experimental setup was not full-factorial. The
assumption of independent replication of temperature may have underestimated random vari-
ance, because technically temperature was not repeated independently per experiment. There-
fore, temperature data is analysed for significance at o = 0.01 instead of the commonly used o
= 0.05. Residual plot and qgplot were used to determine if assumptions for normality and
homogeneity were met. Correlations were tested using Pearson’s correlation coefficient, and
visualisation of matrices was done using R-package corrplot v0.85 [32].

Results
Vegetative phase (experiment I and II)

The response to light was very similar in both experiments. Total plant biomass increased with
an increase in light intensity (Fig 2A and 2B). While both shoot and root dry weight were
higher at a higher light intensity, the effect on root dry weight was larger, resulting in a lower
shoot:root (S:R) ratio at increased light. In contrast, a higher temperature resulted in higher S:
R. Interestingly, in experiment I, root dry weight was the only trait for which the magnitude of
the effect of light was temperature-dependent (2-way interaction, p = 0.01), being larger at
27°C than at 31°C (S2 Dataset). In experiment II, this was only the case for stem dry weight.
High light intensity resulted in lower leaf area. Number of newly formed leaves, which is con-
sidered the most important characteristic needed to shorten growth time, was higher at high
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Fig 2. Trait component analysis of vegetative Phalaenopsis plants. Main effects of light (A, B) and temperature (C, D). Plants were grown in climate
chambers under LED lighting for 14 hours per day at a PPFD of 60 or 140 umol m™ s™. In experiment I (A,C; n = 3; 5-7 plants per statistical replicate per
genotype), plants of 19 genotypes were grown for 19 weeks at either 27°C or 31°C. In experiment II (B,D; n = 5; per genotype) 14 genotypes were grown
for 15 weeks at either 26°C or 30°C. Data is averaged over genotypes, percentages represent average change per trait to reference light intensity (60 pmol
m?s; A, B) or temperature (27°C, C;26° C, D). NS, *,**,*** are not significant or significant at p<0.05, p<0.01 and p<0.001, respectively. For

temperature, significance was determined at 0.<0.01, for light at 0.<0.05.

https://doi.org/10.1371/journal.pone.0251405.9002
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light. Leaf mass area (g cm*) was higher under high light, but was not affected by temperature.
It appeared that leaves of plants grown at a combination of high light and high temperature
were smaller, but plants had more leaves. The opposite is true for plants grown under the com-
bination of low light and a lower temperature, which had fewer, but larger leaves.

Averaged over all genotypes together, total plant dry weight and RGR in experiment I were
lower at 31°C than at 27°C (Fig 2C). The response in plant biomass was mainly due to the
decrease in root dry weight at higher temperature. Shoot dry weight, composed of leaf and
stem dry weight, was not significantly affected by temperature. There was no effect of tempera-
ture on plant dry weight or RGR during the vegetative phase in experiment II (Fig 2D). How-
ever, shoot dry weight (due to both leaf and stem dry weight) increased with temperature,
while root dry weight was not affected. This resulted in an increased S:R ratio in both experi-
ments. In experiment I, the leaf area of plants decreased with an increase in temperature, while
number of new leaves increased, although the total number of leaves did not. In experiment II,
the number of leaves did not change with temperature either. However, in contrast to experi-
ment I, an increase in temperature resulted in a higher leaf area.

A separate analysis of the data that included only those genotypes that were present in both
experiments was conducted (S2 Dataset). This was done to make sure that the differences
found between the experiments were not caused solely by the difference in genotypes that
were used. A comparative analysis with the original dataset per experiment and the analysis of
a subset of genotypes did not result in a deviation from the results as presented in Fig 2.

Generative phase (Experiment II)

Increasing light intensity from 60 to 140 umol m™s™" in the vegetative phase resulted in an
increased RGR, which was reflected in both an increased leaf dry weight as well as increased
flower spike dry weight (Fig 3A) at the end of the flowering phase. An interaction with temper-
ature occurred for flower spike dry weight (2-way interaction), as increasing temperature
increased flower spike dry weight at low light, but not at high light. Additionally, increased
light resulted in an increased flower spike quality, defined by the total number of flowers and
buds per spike. The increase in number of flowers and buds was due to an increased number
of buds. Furthermore, an increased light intensity resulted in a higher leaf number. Similar to
spike dry weight, the effect light intensity on number of flower spikes interacted with tempera-
ture. An increase in temperature always resulted in a higher number of flower spikes, but this
effect was larger for plants grown at low light compared to plants grown at high light during
the vegetative phase. There was no main effect of temperature treatments applied during the
vegetative stage on biomass-related traits. RGR, shoot and leaf dry weight of the flowering
plants were not significantly different (Fig 3B). Flower spike dry weight per plant was slightly
higher with increased temperature at the end of the flowering phase, although not statistically
different. The number of flower spikes did increase. Increasing temperature during the vegeta-
tive stage led to a higher number of new leaves for all genotypes in the flowering stage, as well
as to a higher number of flowers and buds per plant.

Genotypic variability

The above results are averaged over all genotypes. However, genotypes varied in growth and
development, and their individual response to either light or temperature differed, as interac-
tion between genotypes and environmental conditions occurred (Table 2). Significant geno-
type by environment interactions reflected genotypic variation in the magnitude of responses,
and in directionality (i.e. whether genotypes showed an increase or reduction in trait values)
(Figs 4 and 5). As described previously, the directionality of the effect of light in both vegetative
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Fig 3. Trait component analysis of flowering Phalaenopsis plants. Effects of light (A) and temperature (B) treatments applied during the vegetative
phase. During the vegetative phase, plants were grown in climate chambers for 23 weeks at either 26°C or 30°C, and a PPFD of 60 or 140 umol m 2 s™*
for 14 hours per day. Plants from all treatments were then moved to the greenhouse for flower induction (8 weeks) and subsequent flowering phase.
Plants of a genotype were harvested, when 2/3 reached the consumer-ready stage, defined as plants having two open flowers per plant (15-21 weeks,
depending on genotype). Percentages represent average change per trait to either vegetative reference temperature (26°C) or light intensity (60 pmol m”
2§71, NS, *,"*,"** are not significant or significant at p<0.05, p<0.01 and p<0.001, respectively (n = 10 per genotype). For temperature, significance
was determined at 0.<0.01, for light at a:<0.05.

https://doi.org/10.1371/journal.pone.0251405.9003

experiments was comparable, and this was also the case for the range of genotypic variation
(Fig 4). While stem dry weight stands out as a trait with large genotypic variation, this is proba-
bly due to measurement errors, not to a much higher level of variability and will not be consid-
ered in further analyses. In both experiments, least genotypic variation in response to light was
found for leaf mass area. Largest variation was found for RGR, which varied over 50% between
genotypes.

Interestingly, while directionality in response to temperature varies between experiment I
and II, the range of genotypic variation was similar (Fig 5), but in experiment II this variation
was often not significantly different between genotypes, while this was the case in experiment I
(Table 2). In both experiments, least genotypic variation was found for leaf mass area, making
it the most stable trait in Phalaenopsis. In response to temperature, number of new leaves
formed showed largest genotypic variation in experiment I, which varied almost 50% between
genotypes. This trait was not measured in experiment II, where largest variation was found in
root dry weight, which varied over 40% between genotypes. Overall, genotypic variation was
larger in response to light than to temperature.

Also during the flowering phase genotypic variation occurred, as well as interaction with
the environment of the vegetative stage (Table 3). More light led to more genotypic variation
in the vegetative phase, which can in part be explained by differences between Grandiflora and
Multiflora plant types. Genotypic variation for all traits except number of new leaves could be
explained by variation between these two plant types. Number of flowers and buds were much
more affected by light in Multiflora plants, than was the case for Grandiflora plants (S3 File).
The same was true for a change in temperature when the two plant types were compared
(Table 3). This was mainly due to a change in number of buds, and not to number of flowers.
For the other traits there was no difference between plant types in interaction with the
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Table 2. Significance of genotypic variation to temperature and light. Effects on vegetative growth traits of 19 (experiment I) or 14 (experiment II) different genotypes

of Phalaenopsis plants.

Relative growth rate
Plant dry weight
Shoot dry weight
Root dry weight
Leaf dry weight
Stem dry weight
Shoot:Root ratio
Leaf area

Leaf mass area
Total # leaves

# new leaves

Relative growth rate
Plant dry weight
Shoot dry weight
Root dry weight
Leaf dry weight
Stem dry weight
Shoot:root ratio
Leaf area

Leaf mass area
Total # leaves

Experiment 1

Experiment I1

Genotype Light x genotype Temperature x genotype
e NS NS
* kK NS * ok
*k ok NS NS
- NS o
o NS NS
e NS NS
* ok 5k NS *okok
e NS NS
o NS NS
* ok ok * koK NS
*kox * NS
*ok ok NS NS

* Interactions are: NS not significant, or significant at * p<0.05, ** p<0.01 or *** p<0.001. For temperature, significance was determined at a:.<0.01, for light at :.<0.05.

https://doi.org/10.1371/journal.pone.0251405.t1002

environment. Interaction with the environment mostly came down to variation in the
response of individual genotypes, and not to variation between plant types of Grandiflora and
Multiflora.

Genotypic variation was also apparent in non-flowering traits at the end of the flowering
phase, such as leaf dry weight. However, temperature had a larger effect on flower spike dry
weight, and even more so on number of flower spikes (Fig 6). There was no significant geno-
typic variability in number of flower spikes in response to light. Number of flowers and num-
ber of buds also showed large genotypic variation, both in response to temperature and to light
(Fig 6). This was most likely due to variation in timing of consumer-ready stage between dif-
ferent treatments, as all plants from one genotype were harvested in one batch.

Correlations between traits

Correlations between traits in both vegetative experiments were very consistent (Fig 7). Roots
made up the largest part of plant biomass, and therefore had the strongest correlation with
total plant dry weight, as well as with shoot:root ratio. RGR was negatively correlated with
shoot:root ratio, meaning that shoot:root ratio decreased as RGR increased. Root dry weight
changed more with treatments, resulting in a relatively larger impact on these traits. Leaf area
and leaf dry weight correlated relatively well for both experiments, although they could not be
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Fig 4. Genotypic variation in vegetative Phalaenopsis plants in response to light. Plants were grown in climate chambers
under LED lighting for 14 hours per day at a PPFD of 60 or 140 umol ms". In experiment I (A; n = 3; 5-7 plants per
statistical replicate per genotype), plants of 19 genotypes were grown for 19 weeks at either 27°C or 31°C. In experiment I
(B; n = 5; per genotype) 14 genotypes were grown for 15 weeks at either 26°C or 30°C. Data is averaged over temperature,
and represents relative change per trait to light intensity (60 umol m™* s™). Similar colours are similar genotypes, also in

Figs 5 and 6.
https://doi.org/10.1371/journal.pone.0251405.9004
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Fig 5. Genotypic variation in vegetative Phalaenopsis plants in response to temperature. Plants were grown in climate
chambers under LED lighting for 14 hours per day at a PPFD of 60 or 140 umol m™s". In experiment I (A; n = 3; 5-7
plants per statistical replicate per genotype), plants of 19 genotypes were grown for 19 weeks at either 27°C or 31°C. In
experiment II (B; n = 5; per genotype) 14 genotypes were grown for 15 weeks at either 26°C or 30°C. Data is averaged over
temperature, and represents relative change per trait to light intensity (60 umol m™ s™). Similar colours are similar

genotypes, also in Figs 4 and 6.
https://doi.org/10.1371/journal.pone.0251405.9005
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Table 3. Effect of plant type and genotypic variation and its interaction with temperature and light in flowering Phalaenopsis. Treatments applied in vegetative
phase on after-effects during flowering of 14 different genotypes of Phalaenopsis plants.

Plant type
Relative growth rate R
Shoot dry weight o
Leaf dry weight o
Flower spike dry weight o
# flower spikes e
# flowers and buds o
# buds e
# flowers o
Total # leaves o
# new leaves NS

Light x plant type Temperature x plant type Genotype Light x genotype Temperature x genotype

%

NS
NS
NS

NS

NS sk ok sk
NS okk sokok sk
NS okk sokok NS
NS koK * *k
NS sokok NS sk ok
Hok ok ko * ok EEEY
Hok ok ko *ok ok sk ok
NS ko *okok sk
NS ko *ok Hok
NS ok ok NS

* Interactions are: NS not significant, or significant at * p<0.05, ** p<0.01 or *** p<0.001. For temperature, significance was determined at .<0.01, for light at 0.<0.05.

https://doi.org/10.1371/journal.pone.0251405.t003

linked to the number of leaves in experiment II. This suggests that size of individual leaves
reduced as number of leaves increased. Over all treatments there was no correlation of any
trait with leaf mass area, which was already apparent from previous data (Fig 2).

While an increase in leaf dry weight correlated with an increase in flower spike dry weight,
this could not be linked to an increased flower spike number nor to an increase in flowers and
buds, indicating that it was the flower spike stem weight itself that increased (Fig 8). Because
there were more buds than open flowers (due to time of harvest, at consumer-ready stage), the
correlation between total flower potential (number of flowers and buds) was better explained
by the number of buds than by the number of flowers. It was expected that more flower spikes
resulted in more flowers and buds, but a higher number of flowers and buds could not be cor-
related to flower spike dry weight. Interestingly, neither the number of leaves nor the number
of new leaves of flowering plants was correlated to any of the flowering traits (Fig 8). However,
number of leaves in the vegetative phase seemed to correlate well with number of spikes, and
number of flowers and buds (Fig 9). Also, a strong correlation of spike dry weight with RGR,
plant, shoot, root, leaf and stem dry weight was found.

Discussion

In this study we have investigated the effects of temperature and light on Phalaenopsis plant
growth in the vegetative phase, and the after-effects of treatments applied in the vegetative
phase on flowering of the plants. An increase in light intensity resulted in an increase in both
plant growth and development, visible as increased biomass and plant organ development, i.e.
increased number of leaves and roots. The result due to an increase in temperature seemed to
depend on the temperature range that was used. The extent to which plant traits were affected
by these treatments was genotype-dependent and shows the importance of genotypic varia-
tion. Flowers and buds, and number of leaves increased when light intensity and temperature
increased. An increased temperature during vegetative growth also resulted in a higher num-
ber of flower spikes during flowering. Furthermore, we found that number of leaves in particu-
lar correlated well with important flowering traits. The implications of these results are
discussed below.
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Fig 6. Genotypic variation in flowering Phalaenopsis plants of experiment II. During the vegetative phase, plants were
grown in climate chambers for 15 weeks at either 26°C or 30°C and a PPFD of 60 or 140 pmol m-2 s-1 for 14 hours per day.
Plants from all treatments were simultaneously moved to the greenhouse for cooling and flowering phase until auction-
ready; see material and methods for details. Data is averaged either over temperature, and represents relative change per
trait to light intensity light intensity (60 umol m™ s™)(A) or is averaged over light, and represents relative change per trait
to temperature (26°C)(B)(n = 10), as applied during vegetative growth. Similar colours are similar genotypes, also in Figs 4

and 5.
https://doi.org/10.1371/journal.pone.0251405.g006
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Fig 7. Trait correlation matrix of vegetative Phalaenopsis plants. Plants were grown in climate chambers under LED lighting for 14
hours per day at a PPED of 60 or 140 pmol m ™ s™". In experiment I (A; n = 3; 5-7 plants per statistical replicate per genotype), plants of
19 genotypes were grown for 19 weeks at either 27°C or 31°C. In experiment II (B; n = 5; per genotype) 14 genotypes were grown for
15 weeks at either 26°C or 30°C. Data is pooled over genotypes and growth treatment. Colours represent either negative (red) or
positive (blue). Significant correlations are marked *,**,"** at p<0.05, p<0.01 and p<0.001, respectively. RGR = relative growth rate,
LMA = leaf mass area, dw = dry weight.

https://doi.org/10.1371/journal.pone.0251405.9007

Increasing light intensity stimulates growth and accelerates development of
vegetative Phalaenopsis plants

Vegetative growth in Phalaenopsis is important, and sufficient vegetative plant size is needed
to develop high quality flowering plants [7]. Sufficient plant size is determined by the number
of leaves and the plant biomass. With an increase in light intensity in the vegetative phase RGR

Shoot dw

Leaf dw

Spike dw

# Spikes

# Flowers & buds
# Flowers

# Buds

# Leaves

# New Leaves

-1 08-06-04-02 0 02 04 06 08 1

Fig 8. Trait correlation matrix of flowering Phalaenopsis plants in experiment II. During the vegetative phase,
plants were grown in climate chambers for 23 weeks at either 26°C or 30°C and a PPED of 60 or 140 pmol m s for
14 hours per day. Then, plants from all treatments were simultaneously moved to the greenhouse for flower induction
and flowering phase until consumer-ready. Data is pooled over genotypes and growth treatment. Colours represent
either negative (red) or positive (blue) correlations. Significant correlations are marked *,**,”** at p<0.05, p<0.01 and
p<0.001, respectively. RGR = relative growth rate.

https://doi.org/10.1371/journal.pone.0251405.g008
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Fig 9. Correlation matrix of vegetative (V) traits with flowering Phalaenopsis plants in experiment II. Data is
averaged over genotypes and growth treatment. During the vegetative phase, plants were grown in climate chambers
for 15 weeks at either 26°C or 30°C and a PPED of 60 or 140 wmol m™s™* for 14 hours per day, after which randomly
selected plants were harvested. Plants were then allowed to grow for another 8 weeks, before plants from all treatments
were simultaneously moved to the greenhouse for flower induction and flowering phase until consumer-ready.
Colours represent either negative (red) or positive (blue) correlations. Significant correlations are marked *,**,*** at
p<0.05, p<0.01 and p<0.001, respectively. RGR = relative growth rate, LMA = leaf mass area, dw = dry weight.

https://doi.org/10.1371/journal.pone.0251405.9g009

increased, resulting in more biomass accumulation over time for both shoot and roots (Figs 2
and 3). In particular root biomass was affected strongly by light (Table 2), as additional dry
matter was mainly allocated towards roots. Leaves were thicker (more biomass per unit leaf
area) under higher light, visible as increased leaf mass area. With an increase in light more
leaves were initiated, which is in line with previous results [10, 11]. In this study, increasing
light intensity accelerated both growth and development.

Temperature can increase vegetative plant development but reduces plant
growth in supra-optimal range

The effect of light was very similar in both vegetative experiments, whereas the effect of tem-
perature was not. Analysing the data using identical genotypes showed that differences due to
temperature treatments between the two experiments were similar to the original analysis with
a full range of genotypes per experiment (S2 Dataset). This showed that differences between
experiments may be due to the small difference in the range of temperature studied, and are
not caused by differences in genotypes used. RGR at high temperature was significantly lower
compared to low temperature treatment in experiment I. A lower RGR highly impacted root
biomass accumulation (Fig 2). This was not the case in experiment II, where RGR and plant
dry weight were not affected by temperature. In both experiments dry matter partitioning
changed with temperature, visible as decreased shoot:root ratio (Table 2). A previous study on
Phalaenopsis found an increase in shoot:root ratio with increasing temperature, although
slightly lower night-time temperatures were used [33]. It is difficult to generalize statements
on the effect of temperature on shoot:root ratio, as this is very species-dependent and even var-
ies between those sharing the same habitat [34]. Phalaenopsis employs crassulacean acid
metabolism (CAM), a specialized photosynthetic pathway that temporally separates CO,
uptake from CO, decarboxylation. Friemert et al. [35] showed that temperature directly affects
efflux of malic acid and decarboxylation of CO, in CAM plants due to changes in membrane
stability, which might result in CO, leaking out of the leaf. Furthermore, processes such as
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respiration, enzyme activity and stomatal movement are affected by changes in temperature,
even though they might be subject to acclimation [36]. Jeong et al. [37] found that in Phalae-
nopsis, high temperature treatments, decreased relative chlorophyll content and CO, uptake.
This might explain the lower RGR and thus lower biomass accumulation over time in our cur-
rent study. It is interesting that RGR and subsequently, plant biomass accumulation are
reduced at higher temperatures, considering the native habitat of these plants, where daytime
temperatures of 31°C are not exceptional [38]. Blanchard and Runkle [39] showed that with a
sufficiently high day temperature (>26°C), plants remain vegetative regardless of temperature
during the night, and while lower night temperatures have a positive effect on CO, uptake
[40], it is unclear how this affects plant growth and development exactly. Total number of
leaves did not change with temperature, but number of newly formed leaves increased in
experiment I. However, leaf area decreased with an increase in temperature in experiment I
(Fig 2). This might be due to early abscission of old leaves in experiment I. Sufficiently high
temperatures accelerates plant growth and development in the vegetative phase [7], but finding
the optimal temperature may not be straight forward. The optimal temperature range in Phal-
aenopsis appears to be quite narrow: too low induces premature flowering in the vegetative
phase, and although higher temperatures increases development of new leaves, it also leads to
reduced growth and appears to accelerate aging and senescence of older leaves.

Light and temperature treatments in the vegetative phase affect flowering
plant growth and development

After-effects of increased light intensity in the vegetative phase were clearly visible in flowering
plants. These plants had more leaf and flower spike biomass, and an increased number of
leaves, flowers and buds, again indicating that light affects not only growth, but also plant
development. Despite an increased number of leaves, the total number of flower spikes was
not affected by light in the vegetative phase (Fig 3). Lee et al. [11] found an increased number
of flower spikes with increased light intensity. However, these increased light intensities were
applied during flower induction and flower outgrowth phases as well, not only during the veg-
etative phase. A different light spectrum during the cooling and flowering phase can increase
number of flower spikes [41, 42]. To what extent light quality during vegetative growth affects
flowering later on remains to be seen.

There was no main effect of temperature applied in the vegetative phase on above ground
plant biomass in the flowering phase (Table 3), but when looking at differences between geno-
types, variation occurred in both leaf and flower spike biomass (Fig 6). Traits related to devel-
opment of organs (i.e. leaf, flower spike and flower number) increased when higher
temperatures were applied in the vegetative phase. Interestingly, the effect of temperature on
plant developmental rates in the vegetative phase translates to the flowering phase as well. It
seems that the exact temperature given determines what is concluded, because Jeong et al. [37]
found that an increase in temperature can lead to lower number of flower buds, and even to a
reduction in number of flower spikes after high temperature stress in the vegetative phase
(34°C). Biomass production and carbohydrates play a role in flower spike outgrowth and
development [10, 12]. For instance, increasing ambient CO, during the flower induction and
flowering phase in Phalaenopsis was found to increase number of flowers and flower spikes
[43, 44]. Several studies found that floral development and time to visible flower spike is posi-
tively correlated to the amount of soluble sugars in the leaves, sucrose in particular [23, 24, 37].
Sucrose levels can be increased directly via photosynthesis or exogenous sucrose application
[24], but also indirectly via light spectrum [8] or via application of plant hormones [14],
although none of these can completely substitute a low temperature treatment. From these
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studies it might appear that sucrose content readily available in the leaves and a continuous
supply to the reproductive bud determines flower potential in the end, but sucrose alone is not
the signalling factor for flower induction [15, 45]. Phalaenopsis does not have storage organs
such as pseudobulbs [2], but it might be that long-term storage of assimilates does take place
which can be used later on during flowering. It remains unclear exactly how number of flower
spikes and number of flowers and buds are affected by treatments applied in the vegetative
phase, but there is a strong correlation between vegetative growth and flowering traits (Fig 9),
which highlights the importance of studying vegetative growth in Phalaenopsis.

Importance of genotypic variability

Within main effects of temperature and light intensity on growth and flowering in Phalaenop-
sis, genotypic variation was observed. For most traits there was an interaction of light x geno-
type, and/or temperature x genotype (Table 2, Figs 4 and 5). Traits such as shoot and leaf dry
weight were not significantly different on main effect level in experiment I, but they were dif-
ferent when genotype was considered. For instance, RGR was strongly affected by an increase
in light in one genotype, but when it comes to an increase in leaves, that same genotype was
performing average (Fig 4A). The genotype that had the largest increase in number of leaves
with an increase in light intensity in experiment II in the vegetative phase (Fig 4B), was nega-
tively affected by temperature (Fig 5B). Furthermore, in this genotype high temperature even
resulted in a reduced number of flower spikes at the end of the flowering phase (Fig 6A).
Results like these confirm the importance of including a large number of genotypes when
studying Phalaenopsis growth and development [7, 22]. Our study shows that genotypic varia-
tion for flowering traits is large (Fig 6) and what is true for one genotype, might not hold for
another. The effect of increased light in the vegetative phase on number of flower spikes was
not genotype dependent in this study, but Hiickstiddt and Torre [22] did find genotypic vari-
ability in response to light when two genotypes were compared. Working with a larger set of
14 genotypes showed that the number of flower spikes in most genotypes is probably not
affected by light intensity in the vegetative phase. Furthermore, an increase in temperature in
the vegetative phase increased number of flower spikes up to 50% in some genotypes, while it
led to a decrease in others (Fig 6B), which might therefore explain seemingly contradictory
results in the literature (e.g. [37]). Detailed information on genotypic variability can also be
used as the basis for decisions on growing strategies. For instance, it might be cost-effective to
invest in supplemental lighting when genotypes that respond strongly to an increase in light
intensity are being cultivated, but not in those that are hardly affected.

Vegetative traits as predictor for flowering quality

In both experiments and regardless of treatment, an increase in RGR in the vegetative phase
correlated with a decrease in shoot:root ratio (Fig 7), emphasizing the impact of root biomass
on Phalaenopsis plant growth. This makes sense, considering that in epiphytic plants the root
system is highly important, as it plays a large role in water and nutrient absorption [46]. How-
ever, roots are often overlooked when it comes to traits that are considered relevant in breed-
ing and production of Phalaenopsis, but it might be that root-related traits can be correlated
with flower induction and flowering potential. It is generally assumed that bigger plants with
more leaves result in a higher number of flower spikes, as well as a higher number of flowers
per flower spike. This assumption is based on the fact that two bud primordia for flower spikes
are differentiated at the base of each leaf [47]. Flower spikes are most likely to appear from the
3th or 4™ node [12]. While this might still be true, leaf number alone does not guarantee a cer-
tain number of flower spikes, as flower induction is also affected by other factors [7, 8, 15, 45].
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Hickstadt and Torre [22] found no relation between number of leaves and number of flower
spikes on two Phalaenopsis genotypes studied. In our study with 14 genotypes and a combina-
tion temperature and light treatments we did find a correlation between traits measured in the
vegetative phase, and traits during flowering (Fig 9). Number of leaves was positively corre-
lated with number of flower spikes, and with number of flowers and buds. Thus, increasing
leaf initiation rates during the vegetative phase leads to higher flowering plant quality. Here,
this was done by changing light and temperature treatments. For Doritaenopsis, elevated CO,
during vegetative growth increased CO, uptake and leaf initiation [48]. Increased CO, during
vegetative and flowering phases in Phalaenopsis resulted in more branching and more flowers,
indicating that flowering quality increased [44]. Linking data of vegetative plants grown at dif-
ferent environmental conditions with flowering characteristics later on, can assist in the selec-
tion of new cultivars during breeding, as it can be used as an early predictor for flowering
capacity and quality.

Conclusion

We studied the interaction between temperature and light on growth and development of
Phalaenopsis, so that leaf initiation rate and dry matter production would be optimized. These
traits in particular were considered important in the vegetative phase, as they would result in
higher quality flowering plants. This study has led to several new insights. 1) Increasing light
intensity accelerates both plant growth and development in Phalaenopsis. 2) Increasing tem-
perature can accelerate plant development, but can quickly lead to reduced growth when
supra-optimal. 3) Genotypic variation in the response to temperature and light is large in Phal-
aenopsis, especially in traits related to flowering. Therefore, sufficient genotypic variation in
studies is important and care is needed when generalising results. 4) Growth in the vegetative
phase can be linked to flowering traits. The positive correlation between number of leaves dur-
ing the vegetative phase and number of flower spikes can be used to predict flowering capacity
and quality of the final product.

Supporting information

S1 File. Phenotypic description of Phalaenopsis genotypes. Genotype 1,2 and 4-20 were
used in experiment [, and genotypes 1-14 were used in experiment II.
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S$2 File. Genotypic variation. Genotypic similarity in this study was determined based on the
variety tracer method, developed by NAKtuinbouw (Roelofarendsveen, The Netherlands) to
identify plant Phalaenopsis varieties. This is done based on the presence or absence of different
alleles for 8 SSR markers (H. Teunissen, personal communication). This information was then
used to create a similarity matrix based on the Jaccard coefficient. To further display genotypic
variation, PCA was done and a dendrogram created that shows the variation of the genotypes
used in this study relative to the complete genotypic pool of the breeder, from which plants
were acquired.
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S3 File. Genotypic variation in flowering Phalaenopsis based on plant type.
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$1 Table. Composition of nutrient solution.
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S1 Dataset. Experimental setup and raw data—Effect of light and temperature in the vege-
tative phase on Phalaenopsis plants. Plants were grown in climate chambers under LED
lighting for 14 hours per day at a PPFD of 60 or 140 umol m™s™". In experiment I, plants of 19
genotypes were grown for 19 weeks at either 27°C or 31°C, before harvest. In experiment I, 14
genotypes were grown for 15 weeks at either 26°C or 30°C, after which a random selection of
plants were harvested (“vegetative”). Remaining plants were then allowed to grow for another
8 weeks, before plants from all treatments were simultaneously moved to the greenhouse for
flower induction and flowering phase until consumer-ready, after which a second harvest was
conducted (“flowering”).

(XLSX)

$2 Dataset. Statistical analysis. Anova of the linear mixed-models conducted for trait compo-
nents, genotypic variation, subsets of genotypes present in both experiments, and plant type,
as well as Pearson’s correlation coefficient and analysis for correlation matrices.

(XLSX)
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