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Abstract: Nasturtium is a popular herbal plant, widely cultivated as culinary and medicinal plants all
over the world. However, the seed propagation of nasturtium is inefficient, and in-vitro propagation
is sophisticated and high-cost. In this study, the cutting propagation method was employed to
produce nasturtium seedlings. We aimed to determine the optimal conditions for cutting propagation
of nasturtium seedlings by investigating the effects of node position and electric conductivity (EC)
of nutrient solution on the root formation of the cuttings. Cuttings from five node positions (apical
bud, 2nd node, 3rd node, 4th node, and 5th node) were subjected to water and five EC (1.0, 2.0, 3.0,
4.0, and 5.0 dS m~1) treatments with a hydroponic cultivation system in a plant factory. Results
showed that all cuttings rooted successfully within two weeks. The cuttings from the apical bud
position rooted earliest and produced the most roots regardless of EC level. Cuttings from other
node positions produced longer roots and heavier root fresh and dry weights than those from the
apical bud position. The cuttings under EC of 1.0 dS m~! had the greatest root number, the longest
root length, and the heaviest root fresh and dry weights regardless of node positions. The EC of
1.0 dS m~! is considered the best condition for nasturtium cuttings for the range of EC tested in this
study, and the cuttings from all the five node positions can be used as seedling materials.

Keywords: nasturtium; cutting propagation; adventitious root; node position; electric conductivity

1. Introduction

Nasturtium (Tropaeolum majus L.) belongs to the Tropaeolaceae family which originally
came from South America. It is cultivated as landscaping, culinary, and medicinal plants
worldwide. Its flowers are trumpet-shaped with yellow, orange, or red color, and its leaves
are green and round. Given its light spicy flavor, the flowers and leaves of nasturtium are
used for salads and sandwiches, and its seeds are used as seasonings. The nasturtium plant
contains high levels of bioactive compounds, such as flavanoids, glucosinolates, antho-
cyanin, and fatty acids, especially in flowers. Therefore, nasturtium has wide therapeutic
effects, such as anti-cancer, anti-tumor, anti-cardiovascular disease, anti-inflammation,
anti-virus, anti-oxidation, anti-mutation, anti-allergy, and anti-radiation [1,2]. These virtues
have increased the demand for nasturtium flowers and leaves rapidly, which enhances
the need to increase nasturtium production to meet the demand. However, the present
cultivation technology to grow nasturtium does not allow its mass production. Most
of the current research focuses on how to preserve and efficiently extract the chemical
compositions in seeds, leaves, and flowers of nasturtium [3-5], and there have been few
studies on how to produce nasturtium plants efficiently in a large quantity. The research to
develop technology, which makes rapid and efficient nasturtium plant production possible,
is an urgent need.
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One of important aspects in designing such technology is to establish a rapid and
efficient method of plant propagation. Broadly categorizing, seed propagation and vegeta-
tive propagation are two methods of plant propagation. Many researchers used the seed
propagation method to obtain nasturtium plants as samples for experiments [6-8]. How-
ever, the germination of nasturtium seeds is a difficult and complicated process to manage.
Nasturtium seeds need to be soaked in tap water for 24 h before sowing [9], and the time
required for seeds to sprout is long (15-20 days) [2]. Moreover, it is hazardous to produce
uniform seedlings of the same traits by means of seed propagation. Therefore, many
researchers use in-vitro techniques to propagate nasturtium plants for research [10-12].
The cost of in-vitro propagation is high, and this technique is more sophisticated than
seed propagation. Since nasturtium is an infinitely growing type of vine plant, the cutting
propagation method could be better suited to the production of nasturtium seedlings than
seed propagation. Compared with seed propagation, the time needed for the seedling
stage of nasturtium may be reduced. Cutting propagation is certainly less costly and easier
to operate than in-vitro propagation.

Whether cutting propagation is adopted to nasturtium critically depends on the
rooting process. For any plant, the rooting process of cuttings is generally recognized to
be divided into three phases: induction, initiation, and expression [13]. It is influenced
by internal and external factors. Internally, the content of auxin and its distribution in
different tissues play a key role in each step of rooting [14,15]. The concentration of
auxin varies with parental parts of a plant and varies with different plants; the rooting of
cuttings is, therefore, affected by parental parts and plant species. For example, Solikin [16],
comparing different node positions (top, middle, and base) on the growth of stem cutting
of Andrographis paniculate, showed that the plant growth of the stem cuttings from the
top was significantly better than that of the cuttings from the base. However, a study
on cannabis cuttings showed that the node position did not influence root quality [17].
Externally, root zone environments, such as root zone temperature [18-20], nutrient and
water availability [21-23], and electrical conductivity (EC) of the nutrient solution [24-26],
also have great influences on the growth and development of plant roots. The EC-based
management of the nutrient solution is a common, easy, and important method that is
widely used in hydroponic cultivations. It is reported that rooting process of Hibiscus
rosa-sinensis [25] and Spathiphyllum [26] cuttings were significantly affected by different EC
treatments. However, no study has been conducted yet on the effects of node positions and
EC levels of nutrient solution on the rooting of nasturtium cuttings.

We hypothesize that the EC level of the nutrient solution, as an indicator of the ion
concentration and water availability in the nutrient solution, would be essential for the
rooting of nasturtium cuttings. The effects may vary with the node positions from where
the cuttings were taken. The purpose of this study is to examine, for nasturtium cuttings
grown in a plant factory with artificial lighting, how node position and electric conductivity
of the nutrient solution affect the rooting of nasturtium cuttings, with a view to contributing
to the development of technology that enables rapid and efficient nasturtium production.
In a closed-system plant factory, the environmental conditions, such as the temperature
and relative humidity of the atmosphere, the duration and intensity of lighting, the root
zone temperature, water and nutrient availability, and EC level of solution, can all be
fully controlled [27]. Our study would help to determine suitable conditions for fast,
high-quality seedling propagation of nasturtium in a plant factory as well as to assess if
the plant factory is a feasible means for nasturtium production.

2. Materials and Methods
2.1. Growth Conditions for Mother Plants

Mother plants of nasturtium (Garden Nasturtium, seed produced in Tanzania, SAKATA
SEED CORPORATION, Kanagawa, Japan) were cultivated under 250 umol m~2 s~ ! light
intensity with 14 h photoperiod using fluorescent lamps (FHF32 EX-N-H, Panasonic, Co.,
Ltd, Osaka, Japan). Light intensity was measured at a distance of 25 cm from the lamp
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by using a Li-250 quantum sensor (Li-Cor Inc., Lincoln, NE, USA) before placing the
plants. Air temperature and relative humidity (RH) during light/dark conditions were
at23°C £2°C/22°C £2°Cand 44% =+ 11%/44% £ 9%, respectively. Six plants were
grown in one hydroponic container (LWH: 65, 42, and 10 c¢m) filled with 20 L nutrient
solution (N 21%, P,0s5 8%, K,O 27%, MgO 4%, CaO 23%, Fe 0.18%, Cu 0.002%, Zn 0.006%,
Mo 0.002%, MnO 0.1%, and B,O3 0.1%) (Otsuka hydroponic composition, OAT Agrio Co.,
Ltd., Tokyo, Japan). Air pumps were used to pump air into the nutrient solution. The
nutrient solution was adjusted to EC at 2.0 dS m~! and pH at 7.0.

2.2. Treatments

Cuttings were taken from 50-day-old mother plants (24 mother plants) and planted
in a walk-in plant factory (LWH: 29.0, 2.0, and 2.3 m). Two factors, namely, node position
and EC of the nutrient solution, were included in this experiment. For node position, the
cuttings were taken from five node positions counted from the tip of the plant: apical bud
(henceforth referred to as “bud” throughout this paper), 2nd node, 3rd node, 4th node, and
5th node. Each cutting contained one leaf and one axillary bud. The sizes of the cuttings
from different node positions are shown in Figure 1. The stem length of all cuttings was
maintained at 3.5 cm. For EC, water and nutrient solution with five different EC levels
(1.0,2.0, 3.0, 4.0, and 5.0 dS m ') were used in this experiment (henceforth referred to as
“EC treatment,” including the water treatment and denoted as water, EC1, EC2, EC3, EC4,
and EC5). The five nutrient solutions were obtained by diluting 100-times-concentrated
nutrient solution (Otsuka hydroponic composition, as enumerated above) with tap water.
The pH values were at 7.2 £ 0.2 in water and 6.2 &+ 0.2 in the nutrient solution. The pH
and the EC levels were measured by using a multi-parameter meter (Eutech PCTestr 35
multi-parameter pocket tester; Eutech Instruments Pte Ltd., Singapore). The temperature of
the solutions was kept at 20 £ 2 °C. In total, this experiment involved 5 x 6 = 30 treatments,
the treatment of ‘bud-water’ being the control.

Cutting position  Leaf diameter (cm) FW of cuttings (g)

Bud 1.0 0.21+0.04

2nd node 25-34 0.49+0.11

hS 3rd node 45-5.1 0.80+0.13
4thnode 5.5-6.1 1.13+0.16

/ 5thnode 6.4-7.1 1.48+0.24

Figure 1. The diameter of the leaf attached to the cuttings and the mean fresh weight (FW) of cuttings
at different node positions (bud, 2nd node, 3rd node, 4th node, and 5th node from top to bottom) of
nasturtium plant (n = 36).

For each node position, 36 cuttings were prepared and equally distributed into six
EC treatments. The cuttings were grown in containers (same with the mother plant) at
a density of 125 cuttings per m?. One container grew 30 cuttings (6 cuttings each for
5 node-position treatments), and a total of six containers (for EC treatments, 20 L each)
were used. The illumination was provided by LED lamps (Growth light; ZK-TB13-GE01/A,
Sananbio, China; the light spectrum is shown in Supplementary Figure S1). Light period
and light intensity were maintained at 16 h day ! and 250 pmol m~2 s~ !, respectively.
Air temperature, RH, and carbon dioxide (CO;) concentration during cultivation were
maintained at 20 = 1 °C, 70 = 5%, and 1000 ppm, respectively.
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2.3. Measurement
2.3.1. Extraction and Analysis of Endogenous IAA

Endogenous concentrations of indole-3-acetic acid (IAA) in cuttings taken from five
node positions of nasturtium mother plants were extracted and analyzed as described by
Durgbanshi et al. [28] with slight modifications.

Fresh material was frozen in liquid nitrogen and ground to a fine powder,and 1 g
was weighed. Before extraction, 100 uL of internal standard containing 0.1 pg of [?°Hs]-IAA
was added. The tissue was immediately homogenized in 10 mL of distilled water. After
centrifugation (15,000 g, 25 min, 4 °C), the pH of the supernatant was adjusted to 2.8-3.0
with 30% acetic acid and the supernatant partitioned twice against an equal volume of
diethyl ether. Transfer the organic fraction to a 10 mL test tube and evaporate at 37 °C.
The solid residue resuspended in 1.2 mL of a 100% methanol solution (HPLC grade), and
the solution was filtered through a 0.45 um cellulose acetate filter. A 5 uL aliquot of this
solution was then directly injected into a liquid chromatograph mass spectrometer (LC-MS)
system (Lcms-2010EV; Shimadzu, Kyoto, Japan) to identify the IAA.

LC-2010CHT system is the liquid chromatography system of LCMS-2010EV sys-
tem. The aliquot (5 puL) was injected into an ODS-Mightysil RP-18GP Aqua (¢5 pum,
150 mm x 2 mm, Kanto Chemical Co., Inc., Tokyo, Japan). The temperature of autosampler
was maintained at 4 °C. The column temperature was maintained at 40 °C. The mobile
phase was a mixture of 80% methanol (HPLC grade) with 20 mM formic acid, at a flow rate
of 0.3 mL/min. The nebulizer gas was at a flow rate of 1.5 L/min. Curved desolvation line
(CDL) temperature and heat block temperature were at 250 °C and 200 °C, respectively.
Voltage of detector was at 1.5 kV. The selected ion monitoring method (SIM) was selected
as the analysis mode. Samples were analyzed in positive-ion mode. The concentrations of
IAA were calculated from the ratio of the peak areas of endogenous IAA (176, in m/z) and
internal standard (181, in m/z). All data were acquired using Labsolutions Ver.3 software
(Shimadzu Corporation, Kyoto, Japan).

2.3.2. Measurement of Rooting Characteristics of Cuttings

Root number, the length of the longest root, and root fresh weight (FW) were deter-
mined 14 days after planting. Then, the shoot and root were placed in an 80 °C oven for
1 week to determine their dry weights (DW). Six sample plants were used to measure all
parameters. Roots with a length longer than 2 mm were counted. The root zones were
observed every day, and the rooting rates (%) were calculated as follows: rooting rate =
(number of rooted plants/total number of plants) x 100.

2.4. Statistical Analysis

For each treatment, six sample plants were used to evaluate all parameters. The data
were subjected to analysis of variance, and the means were compared between treatments
using Tukey’s test, with the significance level of p = 0.05. These statistical analyses were
performed using SPSS statistical software (IBM SPSS Statistics, Version 19.0. Armonk, NY,
USA: IBM Corp.).

3. Results

The cuttings started rooting 7 days after planting in most of the treatments, and
all of them rooted successfully by 13 days after planting (Figure 2). The fastest rooting
occurred on the cuttings under treatment of water and EC1, reaching 100% rooting on
day 9 regardless of node position. Under EC2 and EC3, the rooting reached 100% on day
10. However, the rooting progress of the cuttings became slow under higher EC levels so
that the rooting rate reached 100% as late as days 11 and 13 for the cuttings under EC4
and ECS5 treatments, respectively. The upper node positions (the bud, 2nd, and 3rd nodes)
demonstrated faster rooting speed than the lower node positions (the 4th and 5th nodes),
regardless of EC levels (Figure 3).
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Figure 2. The rooting rate of cuttings from 6 to 14 days after the start of treatment with different electric conductivity (EC)
levels. EC1, EC2, EC3, EC4, and EC5 represents nutrient solution with the electric conductivity of 1.0, 2.0, 3.0, 4.0, and
5.0 dS m~1, respectively. Rooting rate (%) = (number of rooted plants/total number of plants) x 100. Plants with roots
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Figure 3. Mean number of days required for rooting of cuttings taken from different node positions
(the means over the EC treatments (1 = 36), shown as mean =+ SE). Different alphabetic letters indicate
that the respective means are significantly different from each other at p < 0.05 by Tukey’s test.

At 14 days after planting, the root number, root length, root fresh weight (FW), and
root dry weights (DW) of nasturtium cuttings were significantly affected by EC levels and
node positions, but no significant cross effect between these two factors was found for
all these rooting characteristics (ANOVA presented in Supplementary Table S1). In terms
of the means over the node-position treatments, the cuttings taken from EC1 treatment
recorded the top figure for all the four rooting characteristics (Supplementary Table S1).
Under EC1 conditions, the cuttings taken from any node position can be used as seedling
materials (based on our visual observation; see panel C of Figure 4). Cuttings taken from
the bud tended to develop more roots, and cuttings taken from lower node positions tended
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to have longer roots and heavier root FW and root DW, particularly for lower EC levels
(Figure 5).

Figure 4. (A): Morphological characters of cuttings taken from different node positions of mother plants before planting;
from left to right, taken from bud, 2nd node, 3rd node, 4th node, and 5th node. (B): Morphological characters of cuttings
taken 14 days after planting from the bud grown under different EC treatments; from left to right, water, EC1, EC2, EC3,
EC4, and EC5. EC1, EC2, EC3, EC4, and EC5 represent nutrient solution with the electric conductivity of 1.0, 2.0, 3.0, 4.0,
and 5.0dSm™1, respectively. (C): Morphological characters of cuttings grown under EC1; from left to right, cuttings taken
14 days after planting from bud, 2nd node, 3rd node, 4th node, and 5th node.

The results of multiple mean comparisons for three rooting characteristics are shown
in Figure 6. Since root FW and root DW followed nearly the same trends (Figure 5), the
charts for the latter were abbreviated. In the charts on the left-hand side of Figure 6, which
is by the EC treatment, the solid line in each chart depicts the means over the node-position
treatments (n = 30), and the dotted line depicts the node-position treatment that gives the
best (maximum) mean (n = 6) for each rooting characteristic. Likewise, in the charts on the
right-hand side, which is by the node-position treatment, the solid line depicts the means
over the EC treatments (n = 36), and the dotted line depicts the EC treatment that gives
the best mean for each rooting characteristic. For example, the node-position treatment
that gives the maximum root number is the bud (Supplementary Table S1). For the EC
treatment, EC1 gives the best result for all the three rooting characteristics (Supplementary
Table S1).
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Figure 5. The length of the longest root and root number per cutting (top chart), and the root fresh weight and dry weight of cuttings (bottom chart), all measured at 14 days after planting,
by the node-position treatment (bud, 2nd, 3rd, 4th, and 5th node) and by the EC treatments (water, EC1, EC2, EC3, EC4, and EC5 with the electric conductivity, from EC1 To EC5, of 1.0, 2.0,
3.0,4.0,and 5.0dSm™1, respectively). The means are shown as mean (1 = 6) £ SE.
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Figure 6. Root number per cutting, the length of the longest root, and root fresh weight of cuttings, all measured at
14 days after planting. By the EC treatment (charts on the left-hand side) and by the node-position treatment (charts on the
right-hand side). For the left-hand charts, the solid lines depict the means over the node-position treatments (bud, 2nd, 3rd,
4th, and 5th node; n = 30) and the dotted lines depict the means only for the node-position treatment that gives the best
(maximum) result (n = 6). For the right-hand side charts, the solid lines depict the means over the EC treatments (water,
EC1, EC2, EC3, EC4, and EC5 with the electric conductivity of 1.0, 2.0, 3.0, 4.0, and 5.0 dS m~1, respectively; nn = 36) and the
dotted lines depict the means only for the treatment of EC1 that gives the best result for all the three rooting characteristics
(n = 6). The means are shown as mean (n = 30, n = 36, or n = 6) + SE, and for each line, solid as well as dotted one, different
alphabetic letters indicate that the respective means are significantly different from each other at p < 0.05 by Tukey’s test.

The left-hand side charts of Figure 6 show that EC1, among the EC treatments, gave the
best result in terms of the mean level for all the three rooting characteristics for the best node
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position as well as for the means over the node-position treatments. EC1 is particularly
superior for root FW. However, the multiple mean comparisons indicate that even for the
means along the solid lines, which are subject to relatively smaller standard errors, the
mean difference between EC1 and EC2 was not statistically significant for the three rooting
characteristics shown, and for root number and root length, the mean differences among
EC1, EC2, and the water treatment were not significant. The multiple comparisons among
node-position treatments in the right-hand side charts show no significant difference
among all the node positions except for the bud position.

In all the six charts of Figure 6, the ‘best” treatments, defined as the treatments marked
by alphabetic letter ‘a” or ‘ab” for both the solid and dotted lines, are encircled by blue
color. The three left-hand side charts suggest that for the EC treatment, the best EC level,
which gives the best rooting characteristics, would be found in the neighborhood of EC1 in
the range between ‘water” and EC2 for all the rooting characteristics. The middle and the
bottom right-hand side charts indicate that the cuttings taken from the bud position had
significantly shorter root length and lighter root FW, respectively, compared to the cuttings
taken from all other node positions, while the top right-hand side chart shows that the
cuttings taken from the bud had significantly more roots than those taken from three lower
node positions.

Data on the indole-3-acetic acid (IAA) concentration in cuttings showed that the
concentration was highest in bud (30.0 ng g~! FW), followed by 2nd node (23.2 ng g~!
FW), 3rd node (16.3 ng g~! FW), 4th node (16.7 ng g~ ! FW), and 5th node (14.6 ng g~! FW)
(Figure 7). No significant mean difference of IAA concentration was found between the
bud and 2nd node and among 2nd, 3rd, 4th, and 5th nodes.

40
o
.8 a
(] ,
= 30 L % ab
é/—\
g = L b
<2 1 b b
< %o
e~ 10 |
4]
&0
o
s
UGJ 0 1 1 1 1

Bud 2nd node 3rd node 4thnode 5thnode

Figure 7. Endogenous indole-3-acetic acid (IAA) concentrations of cuttings taken from different
nodes of nasturtium plants. The means are shown as the mean (n = 6) £ SE. Means with different
alphabetical letters above the bars are significantly different at p < 0.05 (Turkey’s test).

4. Discussion

This experiment conducted in a closed system plant factory explored the effects of EC
and different node positions on the adventitious rooting of nasturtium cuttings. The root
of the cuttings began to appear 7 days after planting, and the rooting rate of the cuttings
under all treatments reached the rooting rate of 100% on day 13. This result demonstrated
that cutting propagation is fast and easy. It could be an effective and better alternative
plant propagation method compared with seed propagation. Cutting propagation is less
expensive than in-vitro and seed propagations and easier to operate.

Since EC and different node positions have no significant cross-effect on the four
rooting indexes (Supplementary Table S1), we separate these two factors for discussion.
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4.1. Effects of EC on Rooting of Nasturtium Cuttings

In this research, all cuttings under different EC treatments successfully rooted within
two weeks after planting. Even under EC5, the cuttings taken from different node positions
of the mother plant also successfully rooted. At high EC levels, the cuttings often fail to
grow because they cannot absorb sufficient water from the nutrient solution. This finding
indicates that the nasturtium cuttings have strong drought tolerance. Therefore, even in
areas with scarce freshwater resources (coastal areas), the cutting propagation method can
be used to produce nasturtium.

The rooting characteristics of cuttings grown under water and different EC levels
showed an increasing trend from water to EC1 and then a decreasing trend from EC1 to EC5
when the node positions were controlled (Figure 5 and the left-hand side charts of Figure 6).
The gradually decreasing trend when the EC level increased from 2.0 to 5.0 dSm ™! indicates
that the increase in the concentration of the nutrient solution has an inhibitory effect on
the growth of cuttings. This trend is considered to result from the ability of plants to
absorb water from the nutrient solution, which decreases as the EC level increases. High
EC levels cause a certain degree of water stress (physiological drought) on plants [29].
Water stress is not conducive to the rooting of cuttings. A study has shown that the stem
cuttings of Populus under moist soil form more roots than those under water-stressed
soil [23]. Cuttings have no roots at first; they, therefore, rely mainly on water absorbed
passively. The rate of water uptake by cuttings will be suppressed when the EC of the
nutrient solution increases (high osmotic potential). Suppressed water absorption reduces
leaf turgor and stomatal conductance, subsequently reducing carbon dioxide influx and
thereby reducing the photosynthetic capacity of cuttings, and finally limiting the synthesis
of carbohydrates [30]. Given that carbohydrates promote root initiation and development
by providing energy and carbon chains for biosynthetic processes [31], the synthesis of
carbohydrates in plants is also important for adventitious root development. The results
of another research on Salix gracilistyla cuttings under different flooding and drought soil
conditions also showed that the root and shoot biomass of Salix gracilistyla declined as the
time of drought increased or flooding increased [32]. Therefore, water stress (for example,
high EC levels, EC >1.0 dS m ! in the current study) should be avoided during cutting
propagation.

In this study, we found that the rooting of cuttings grown under water and EC1
occurred earlier than that of cuttings grown under higher EC levels. This finding indicates
that higher EC (>2.0 dS m~ 1) inhibits the formation of adventitious roots of nasturtium
cuttings. This condition may be related to the fact that high EC (water stress) often results
in an increase in abscisic acid (ABA) synthesis. A negative correlation exists between ABA
level and rooting rate in hardwood cuttings of grapevine rootstocks [33]. Plants plausibly
activate various stress-associated genes via ABA signaling [34,35]. However, there appears
a tendency that a lower EC level yields better propagation efficiency in the present study.
The optimal EC level could be in the neighborhood of 1.0 dS m~!, though further studies
are necessary to confirm this point.

4.2. Effects of Node Position on Adventitious Rooting of Nasturtium Cuttings

Auxin plays a central role in the development of adventitious root, especially during
induction phase (the first step of adventitious root development), which requires a high
auxin concentration [13]. Under the same EC levels, cuttings taken from the bud reached
the rooting rate of 100% at the earliest time compared with the cuttings taken from other
node positions (on day 9, Figure 3; also see Figure 2). Moreover, cuttings taken from the
bud developed the highest root numbers (Figures 4-6). This was probably because of
the higher auxin concentration in the bud compared with other node positions (Figure 7).
Similar results were obtained in the research by Ludwig-Miiller and Cohen [36]. They
identified endogenous concentrations of auxin (indole-3-acetic acid (IAA) and indole-3-
butyric acid (IBA)) in different tissues of nasturtium cultivated in a greenhouse by full scan
gas chromatography—mass spectrometry. Different tissues of nasturtium were sampled at
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3 weeks after germination. The IAA concentration of young leaf was 55 ng g ! FW, which
was 3-fold higher than that in older leaf (15 ng g~ ! FW). The IBA concentration of young
leaf was 30 ng g~! FW, higher than that in older leaf (22 ng g~! FW). According to their
results, it is clear that IAA and IBA concentrations in young leaves of nasturtium plants
were higher than that in older leaves.

In the present study, no significant difference was found in the root number and the
rooting rate among cuttings taken from 2nd through 5th nodes (Figures 3 and 6), probably
because the variation of the auxin allocation was not significant across the node positions
from 2nd through 5th nodes (Figure 7).

Root FW and the length of cuttings taken from the bud were significantly lighter and
shorter, respectively, than those from other node positions (Figure 6). For example, the
shortest root length (12.6 cm) of the cuttings from the bud—-water treatment was almost
half the root length (21.3 cm) of cuttings for the 3rd node-EC1 treatment (Supplementary
Table S1). This result may be attributed to the smaller leaf area of the bud (leaf diameter:
1.0 cm) compared with other node positions (Figure 1). The smaller leaf area would
influence light interception from the lamps and result in lower photosynthetic capacity
and carbohydrate yield under the same nutrient solution environment. Given that the
main objective of nasturtium production in plant factories is to harvest the shoot part,
including leaves and flowers, more photosynthetic products are expected to be distributed
to the shoot parts rather than to the underground part. More experiments are needed
to determine the capacity related to shoot growth and establishment of seedlings from
different node positions. The performance of cuttings within the narrow EC range between
0.0 and 2.0 dS m ™! also needs to be explored.

5. Conclusions

We conclude that nasturtium is an easy-to-root species that can be successfully prop-
agated from stem cuttings grown under a wide range of EC levels. The node positions
and EC levels of the nutrient solution had significant effects on the rooting of nasturtium
cuttings. In this study, the cuttings from all node positions rooted 100% within two weeks.
Cuttings taken from the bud tended to develop more roots, and the rooting occurred earlier
than that of the cuttings from other node positions. Almost all rooting characteristics
reached the highest value, especially under EC of 1.0 dS m~! treatment. Only a few excep-
tionally poor results were obtained, such as the fourth node for root number and the bud
for root length and root FW and root DW. How these exceptions were caused and how EC
in the narrow range of 0-2 dS m~! resulted in better root formation performance compared
with higher EC levels need to be clarified in future studies. The method of using cuttings to
produce seedlings would reduce costs and shorten the nursery period compared with seed
propagation. We can thus conclude that the cultivation of cuttings in a plant factory makes
fast, high-quality seedling propagation of nasturtium possible. Given that the later growth
of the seedlings propagated from cuttings is also important for nasturtium production in
plant factories, the performances of shoot growth of the seedlings produced from different
node positions need to be investigated in future research.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com /2073-439
5/11/2/363/s1, Figure S1: Spectral distribution of LED lamp. Table S1: Root number per cutting,
the length of the longest root, and root fresh and dry weights, by treatment, measured at 14 days
after planting.
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