as well as their generally cool and stable temperatures which are ideal for tissue culture plantlets.
However, upon measuring average daily temperatures of both environments (Table 1) the BAC's active
HVAC cooling systems maintained a stable temperature of 24°C while the OGH growth chamber room

which relies on passive cooling via thermal mass insulation maintained a hotter temperature of 32°C.

Table 1. This table provides the location, duration and average daily temperature as recorded by an
incremental temperature logger of each of the incubation environments in which the LED experiments

were conducted.

Experiment Location of Experiment  |Start Date of Experiment |End Date of Experiment |Average Temperture
1st Rep. LED Light Spectrum (Elongation) |Biotech Accelerator Lab 12/24/2016 2/5/2017 U°C
1st Rep. LED Light Spectrum (Rooting) Biotech Accelerator Lab 1/15/2017 2/5/2017 u°C
2nd Rep. LED Light Spectrum (Elongation)  |0ld Greenhouse Basement 6/16/2017 7/28(2017 32°C
2nd Rep. LED Light Spectrum (Rooting) ~ |0ld Greenhouse Basement 7/7/2017 7/28/2017 32°C
3rd Rep. LED Light Spectrum (Elongation)  |Biotech Accelerator Lab 9/19/2018 10/31/2018 U°C
3rd Rep. LED Light Spectrum (Rooting) Biotech Accelerator Lab 10/1/2018 10/22/2018 1°C
LED Light Intensity Experiment (Elongation) |Old Greenhouse Basement 9/19/2018 10/31/2018 27°C

LED Lighting Options for Tissue Culture (TLEDs vs Production Modules)

Part of the inspiration for this tissue culture lighting experiment came from our discovery of a
new product from Philips Lighting Solutions known as the Tissue Culture LED Tube bulb or TLED. This is a
T8 size light bulb that fits into a standard T8 fluorescent light fixtures but produces light via
electroluminescence rather than fluorescence. The TLED bulbs produced by Philips Lighting Solutions
and are offered in two different “balanced blends” of light spectral quality; Deep-Red White (DRW),
Deep-Red White Far Red (DRWFR). Philips marketed the two bulb types as DRW containing higher levels
of “violet and blue light” (within the 450-550 nm spectral range) while DRWFR contained higher levels of
far-red light (within the 700-750 nm spectral range). However, when the spectral quality of the bulbs
was measured at SUNY-ESF, it was discovered that the only difference was in the levels of far-red light.

All spectra other than far-red were nearly identical between DRW and DRWFR (Figure 14). Upon
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excessive bending of the cable while still taking the measurements at the height of the media, a hole
was punched through the light shelf’s foam insulation so that the fiber optic cable could be inserted

from below at an angle perfectly perpendicular to the light rack shelf (Figure 11).

Figure 11. This photograph shows the spectroradiometer set-up when taking irradiance measurements.

The instrument itself is connected to a laptop for data collection via ethernet cable and the fiberoptic
cable runs from the spectroradiometer to the shelf and is inserted vertically through the base of the
shelf in order to prevent bending the fragile fiber optic cable. It is held at media height and

perpendicular to the light source by a ceramic sensor holder.

It is important that the sensor at the end of the fiber optic cable be at a uniform height and be

facing directly at the light source to get an accurate and consistent measurement of irradiance. Even a

52



few degrees deviation from a direct angle at the light fixtures could skew intensity measurements. The
distance from the light source to the end of the fiber optic cable can also greatly influence irradiance
measurements. In order to maintain the consistency at which both the height and angle irradiance
measurements were taken, a ceramic sensor holder was used, consisting of a vertical shaft hollowed out
through the center of a 2 cm tall ceramic button that was used to hold the fiber optic cable perfectly
upright and at a uniform height while the measurements were taken (Figure 12.). To maintain
consistency of methods, all spectrophotometer and light intensity measurements were taken at the
height of the media (approx. 2 cm above the surface of the shelf) using this ceramic sensor holder. The
cable was inserted through the bottom of the light rack, through a hole in the insulation and through the
ceramic holder until the whole tip of the cable emerged from the sensor holder. Each of the six

measurements per treatment were taken with the ceramic button holding the fiber optic cable in place.
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Figure 12. This photograph shows the ceramic sensor holder used to hold the fiber optic cable at a
precise height and angle. The sensor holder is shown next to a magenta cube showing that the

measurements were taken at media height.

The DN of each irradiance measurement will be different depending not only on the distance
from the light source and angle of the fiber optic cable, but also based on where the measurement is
taken beneath the light fixture. The closer the sensor is to the center of the shelf, the higher the
irradiance measurement’s DN will be and the farther you move away from the center, the lower the
DN’s will be. In order to get an accurate and representative measurement for the entire shelf of each
treatment, six separate irradiance measurements were taken for each light treatment and were
averaged together to get the average irradiance levels for each light shelf (Figure 13). Each of the six
measurements were taken at the height of the media within the 8 cm x 64 cm rectangle centered by
both length and width on the light rack which is where the plants were incubated during the

experiment.
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Figure 13. This figure shows the spectral intensity of each of the six individual measurements (blue lines)
taken of the DRW light treatment in the LED spectral distribution experiments. These measurements
were averaged in order to establish an accurate and representative mean irradiance measurement (red

line) for each treatment.

LED Spectral Quality Experiment Light Treatments

Each TLED bulb treatment had a slightly different spectral distribution and therefore produced
slightly different average light intensity outputs so these average intensities will be provided below
alongside the corresponding treatment (Table 2). All light intensity measurements taken were recorded
with photosynthetic photon flux density units (umol m2s?) and were measured using a quantum
handheld photometer. The standard light intensity (measured at the height of the media) under the
control treatment of two cool-white fluorescent bulbs was 41 umol m2s™. This 41 umol m2slight
intensity falls within the center of the average light intensity range (30 - 50 pmol m2s?) for tissue culture
incubation of woody species (Oakes et al., 2016). When designing our LED light treatment shelves, we
attempted to achieve a similar overall light intensity while retaining the existing light rack/shelf
dimensions so that this factor is uniform throughout all four treatments. Average light intensities
produced by each light treatment vary depending on the bulb type and combination of bulbs used and
range from an intensity of 41 umol m2s! (fluorescent) to 60 umol m2s* (DRW). Average shelf intensities

of each spectral quality light treatment are shown in Table 2.

Table 2. The table shows average light intensity per light quality treatment. Twelve light intensity
measurements were made in a randomized pattern on each shelf at the height of the media and were

used to produce the average light intensity of each shelf.
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Trt. Letter Shelf Light Treatment # of Bulbs Average Light Intensity of Shelf
A Greenpower ™ TLED- DRW 4 DRW 60 pmol m2s™
B Greenpower ™ TLED- DRWFR 4 DRWFR 50 pmol m?s™
C Greenpower ™ TLED- R5B5 (% DRW, % DRWFR)|2 DRW, 2 DRWFR 57 pumol m?s™
D Sunlite- Cool White Fluorescent 2 Fluorescent 41 pmol m?s™

The fluorescent bulbs used as the control treatment (treatment D) are standard cool-white
fluorescent, T8 plant growth lamps from the brand name Sunlite™. The bulbs used for LED light for
treatments A, B and C are industry oriented T8 LED bulbs known as a ‘Philips Greenpower’ Tissue
Culture LEDs (TLED). The major differences in the treatments for the LED light quality experiments
turned out to be subtler than previously anticipated from the irradiance measurements provided from
the Hort Americas customer service representative. From measurements provided from the bulb
manufacturer, it appeared that the DRW bulbs had higher spikes in the blue (450 nm) and green (500-
600 nm) spectra, but the measurements | made at the site of my experiment yielded differing results. In
the industry-provided measurements, DRW bulbs had 200% greater output of green and blue
wavelengths compared to the DRWFR bulbs, but in my measurements, there was no difference in blue
and green light between DRW and DRWFR bulbs (Figures 4, 5 and 14). The only significant difference
between the DRW and DRWFR bulbs was within the far-red spectrum (700 — 770 nm) with the DRWFR

bulbs achieving a light intensity DN of 3000 while the DRW bulb only achieved a DN of 100 (Figure 14).

In the irradiance measurements provided to me by Hort Americas, within the blue light
spectrum (450 nm) the DRW spiked at a DN of 25,000 while the DRWFR bulb spiked at a DN of 12,000
which would suggest that the DRWFR bulb only output 48% of the blue light intensity produced by the
DRW bulb. However, during spectrophotometer irradiance measurements conducted at SUNY ESF, the
DRW spiked at a DN of 4,300 while the DRWFR bulb spiked at a DN of 4,000 which would suggest that

the DRWFR bulb output 93% of the blue light intensity compared to that of the DRW bulb.
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Spectral Distributions of LED Light Spectrum Experiment Treatments
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Figure 14. The average irradiance distributions of each treatment in the LED spectral quality experiment
were overlaid in the figure to show the relative differences in the spectral distribution of each light

treatment: DRW, DRWFR, R5B5 and cool-white fluorescent control.

Information provided to me from the manufacturer suggested that the DRWFR bulbs produced
48% as much blue light output as the DRW bulbs, while my measurements suggested that DRWFR bulbs
output 93% as much blue light as the DRW bulbs. This is a major discrepancy and is a good example of
why it is important to measure the specific conditions of one’s experimental environment rather than
relying on product information sheets and generalized product information provided from

manufacturers.

Since the on-site light treatment measurements showed a much less significant difference

between DRW and DRWFR bulbs in the blue and green wavelength than originally anticipated, and since
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both bulbs also have very similar DNs in the red spectrum (both had an intensity of approximately
12,000 DN), the only significant difference in the TLED light quality experiment treatments is their
relative intensity in the far-red wavelengths (700 — 770 nm). Within the far-red spectrum, the DRW bulb
peaked at a DN of 100, the DRWFR bulb treatment peaked at a DN of 3,000 and the ¥4 DRW, ¥ DRWFR
treatment peaked at 1,500 just as expected. This shows that the true functional difference between the
light quality of each treatment is that the DRW bulbs represent “low-to-no far-red”, the DRWFR bulbs

represent a “high far-red” and the ¥4 DRW, % DRWEFR represent a “medium far-red” treatment.

LED Light Intensity Experiment Light Treatments

In addition to determining what spectral quality tissue culture American chestnut prefers, it was
also important to determine what LED light intensity produces the highest quality micro-cuttings. For
the light intensity experiment, the brand of TLED bulbs used were Arize™ TLED bulbs to keep the light
spectral quality of the light treatment uniform (excepting the fluorescent 2 bulb control). These Arize™
bulbs have a balanced light spectrum like the DRW TLED from the spectral quality experiment. The
Arize™ bulbs, being a different brand from the Philips TLED Greenpower™ bulbs used in the light
spectrum experiments, produced different and unique light intensities (Table 3) and light quality (Figure
15) from those produced by the DRW and DRWEFR bulbs. As anticipated, all Arize™ treatments showed
the same patterns of spectral quality. All intensities peaked at similar wavelengths with the intensity of
the peak corresponding to the number of bulbs in the treatment with a greater number of bulbs
correlating with an increased spectral intensity (Figure 15). Arize™ bulbs were purchased for this
experiment because DRW and DRWEFR bulbs had been discontinued by the time the spectral intensity
experiment was suggested. We did not use existing DRW and DRWFR bulbs for this experiment as we
did not have enough bulbs to keep spectral quality uniform throughout the experiment. Arize™ bulbs
have the additional drawback of requiring extensive re-wiring of the T8 Light fixture that they are

inserted into to function properly, thus nullifying the convenience of TLEDs.
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Table 3. Twelve light intensity measurements were made on each shelf at the height of the media using
a standard light intensity photometer. These 12 individual measurements per treatment were used to

produce the average light intensity of each shelf.

Trt. Letter Shelf Light Treatment # of Bulbs [Average Light Intensity of Shelf
A |Arize™ TLED Tubes 2 Arize 51 pmol m*s”™’
B |Arize™ TLED Tubes 3 Arize 68 pmol m”s™
C  |Arize™ TLED Tubes 4 Arize 83 pmol m?s”
D Cool-white Fluorescent- Sunlite |2 Fluorescent 41 umol m?s’

Spectral Distributions of LED Light Intensity Experiment Treatments
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Figure 15. The figure shows the spectral distributions recorded with a spectroradiometer of the four
light treatments used in the light intensity experiment. The three Arize™ LED Light treatments all show a
similar pattern to their distributions with the only difference being their intensity rather than their
distribution across the visible light spectrum. Note the similarity in spectral quality of the Arize™ bulbs

to the DRW bulbs (Figure 14) in that both have balanced blue, green and red, but no far-red light.
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Ex Vitro Rooting Procedure

Jiffy pellets™ (a peat-based soilless rooting medium) were hydrated with water raised to an EC
of 1.0. EC using Miracid™ 30-10-10 (N-P-K) and was then adjusted to a pH of 5.5. 1 mm holes were
dibbled into each pellet prior to sticking the cutting into the pellet to prevent bending the stem during
insertion. Fully elongated chestnut micro-cuttings were harvested from shoot cultures which spent 6
weeks in CCPR media. Cuttings were removed from the Magenta™ cubes and shoots were excised from
the basal callus balls with a cut at a 45° angle to increase surface area of exposed vascular tissue. Leaves
and axillary buds were removed from the bottom 1 cm of the micro-cutting and the cutting was then
dipped into Clonex Rooting Gel™ (HydroDynamics International, Lansing, MI) to a depth of 1 cm and
immediately inserted into the dibbled holes in the Jiffy pellets (Oakes et al., 2016). Shoots and pellets
were then placed into the sealed rooting vessels and incubated under their respective light treatments

under a 16-hour photoperiod for three weeks.

Data Collection and Statistical Analysis

The variables measured for shoot elongation experiments were number of leaves, stem caliper,
stem length, total leaf surface area and average leaf surface area. Stem thickness was measured using a
micro caliper. These variables have been used as a means of quantifying micro-cutting quality in
previous tissue culture lighting experiments (Hung et al., 2016). The micro-cuttings were dissected and
leaf dimensions (length and width) were measured by hand with a ruler (Figure 16). Then the length of
each leaf was multiplied by width of each leaf and then by 0.7 (an approximation of the percentage of
the area of a rectangle occupied by an ellipse) to generate a measurement of the estimated surface area
of each leaf. Knowing the surface areas of each individual leaf and the total number of leaves per shoot
allowed me to determine average leaf surface area and total leaf surface area of each shoot. These

measurements provide important information because simply looking at total leaf surface area can be
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misleading in assessing micro-cutting quality. Generally, plants that have the highest chance of
successful rooting and acclimatization are those with many large leaves per shoot (Oakes et al., 2016). If
a cutting has a high number of small leaves with low average leaf area, it can still produce a high total
leaf surface area. By providing both total leaf surface area and average leaf surface area, we can provide
a more complete picture of the quality of the micro-cuttings produced as well as getting a better

understanding of the spectral quality’s effect on leaf expansion.

For the ex vitro rooting experiments, the variables measured were percentage of overall survival
of the rooting process (% survival), number of roots per plant, and total root length of each plantlet.
After 3 weeks of rooting, the soilless rooting media (Jiffy Pellets™) were carefully removed to expose

roots allowing for counting and precise hand measurement of the length of each root (Figure 16).

Treatment: 1, Shoot: 1

Figure 16. Micro-cutting quality assessment: Leaves were removed from the stem. Leaves and stem
were placed under a sheet of glass to flatten them for individual hand measurements (Left). Root quality
assessment: Prior to measurement, the soilless media was carefully removed without damaging the root

system (Right). Both images are of the same micro-cutting before and after media was removal.
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The shoot elongation experiment was conducted three times in completely randomized designs
with 10 vessels per treatment and each vessel contained 4 micro-cuttings. The ex vitro rooting
experiment was conducted twice in a completely randomized design with 8 vessels per treatment and
each vessel containing 3 rooted cuttings. All data were statistically analyzed by one-way ANOVA using
Minitab statistics software. Tukeys Pairwise Comparison was used for mean separation when significant
differences among treatment means were detected by one-way ANOVA. Means were presented with

standard errors, and treatment differences or interactions were regarded as significant at p < 0.05.

Due to economic and logistical constraints, we were unable to replicate each lighting treatment
as it would have required purchasing 10 times as many bulbs (raising the cost of the experiment from
$500 to $5,000) and would require 10 times as much light rack space for incubation environments which
were isolated from external light sources, which was already difficult to find for one single light rack with
4 fixtures. Ideal experimental design would have called for 10 light fixtures of DRWFR TLEDs, 10 light
fixtures of DRW TLEDs, 10 light fixtures of R5B5, and 10 fluorescent fixtures with one cube of tissue
under each since the light fixture itself was the experimental unit. This would have, if one or more of the
light bulbs proved to be faulty, reduced the impact of defective bulbs from producing false results,
however this optimal experimental design was economically and logistically unfeasible for this study, so
we settled for this form of pseudoreplication. Pseudoreplication has been used for other horticultural
experiments when logistical barriers to true replication were unfeasible (Zheng et al., 2002) such as in a

study measuring the phytotoxic effects of horticultural oils on azaleas (Rhododendron spp.).

Results

In the first repetition of the spectral quality shoot elongation experiment, the DRW (no-far red)
TLED light treatment, DRWFR (high far-red) TLED light treatment and the R5B5 (medium far-red) TLED

treatments all produced shoots with estimated total leaf surface areas that were not significantly
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different from one another, however the DRWFR, DRW and Fluorescent treatments were also not
significantly different from one another with respect to estimated total leaf surface area. There was
however a significantly higher estimated total leaf surface area from the R5B5 treatment over the

fluorescent treatment (Figure 17).
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Figure 17. This figure shows the estimated total leaf surface area results of the three repetitions of the
light quality elongation experiment. The three graphs show the results of the first repetition of the
experiment conducted in the BAC (left), the second repetition conducted at the OGH (center) and the

third repetition conducted at the BAC (right).

In the second repetition of the spectral quality shoot elongation experiment, DRW, DRWFR and
R5B5 treatments all produced shoots with estimated total leaf surface area that did not differ from one
another but all TLED treatments had total leaf surface area that were significantly less than that of the
fluorescent treatments (Figure 17). In the third repetition of the spectral quality shoot elongation

experiment, the DRW and DRWFR TLED light treatments produced total leaf surface areas significantly

63



greater than those produced by the fluorescent treatment while the R5B5 treatment produced total leaf
surface areas that were not significantly greater than those produced by the fluorescent control (Figure

17).

In the first repetition of the spectral quality elongation experiment, all four treatments, DRW,
DRWEFR, R5B5 and the fluorescent control yielded average leaf sizes that did not differ (Figure 18). In the
second repetition of the spectral quality elongation experiment, the DRW, R5B5 and fluorescent control
treatments did not differ significantly from one another. The DRW, DRWFR and R5B5 treatments also
did not yield statistically significant differences in estimated average leaf size. However, there was a
difference between DRWFR and the fluorescent control with the DRWFR having significantly lower
average leaf size than the fluorescent treatment. In the third repetition, the DRW, R5B5 and fluorescent
treatments did not produce statistically significant differences in average leaf size, but the DRWFR

treatment produced leaves with average leaf size greater than all other treatments.
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Figure 18. This figure shows the results of the average leaf size of the three repetitions of the spectral

quality elongation experiment. The three graphs show the results of the first repetition of the
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