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ABSTRACT

Vertical farming systems (VFS) aim to increase productivity per unit area by
extending crop production into the vertical dimension, especially in urban settings
where space is limited. This thesis provides the first unequivocal demonstration that a
prototype column-type VFS can produce more crop per unit area compared to
horizontal hydroponics. However in lettuce, tipburn was identified as a key limitation
to crop quality within the VFS. Symptoms were only observed in the top layers of the
VFS, which were exposed to luxuriant growth conditions (high Photosynthetic Photon
Flux Density (PPFD) and temperature). Tipburn of lettuce is an irreversible
physiological disorder, and although the underlying mechanisms are not fully
understood a localized calcium deficiency has been implicated. To further elucidate
the events leading to tipburn symptoms, a model hydroponic system was established
eliminating the multiple environmental gradients present in the VFS. Factorial PPFD
and temperature treatments (stress and control) were applied to simulate the
conditions within the top and bottom layers of the VFS. Two lettuce cultivars (Lactuca
sativa L. cv. “Frank’ and cv. ‘Sunstar’) with contrasting susceptibility to tipburn were
employed. The stress treatment (high PPFD and temperature) induced significant
photoinhibition and oxidative stress in both cultivars before the visual appearance of
tipburn, compared to the control. Plants responded to the treatments with marked
changes in the antioxidant enzyme machinery. Tissue calcium concentration did not
appear to be linked to presymptomatic tipburn induction. The findings suggested links
between the induction of tipburn of lettuce and oxidative stress under luxuriant growth
conditions.  Furthermore, genes involved in flavonoid biosynthesis were
downregulated in both cultivars under stress compared to the control, suggesting a
putative presymptomatic link to lettuce tipburn, with decreased flavonoid content
associated with increased lipid peroxidation. This research has contributed new
mechanistic insights into the development of tipburn of lettuce and provided important
perspectives on the potential and limitations of VFS, contributing to the emerging

fields of vertical farming and urban agriculture.
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List of figures

CHAPTER 1

Figure 1.1. Vertical Farming Systems (VFS) currently used in the food production
industry: (A) column-type VFS (www.towergarden.com/) in which plants are
grown in upright vertical columns or pipes, (B) Pyramid like A-frame designs
(www.skygreens.com/about-skygreens/) which grow plants across the sides of the
pyramid, (C) Conveyor driven stacked growth systems (www.verticrop.com/) that
rotate crop growing platforms to increase uniformity of light distribution within the
VFES, (D) Plant factory approaches (farmedhere.com/) which entail enclosed and
fully controlled systems which grow crops in stacked shelves under artificial
lighting, with a dedicated lighting system for each crop producing shelf.

Figure 1.2. Vertical Farming Systems (VFS) within different urban environments:
(A) Stacked growing shelves of a plant factory VFS within a previously abandoned
factory (www.greenspiritfarms.com) (B) Vertical columns and plant factory set-up
within a cafe space (farmlondon.weebly.com/index.html) (C) Protected
(growup.org.uk) and (D) unprotected vertical columns on urban rooftops
(bbandcnyc.com).

Figure 1.3. Tipburn of lettuce significantly affects crop quality and marketability.
The disorder is characterised by dark black-brown necrotic leaf lesions starting at
the margins of developing leaves, as indicated by the white arrows. Scale bar is 5.

Figure 1.4. Schematic representation of antioxidant metabolic pathways in plants.

Figure 1.5. Flow chart summarizing mechanisms of common tipburn inducing
factors in VFS and hydroponics.

CHAPTER 2

Figure 2.1. The Saturn Grower VFS. The growing container formed from a single
unit of moulded opaque plastic (dark green) incorporating a central core/airspace.
The spacing collar formed from transparent plastic with four anti-diametrical
planting apertures. When constructing the vertical column, the spacing collar was
placed on the rim of the pot, allowing the installation of an additional growing
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container on top. Each VFS was sealed at both the top and bottom to create a
vertical airspace within the core of each growing column. Scale bar is 5 cm.

Figure 2.2. The Saturn Grower VFS’s modular growth unit. Seedlings were
planted within the VFS by gently placing the dark coloured peat block on top of,
rather than planting into, the granular white perlite. Scale bar is 2 cm.

Figure 2.3. The closed-loop irrigation system of the Saturn Grower VFS. The
white arrows indicate the route of the nutrient solution within the VFS. Nutrient
solution was pumped to the top of the column, sprayed within the top layer by
micro-sprinklers, dripped through the vertical layers and returned to the water tank
to be re-circulated around the growing system. Scale bar is 10 cm.

Figure 2.4. The different treatments representing four different planting densities:
blank column (A), columns with two planted layers (2L) (B), columns with four
planted layers (4L) (C) and columns with six planted layers (6L) (D). The
photograph was taken 3 weeks after the plants were transferred to the VFS. Scale
bars are 10 cm.

Figure 2.5. The open-loop irrigation system of the VFS, demonstrated on the SL
VFS. The water tank at the bottom of picture (A) contained the submersible pump
and provided fresh nutrient solution to the VFS. The water tank at the top of the
picture (B) collected the effluent nutrient solution. The same approach was applied
to all VFS of the study. Scale bar is 7.5cm.

Figure 2.6. Schematic shows planting densities within the HHS and VFS.
Overhead view of HHS (A). Side-view of VFS (B). Overhead view of VFS (C).
The HHS occupied 0.4 m? of growing floor area, whereas the VFS occupied 0.02
m?2 per column of floor area. The grey rectangles show the exact position of the
400 W metal halide lamps above the growth systems. The grey circles within the
VFS show the exact measurement positions of the Macam Q203 Quantum
radiometer quantum sensor. Light measurements in the HHS were obtained
directly above the plants, at 20 cm distance from the PVC pipes. Scale bar is 20
cm.

Figure 2.7. Color photographs taken at 06:00 hrs, 09:00 hrs, 12:00 hrs, 15:00 hrs,
18:00 hrs on the 5™ of December 2012 (Week 4) show diurnal changes in light in
the greenhouse (See Figure 2.11 for position of supplementary lighting from top of
column.)) That day was sunny, according to a weather report
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(www.metoffice.gov.uk).

Figure 2.8. Floor plan of the controlled environment facility (CE room) at
Lancaster Environment Centre. The yellow rectangles represent the exact position
of the 400 W metal halide lamps. The black circles and parallel five white
rectangles represent the exact positions of the VFS and HHS respectively. The
black rectangles represent the exact positions of the water tank. Measured lines (in
metres) show the exact position of the Ektron Il C sensor in relation to the metal
halide lamps and sink and the CE room’s exact dimensions. VFS and HHS are
superimposed above the lamps for clarity.

Figure 2.9. Shoot fresh weight versus vertical layer in the VFS (solid line; closed
symbols) and HHS (open symbols) respectively. The regression equation, adjusted
R?values and significance of the regression (p-value) are reported at the top of the
panel.

Figure 2.10. PPFD within the Vertical Farming System (VFS; closed symbols) and
the Horizontal Hydroponic System (HHS; open symbols) plotted against layers in
the growth systems. Values indicated with different letters indicate statistically
significant differences (one-way ANOVA test; F(4, 35)= 16.68, p < 0.01 for the
VFS and F(4, 35)= 2.25, p= 0.06 for the HHS, followed by Tukey post-hoc
analysis), whereas those marked with the same letters show statistically similar
values. Error bars represent SE (n=8).

Figure 2.11. Shoot fresh weight versus PPFD in the Vertical Farming System
(VFS; solid line; closed symbols) and Horizontal Hydroponic System (HHS; open
symbols) respectively. The regression equation, adjusted R? values, and
significance of the regression (p-value) are reported at the top of the panel.

Figure 2.12. Floor plan of the experimental set up at Lancaster Environment
Centre’s glasshouse facility. The black, white, dark grey and light grey circles
represent the exact position of the columns with two planted layers (2L), four
planted layers (4L) and six planted layers (6L) within the glasshouse, respectively.
The yellow rectangles represent the exact position of the 600 W HPS lamps. The
Ektron 11 C sensor was positioned approximately in the middle of the glasshouse.
Compass indicator shows the position of the glasshouse in relation to the North.
Measured lines (in metres) show the exact position of the sensor in relation to the
glasshouse’s walls, distance between vertical columns and the glasshouse’s exact
dimensions. VFS are superimposed above the lamps for clarity.
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Figure 2.13. Linear regression analysis of shoot fresh weight versus layer in the 2L
VES (grey symbols), 4L VFS (open symbols) and 6L VFS (closed symbols). The
regression equation, adjusted R? values and significance of the regression (p-value)
are reported.

Figure 2.14. Diurnal distributions of light intensity within all layers of the VFS in
the glasshouse. The horizontal line within the box represents the median. The
boundaries of each box represent the lower 25" and upper 75" percentiles. The
spacing of components within the box indicates skewness in the data. The whiskers
represent the sample minimum and maximum values. Results of Kruskal-Wallis
ANOVA on ranks followed by Tukey post-hoc analysis showed statistically
significant differences (H(4) = 106.290, p<0.001). Different letters indicate
statistically significant differences.

Figure 2.15. Box plots summarize the distributions of PPFD within the vertical
layers. The horizontal line within the box represents the median. The boundaries of
each box represent the lower 25" and upper 75" percentiles. The spacing of
components within the box indicates skewness in the data. The whiskers represent
the sample minimum and maximum values. Results of Kruskal-Wallis ANOVA on
ranks followed by Tukey post-hoc analysis showed statistically significant
differences (H(5) = 524.876, p<0.001). Different letters indicate statistically
significant differences.

Figure 2.16. A 3D surface plot shows influence of time of the day (x-axis) and
vertical layer (y-axis) on PPFD (z-axis) within the VFS. PPFD data are displayed
on a pseudo-colour intensity scale; in which 'red' corresponds to the highest light
intensity, whereas ‘deep blue’ represents lowest light intensity.

Figure 2.17. Linear regression analysis of shoot fresh weight versus PPFD in the
VFS. The regression equation, adjusted R? values, and significance of the
regression (p-value) are reported at the top of the panel. Each point is an individual
plant.

Figure 2.18. Differences in NO3z  concentration between incoming (black bars)
and effluent (white bars) nutrient solution. Values indicated with different letters
indicate statistically significant differences according to one-way ANOVA test;
F(7,32)= 214.1, p < 0.001, followed by Tukey post-hoc analysis. Bars represent
means = SE (n=6).

Figure 2.19. Floor plan of the CE room at Lancaster Environment Centre. The
yellow rectangles represent the exact position of the 400 W metal halide lamps.
The white and grey circles represent the exact position of the six layered (6L) and
single layer (SL) VFS within the CE room, respectively. The black circles show
the position of the three dummy (6L) VFS. The white and black rectangles
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represent the exact position of the water tank contain incoming and effluent
nutrient solution, respectively. VFS are superimposed above the lamps for clarity.

Figure 2.20. Shoot fresh weight per vertical layer within the VFS. Values indicated
with different letters indicate statistically significant differences (one-way ANOVA
test; F(2,35)= 68.5, p<0.001, followed by Tukey post-hoc analysis. Bars are means
of 12 plants * SE.

Figure 2.21. Shoot fresh weight versus layer in the within the six layered VFS.
The regression equation, adjusted R? values and significance of the regression (p-
value) are reported at the top of the panel. Each point is an individual plant.

Figure 2.22. PPFD within all layers of the VFS. The horizontal line within the box
represents the median. The boundaries of each box represent the lower 25" and
upper 75" percentiles. The spacing of components within the box indicates
skewness in the data. The whiskers represent the sample minimum and maximum
values. Kruskal-Wallis ANOVA on ranks followed by Dunn’s method showed
statistically significant differences (H(6) = 550.573, p<0.001). Differences were
indicated by different letters.

Figure 2.23. Barplot shows changes in incident light intensity (PPFD) between
weeks 1 and 4 caused by a shading effect within the VFS as a result of plant
growth. White bars represent PPFD measured during the first week of the
experiment, whereas black bars represent PPFD measured four weeks after. Error
bars represent SE (n=6). Values indicated with asterisk indicate statistically
significant differences between week 1 and 4 (t-test, p < 0.05).

Figure 2.24. Shoot fresh weight versus PPFD in the VFS. The regression equation,
adjusted R? values, and significance of the regression (p-value) are reported at the
top of the panel. Each point is an individual plant.

Figure 2.25. Changes in root zone temperature of top (closed symbols) and bottom
(open symbols) layers within six layered VFS in the CE room and glasshouse as
they increased during the transition from the dark (light grey background) to the
light (white background) period. In the glasshouse, each circle represents the mean
of 2 data loggers through the period of 4 days. Error bars represent SE. In the CE
room, each circle represents the mean of 3 data loggers through the period of 8
days. Error bars represent SE. Values indicated with asterisk indicate statistically
significant differences (t-test, p < 0.05).

Figure 2.26. Canopy temperature of plants grown within the top (black bars) and
bottom (white bars) layers of the VFS and SL VFS (grey bar). Values indicated
with different letters indicate statistically significant differences (t = 13.445 with
22 degrees of freedom, p < 0.001) in the glasshouse study and one-way ANOVA
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test; F(2,71)= 30.924, p<0.001, followed by Tukey post-hoc analysis in the CE
room study. Bars represent means of + SE (n=12).

Figure 2.27. Photographs of harvested lettuce (Lactuca sativa L. cv. ‘Frank’)
plants grown within the uppermost layers affected by tipburn symptoms (A-C) and
within the bottom layer of six layered VFS (D-F) which were not affected by
tipburn. White arrows show tipburn symptoms located at the edges of leaves. Scale
bars are 1 cm.

Figure 2.28. Photographs of harvested lettuce plants grown within the VFS in the
CE room study. A and B, lettuce plants grown within the top layers of the VFS
affected by tipburn symptoms. C and D, lettuce plants grown within the bottom
layer of the VFS which were not affected by tipburn. Black arrows show tipburn
symptoms located at the edges of young leaves within the developing head. Scale
bars are 1 cm.

CHAPTER 3

Figure 3.1. (A) Side view of the Deep Flow Hydroponics System (DFTS) shows
shoots and roots of lettuce plants 29 days after they were transferred to the DFTS.
The growth system consisted of 16 litre independent black plastic boxes. Four
lettuce plants were grown in each hydroponic box. The rockwool block and the
plastic lid of the hydroponic box supported the plants. The crop’s roots were
submerged in continuously aerated half-strength Hoagland’s solution. Scale bar is
10 cm. (B) Top view of the DFTS shows lettuce plants 15 days after they were
transferred to the DFTS. The air pump used to continuously oxygenate the nutrient
solution in the hydroponic box through the 5 ml pipette tip in the centre of the lid.
Scale bar is 3 cm.

Figure 3.2. Shows the CE room floor plan in scale. The black rectangular shapes
represent the hydroponic boxes, which comprised the DFTS. Yellow and red
circles represent data points from where light quantity and quality measurements
were obtained using a Macam Q203 Quantum radiometer and the SR9110-V7
spectroradiometer, respectively. Measured lines (in metres) show the CE room’s
exact dimensions.

Figure 3.3. Flow diagram shows the steps followed to separate tipburn affected
leaf area from total leaf area. Picture (A) shows the original photograph, picture
(B) shows total leaf area, picture (C) shows tipburn affected leaf area, picture (D)
the 8-bit image, and picture (E) the binary image. Each leaf was assessed
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separately for visual tipburn symptoms.

Figure 3.4. Shows the four different growth cabinet’s floor plans in scale. The
black rectangular shapes represent the hydroponic boxes, which comprised the
DFTS. Yellow represent data points from where light quantity measurements were
obtained using a Macam Q203 Quantum radiometer. Measured lines (in metres)
show the chamber’s exact dimensions.

Figure 3.5. Shoot fresh weight of lettuce cultivars (cv. ‘Frank’ and cv. ‘Sunstar’)
grown under high (HL) and low (LL) PPFD treatments. Values are mean + SE
(n=3). Different letters indicate statistically significant differences (p < 0.05).
Statistical analysis was performed on log-transformed data using a two-way
ANOVA, followed by Tukey’s post-hoc analysis.

Figure 3.6. Contour map projection on the floor plan of the CE room shows PPFD
distribution on the DFTS displayed on a pseudo-colour intensity scale; in which
'red" corresponds to the highest PPFD, whereas ‘deep blue’ represents absolute
shade.

Figure 3.7. Frequency distributions of PPFD within the DFTS under two light
treatments; HL (black bars) and LL (white bars) treatments. Data were normally
distributed for both HL and LL (Shapiro-Wilk-test: p=0.113 and 0.562,
respectively) however they showed different patterns of symmetry and pointiness
(skewness: -0.81 and 0.310; kurtosis: 0.838 and -0.298, respectively).

Figure 3.8. Incident spectral irradiance of HL (red line) and LL (blue line)
treatments. Lines represent means of 8 measurement points of light irradiances
over the spectral range of 290-800 nm + SD (dotted lines).

Figure 3.9. Changes in HL and LL surface temperature of the DFTS (red and black
diagonal cross symbols, respectively), root zone temperature (red and black grey
circle symbols, respectively) and air temperature (red and black diamond symbols,
respectively) during the transition from the dark (grey background) to the light
(white background) period. Each diagonal cross and circle represents the mean of
three data loggers through the period of 26 days, whereas air temperature was
recorded with one data logger in each treatment through the period of 26 days.
Error bars represent SE.

Figure 3.10. HL and LL canopy and root zones temperature data separated
between the dark (light grey background) and the light (white background)
periods. The horizontal line within the box represents the median. Results of
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Kruskal-Wallis ANOVA on ranks followed by Dunn's Method showed statistically
significant differences between the medians of the 8 different temperature series
(H (7) = 5013.87, p < 0.001). Different letters indicate statistically significant
differences.

Figure 3.11. Canopy temperature of cv. ‘Frank’ crops grown under HL (black bars)
and LL (white bars) and cv. ‘Sunstar’ crops grown under LL (dark grey bars) and
LL (light grey bars). Values indicated with different letters indicate statistically
significant (p < 0.05) differences according to two-way ANOVA test followed by
Tukey post-hoc analysis. Bars represent means of = SE (n=3).

Figure 3.12. Light response curves of photosynthetic CO, assimilation rate A

(umol m-2 s'l) of HL (diagonal cross symbols) and LL-grown (circle symbols)
butterhead lettuce varieties (L. sativa cv. ‘Frank’ and ‘Sunstar’) determined 15
DAT. Each point is the mean of different leaves from three different plants. Vertical
bars represent the standard errors (n=3).

Figure 3.13. Lettuce plants 29 DAT. (A) and (B), Lactuca sativa. cv. ‘Frank’. (C)
and (D), Lactuca sativa cv. ‘Sunstar’. LL (A/C) — non-affected by tipburn
symptoms. HL (B/D) — affected by tipburn symptoms; white arrows show tipburn
symptoms located at the edges of leaves within the developing head. Scale bars are
3cm.

Figure 3.14. Leaves of lettuce plants (L. sativa cv. ‘Frank’) 30 DAT. White arrows
show tipburn symptoms located at the edges of lettuce leaves. These lesions were
visible only after harvest, when leaves were separated. Scale bar is 1 cm.

Figure 3.15. Tipburn affected leaf area ratio of lettuce, L. sativa cv. ‘Frank’ and cv.
‘Sunstar’, grown at HL. cv. “‘Sunstar’ exhibited significantly more (t(4) = 14.01, p
< 0.001) symptoms of tipburn than the ‘Frank’ cv. Asterisk (*) indicates
significance. Bars represent means of 3 plants £ SE.

Figure 3.16. PPFD within the growth cabinets (cabinet 1 - HL and HT, cabinet 2 -
HL and LT, cabinet 3 - LL and HT, and cabinet 4 - LL and LT.). The horizontal line
within the box represents the median. Results of Kruskal-Wallis ANOVA on ranks
followed by Dunn's method showed statistically significant (H (3) = 71.511, p <
0.001). Different letters indicate statistically significant differences.

103

104

106

107

106

108

Xiil



Figure 3.17 Contour map projection on the floor plan of the CE room shows PPFD
distribution on the DFTS displayed on a pseudo-colour intensity scale; in which
'red" corresponds to the highest PPFD, whereas ‘deep blue’ represents absolute
shade.

Figure 3.18. Shoot fresh weight (g) of lettuce plants (Lactuca sativa L. cv.
‘Frank’) grown in 4 growth cabinets (cabinet 1 - HL and HT, cabinet 2 - HL and
LT, cabinet 3 - LL and HT, and cabinet 4 - LL and LT). Values indicated with
different letters indicate statistically significant differences (Two-way ANOVA test
followed by Tukey post-hoc analysis). Bars represent means of 3 plants + SE.

Figure 3.19. Light response curves of photosynthetic CO> assimilation rate A
(umol m2 s1) of lettuce plants (Lactuca sativa cv. ‘Frank’) in 4 growth cabinets
determined 15 DAT. Each point is the mean of different leaves from three different
plants. Vertical bars represent the standard errors (n=3).

Figure 3.20. Lettuce plants (L. sativa L. cv. ‘Frank’) 30 DAT. (A) HL and HT
(cabinet 1), (B) HL and LT (cabinet 2), (C) LL and HT (cabinet 3), (D) LL and LT
(cabinet 4). Plants only developed tipburn symptoms under combined conditions of
HL and HT (cabinet 1). White arrows in picture (A) show tipburn symptoms
located at the edges of leaves within the developing head. Scale bars are 3 cm.

CHAPTER 4

Figure 4.1. Plant leaf tissue was on a sterilized tile, and approximately a 2 mm
strip dissected from the edge of the leaf; henceforth denoted as tip (white arrows).
Scale baris 1 cm.

Figure 4.2. Development of visual tipburn symptoms in a lettuce plant (Lactuca
sativa cv. ‘Frank’) grown under the stress treatment. The first visual symptoms of
tipburn appeared 16 days after the stress treatment was applied, as small, circular,
necrotic spots (A). Panel (B) shows tipburn development on the same plant, 23
days after the stress treatment was applied. Panel (C) shows expansion of tipburn
region of panel (A). White arrows indicate tipburn symptoms on plants in both
panels. Scale bar in 3 cm in (A) and (B), and 0.5 cm in (C).

Figure 4.3. Time-course of changes in total Ca concentration of seedlings (days 0
—5) and tips of developing leaves (days 7 — 15) of Lactuca sativa cv. ‘Frank’ (A)
and cv. ‘Sunstar’ (B) under stress (closed symbols, black letters) and control (open
symbols, grey letters) treatments. One-way ANOVA results for the cv. ‘Frank’ and
cv. ‘Sunstar’ were F(17, 36) = 2.79, p < 0.001 and F(17, 36) = 2.5, p < 0.01,
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respectively. Values are means £ SE (n=3). Means denoted by the same letter did
not significantly differ at p < 0.05 according to Duncan's multiple range test. The
dotted line indicates the different sampling techniques (Days 0 to 5; whole
seedlings, Days 7 to 15; two fully expanded leaves).

Figure 4.4. Time-course of changes in MDA equivalents of seedlings (days 0 — 5)
and tips of developing leaves (days 7 — 15) of Lactuca sativa cv. ‘Frank’ (A) and
cv. ‘Sunstar’ (B) under stress (closed symbols, black letters) and control (open
symbols, grey letters) treatments. One-way ANOVA results for the cv. ‘Frank’ and
cv. ‘Sunstar’ were F(17, 36) = 3.56, p < 0.001 and F(17, 36) = 3.56, p < 0.001,
respectively. Values are means £ SE (n=3). Means denoted by the same letter did
not significantly differ at p <0.05 according to Duncan's multiple range test. The
dotted line indicates the different sampling techniques (Days 0 to 5; whole
seedlings, Days 7 to 15; two fully expanded leaves).

Figure 4.5. Time-course of changes in SOD activity of seedlings (days 0 — 5) and
tips of developing leaves (days 7 — 15) of Lactuca sativa cv. ‘Frank’ (A) and cv.
‘Sunstar’ (B) under stress (closed symbols, black letters) and control (open
symbols, grey letters) treatments. One-way ANOVA results for the cv. ‘Frank’ and
cv. ‘Sunstar’ were F(17, 36) = 15.45, p < 0.001 and F(17, 36) = 11.6, p < 0.001,
respectively. Values are means £ SE (n=3). Means denoted by the same letter did
not significantly differ at p <0.05 according to Duncan's multiple range test. The
dotted line indicates the different sampling techniques (Days O to 5; whole
seedlings, Days 7 to 15; two fully expanded leaves.

Figure 4.6. Time-course of changes in CAT activity of seedlings (days 0 — 5) and
tips of developing leaves (days 7 — 15) of Lactuca sativa cv. ‘Frank’ (A) and cv.
‘Sunstar’ (B) under stress (closed symbols, black letters) and control (open
symbols, grey letters) treatments. One-way ANOVA results for cv. ‘Frank’ and cv.
‘Sunstar’ were F (17, 36) =3.17, p < 0.05 and F(17, 36) = 3.57, p < 0.001,
respectively. Values are means = SE (n=3). Means denoted by the same letter did
not significantly differ at p <0.05 according to Duncan's multiple range test. The
dotted line indicates the different sampling techniques (Days O to 5; whole
seedlings, Days 7 to 15; two fully expanded leaves).

Figure 4.7. Time-course of changes in APX activity of seedlings (days 0 — 5) and
tips of developing leaves (days 7 — 15) of Lactuca sativa cv. ‘Frank’ (A) and cv.
‘Sunstar’ (B) under stress (closed symbols, black letters) and control (open
symbols, grey letters) treatments. One-way ANOVA results for the cv. ‘Frank’ and
cv. ‘Sunstar’ were F(17, 36) = 6.88, p < 0.001 and F (17, 36) = 2.5, p < 0.01),
respectively. Values are means = SE (n=3). Means denoted by the same letter did
not significantly differ at p <0.05 according to Duncan's multiple range test. The
dotted line indicates the different sampling techniques (Days 0 to 5; whole
seedlings, Days 7 to 15; two fully expanded leaves).

136

138

140

142

XV



Figure 4.8. Time-course of changes in GR activityof seedlings (days 0 — 5) and
tips of developing leaves (days 7 — 15) of Lactuca sativa cv. ‘Frank’ (A) and cv.
‘Sunstar’ (B) under stress (closed symbols, black letters) and control (open
symbols, grey letters) treatments. One-way ANOVA results for the cv.‘Frank’ and
cv. ‘Sunstar’ were F (17, 36) = 4.22, p < 0.01 and F (17, 36) = 3.05, p < 0.01,
respectively. Values are means = SE (n=3). Means denoted by the same letter did
not significantly differ at p <0.05 according to Duncan's multiple range test. The
dotted line indicates the different sampling techniques (Days 0 to 5; whole
seedlings, Days 7 to 15; two fully expanded leaves).

Figure 4.9. Schematic representation indicating which antioxidant enzyme
pathways were enhanced (green arrows; pointing upwards) or depressed (red
arrows; pointing downwards) under stress through the experiment, overall for both
cultivars. Numbers indicate days after the treatment was applied.

CHAPTER 5

Figure 5.1. Venn diagram shows the number of DEGs that were uniquely
expressed in cv. ‘Sunstar’ and cv. ‘Frank’ within the yellow (left) and blue (right)
circles, respectively. FPKM and DESeq estimated the level of gene expression and
the number of DEGs, respectively. The overlapping region (green) shows the
number of genes that were expressed in both groups.

Figure 5.2. Heat map showing the overall results of FPKM cluster analysis,
clustered using the logio(FPKM+1) value. Three main groups were identified
which are represented by the three high-level numbered clusters in the
dendrogram. The intensity of the colour represents expression levels of DEGs. Red
denotes genes with high expression levels, and blue denotes genes with low
expression levels. Scale bar represents the logio(FPKM+1) value from large to
small.

Figure 5.3. Volcano plots obtained by pairwise comparison of cv. ‘Frank’ (A) and
cv. ‘Sunstar’ (B) between treatments (stress and control). The x-axis shows the
fold-change in gene expression between different samples, and the y-axis shows
the statistical significance of the differences. Significantly up and down-regulated
genes are highlighted in red and green, respectively. No significant difference in
gene expression is shown in blue.

Figure 5.4. Gene ontology (GO) classifications of DEGs in cv. ‘Frank’ (A) and cv.
‘Sunstar’ (B). The x-axis shows the enriched GO terms and the y-axis is the
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number of DEGs. Different colours are used to distinct biological process (green),
cellular component (orange) and molecular function (blue). Asterisk (*) indicates
significantly enriched GO terms according to corrected p-value < 0.05

Figure 5.5. The 20 most enriched KEGG pathways in cv. ‘Frank’ (A) and cv.
‘Sunstar’ (B) are shown together with their g-value (colour), rich factor (vertical
ordinate) and number of genes (size of circles). Up regulated and down regulated
KEGG pathways are highlighted in green and red, respectively.
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Chapter 1

1.1 Context.

The global population is expected to reach nine billion by 2050, a significant
proportion of which will be urban dwellers, requiring more than a 70% increase in
agricultural productivity (Corvalan et al., 2005; Tilman et al., 2011; Rotter et al.,
2011). Agricultural land is increasingly becoming a scarce resource due to the
expansion of urban landscapes, which can accelerate the loss of cultivated land
surrounding cities e.g. in China (Tan et al., 2005; Jiang et al., 2013), the United States
of America (Healy and Rosenberg, 2013), and India (Pandey and Seto, 2015). In
addition, land-use intensification and climate change have further contributed to land
degradation and loss of soil fertility (Foley et al., 2011; Lambin et al., 2013). Creating
new agricultural land is becoming increasingly costly due to competition from other
human activities (Godfray et al., 2010), in addition to being a threat for many
ecosystem services (Chaplin-Kramer et al., 2015). The need for innovation in land-use
efficiency for crop production is therefore increasingly important (Lambin and

Meyfroidt, 2011).

1.2 Urbanization and the emergence of urban agriculture.

Urbanization is the expansion of urban populations, including the process of
population migration from rural to urban areas (Pacione, 1999). By leading the
conversion of natural landscapes to urban areas, urbanization is posing both direct and
indirect challenges to global food security (Chen, 2007). In addition, rapid
urbanization is a significant contributor to species extinctions (Goddard et al., 2010)
and is thus a major threat to biodiversity and to fundamental ecosystem services (Sol

et al., 2014). Furthermore, in large urban settlements natural landscapes are
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marginalized and scarce (Jim, 2012). This contributes to the development of chronic
human health issues such as stress, depression and cardiovascular disease, which may
be improved through interaction with the natural world (Warber et al., 2015). Spatial
and financial pressures mean that many cities today also contain ‘food deserts’,
defined as urban neighbourhoods with limited access to fresh, healthy and affordable
food (Short et al., 2007; Thomas, 2010; Shannon, 2014). In addition, cities currently
account for 70% of global energy use and for approximately 50% of global
greenhouse gas emissions (newsroom.unfccc, 2015; Papa et al., 2016) even though

they cover less than 3% of the global terrestrial surface (Grimm et al., 2008).

In response to these challenges, Urban Agriculture (UA) has been expanding in both
the developed (Lin et al., 2015) and the developing world (Orsini et al., 2013). UA is
an umbrella term which encompasses the production, processing and distribution of
food, fuel and fibre on urban and peri-urban land (Tornaghi, 2014). As such, UA can
be a source of food and supplementary income for urban dwellers (Gomez-Baggethun
and Barton, 2013). UA initiatives can bring fresh, locally grown food to deprived
urban areas and potentially relieve some of the issues associated with “food deserts’
(Block et al., 2011; Wang et al., 2014) by using vacant lots, parks, community farms,
rooftop gardens, and other productive features of the urban environment to produce
food (Knight and Riggs, 2010; Lovell, 2010). In addition, UA creates food producing
landscapes within urban environments which can provide refugee for native
biodiversity (Goddard et al., 2010) and may potentially free up existing rural
agricultural land or allow for alternative landscape use e.g. bioenergy production and
ecosystem restoration (Specht et al., 2014). It can promote the physical activity of

urban dwellers (Wolch et al., 2014; Warber et al., 2015), facilitate the development of
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important social values, such as community building and re-skilling around food
related activities (La Rosa et al., 2014), and reduce the carbon footprint and costs of
food transport; due to the proximity of production and consumption locations
(Beatley, 2007; Bougherara et al., 2009; Grewal and Grewal, 2012; Specht et al.,

2014).

UA has been implemented to improve the sustainability of urban environments
(Badami and Ramankutty, 2015; Huang and Drescher, 2015), to promote urban food
security (Sanyé-Mengual et al., 2015), and as an alternative for urban land use
(Lovell, 2010; Mogk et al., 2010) via a wide variety of methods. These vary from
small-scale urban horticulture for self-consumption to commercial vertical farming

systems (Eigenbrod and Gruda, 2014).

1.3 Vertical farming as a tool for urban agriculture.

Vertical farming has been proposed as an engineering solution to increase productivity
per unit area of crop available land, by extending plant cultivation into the vertical
dimension (Despommier, 2013; Eigenbrod and Gruda, 2014; Thomaier et al., 2015).
To date, there are few examples of the large-scale implementation of vertical farming.
These comprise growth spaces (e.g. glasshouses) stacked on top of each other to
construct vertical farm skyscrapers built specifically for food production
(Despommier, 2011). The only real-world examples of the large scale vertical farming
concept being currently implemented are building-integrated agriculture (Eigenbrod
and Gruda, 2014) or zero-acreage farming (Specht et al., 2014). These approaches
involve the incorporation of food production in and on existing buildings, e.g. on

rooftop gardens, edible green walls and indoor farms (Specht et al., 2015). A similar

Page 4



Chapter 1

concept of stacked crop production units can be seen on a smaller scale through
Vertical Farming Systems (VFS), which are growth systems that expand crop
production into the vertical dimension (Hochmuth and Hochmuth, 2001; Resh, 2012).
Examples of VFS are presented in Figure 1.1 and include: column-type VFS (Liu et
al., 2004; Linsley-Noakes et al., 2006; Ramirez-Gomez et al., 2011; Rius-Ruiz et al.,
2014; Chandra et al., 2014; Lee et al., 2015), pyramid-like shaped A-frame designs
(El-Behairy et al., 2000; Hayden, 2006), conveyor driven stacked growth systems
(Bayley et al., 2010; Mahdavi et al., 2012), and plant factory approaches (Morimoto et

al., 1995; Hahn et al., 1996; Kato et al., 2010; Kozai et al., 2015; Sago, 2016).

Figure 1.1. Vertical Farming Systems (VFS) currently used in the food production
industry: (A) column-type VFS (www.towergarden.com) in which plants are grown in
upright vertical columns or pipes, (B) Pyramid like A-frame designs
(www.skygreens.com/about-skygreens) which grow plants across the sides of the
pyramid, (C) Conveyor driven stacked growth systems (www.verticrop.com) that

rotate crop growing platforms to increase uniformity of light distribution within the
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VFS, (D) Plant factory approaches (farmedhere.com) which entail enclosed and fully
controlled systems which grow crops in stacked shelves under artificial lighting, with

a dedicated lighting system for each crop producing shelf.

As VFS offer the potential to maximise space use efficiency for crop production, they
have been exploited to produce food in rather unconventional urban settings in which
space is limited (Schnitzler, 2013). For example, VFS have been used as the main
production system within an abandoned (plastics) factory by Green Spirit Farms in
Michigan, USA (Figure 1.2.A), to grow leafy vegetables and herbs within a café space
of the Farm: London- a based Farm project in Hackney, London (Figure 1.2.B), and
within glasshouses and on shipping containers located on rooftops such as in the
Growup project in London, UK (Figure 1.2.C) and the Bell Book & Candle restaurant
in New York, USA (Figure 1.2.D). In all these examples, the distance between
production and consumption is minimized (Kozai, Niu and Takagaki, 2015),
demonstrating how urban use of VFS may provide environmental benefits by reducing
“food miles” and consequently the carbon footprint of food production (Eigenbrod

and Gruda, 2014).
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Figure 1.2. Vertical Farming Systems (VFS) within different urban environments: (A)
Stacked growing shelves of a plant factory VFS within a previously abandoned
factory (www.greenspiritfarms.com) (B) Vertical columns and plant factory set-up
within a cafe space (farmlondon.weebly.com/index.html) (C) Protected
(growup.org.uk) and (D) unprotected vertical columns on urban rooftops

(bbandcnyc.com).

1.4 Cultivation methods in vertical farming systems.

The majority of VFS employ soilless growing methods such as aeroponics,
hydroponics and semi-hydroponics. All systems use a defined nutrient solution to
meet plant nutritional needs (Jones, 1982; Ritter et al., 2001). In aeroponics, the roots
of plants are suspended in a sprayed fine mist of nutrient solution (Christie and
Nichols, 2004). In hydroponics, the roots are immersed in aerated nutrient solution in
a method commonly known as a Deep Flow Technique System (DFTS) (Goto et al.,

1996; Park and Kurata, 2009). Alternatively, the roots are suspended in a thin flowing
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stream of nutrient solution along a water-tight channel usually made from PVC pipes
or guttering, as in the case with Nutrient Film Technique System (NFTS) (Cooper
1978; Jones, 2004; Resh, 2012). Semi-hydroponics systems use soilless media such as
perlite, expanded clay pebbles, rockwool or sand with a nutrient solution (Eltrop and
Marschner, 1996; Mateus-Rodriguez et al., 2013) and have been primarily exploited to

grow crops such as tomatoes, cucumbers and peppers (Jensen, 1997).

Soilless production systems have been reported to enchance crop growth rates and to
deliver up to 75% increase in production yields (Steinberg et al., 2000; Norén et al.,
2004; Manzocco et al., 2011). In addition, they have been reported to utilise land and
water more efficiently in comparison to conventional soil-based cultivation (Lages
Barbosa et al., 2015), to avoid soil-borne pathogens and contaminants, and to provide
standardised, reproducible growing practises (Fallovo et al., 2009). However, energy
availability has been identified as a key limitation to the sustainability and adoption of
hydroponic methods (Lages Barbosa et al., 2015). The high start-up costs of
hydroponic installations, and the increased technical skill required to operate these
systems may also restrict their expansion (Savvas, 2003). Furthermore, vertical
gradients in light distribution and nutrient availability may influence crop productivity
within VFS (Liu et al., 2004; Ramirez-Gomez et al., 2012; Jones, 2014). Nevertheless,
simplified hydroponic approaches have been successfully implemented as a low-cost
alternative to overcome some of these barriers within commercial intensive
hydroponics (Fecondini et al., 2010; Orsini et al., 2010, 2013; Eigenbrod and Gruda,

2014).
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1.5 Lettuce cultivation in vertical farming systems.

Lettuce (Lactuca sativa L.) is classified as a “fourth range’ product, which is a
category that includes fresh vegetables that are cleaned, cut and placed into sealed
plastic containers, often in a modified atmosphere, to be consumed raw (Bevilacqua et
al., 2009). It is an annual herbaceous plant of the Compositae family (Chon et al.,
2005), a major food crop in the EU (Baslam et al., 2011), and a widely grown leafy
vegetable in hydroponics and VFS (Kimura and Rodriguez-Amaya, 2003; Lee et al.,
2006; Bayley, Yu, and Frediani 2011; Lin et al., 2013). Therefore, lettuce provides an

ideal model crop for studying plant growth and resource use efficiency within VFS.

In hydroponic systems, the frequent monitoring of nutrient solution temperature, pH,
electrical conductivity (EC) and dissolved oxygen (DO) concentration is imperative to
maintain optimal growing conditions (Brechner and Both, 2016). Lettuce is a cool
season crop, with average optimum temperature for growth of 18°C (Jenni, 2005).
Nutrient solution pH can affect nutrient availability even if it doesn’t directly affect
crop growth, with pH 5.8 reported to provide optimal nutrient availability in
hydroponic growth systems (Bugbee, 2003). Electrical conductivity of the nutrient
solution is recommended to not exceed 2.0 dS m™ due to lettuce’s high sensitivity to
salinity (Andriolo et al., 2005). DO concentration values below 2.1 mg I can inhibit
lettuce growth and an average of 8.4 mg I"! (saturated) is considered optimal (Goto et
al., 1996). Optimal and supra-optimal growing conditions lead to luxuriant growth and
are often employed in VFS to accelerate growth rates (Gruda, 2005; Koyama et al.,

2012; Sago, 2016).

However, lettuce crops grown under luxuriant growth conditions in VFS, such as
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excessive light intensities, high temperatures, elevated CO- levels and supra-optimal
nitrogen supply, often develop a physiological disorder called tipburn (Saure, 1998;
Barta and Tibbitts, 2000; Gruda, 2005; Wien and Villiers, 2005; Koyama et al., 2012;
Lee et al.,, 2013; Kozai, Niu, and Takagaki, 2015; Sago, 2016). This represents a
potential limitation to the commercial exploitation of VFS. It is therefore important to
gain an understanding of the mechanisms underlying the development and
amelioration of tipburn in VFS-grown lettuce in order to optimise this approach as a

commercially viable production system.

1.6 Tipburn of lettuce.

1.6.1 An unpredictable and irreversible physiological disorder.

Tipburn of lettuce is an irreversible physiological disorder that decreases plant quality
(Wissemeier and Zuhlke, 2002; Hartz et al., 2007; Corriveau et al., 2010; Jenni and
Hayes, 2010), resulting in significant economic losses (Koyama et al., 2012). Visible
symptoms of tipburn include the collapse and necrosis of margins and the apex of
developing leaves (Collier and Tibbitts, 1982; Saure, 1998; Barta and Tibbitts, 2000;

Corriveau et al., 2010) (Figure 1.3).
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Figure 1.3. Tipburn of lettuce significantly affects crop quality and marketability. The
disorder is characterised by dark black-brown necrotic leaf lesions starting at the

margins of developing leaves, as indicated by the white arrows. Scale bar is 5 cm.

Tipburn occurrence is unpredictable and although the underlying mechanisms of the
disorder are not fully understood (Saure, 1998; Kerton et al., 2009; Carassay et al.,
2012), a localized Calcium (Ca) deficiency has been implicated (Collier and Tibbitts,
1982, 1984; Saure, 1998; Frantz et al., 2004). Ca deficiencies can promote general
disintegration of the plasma membrane structure, as Ca is essential for membrane
stability and selective permeability and the maintenance of cell integrity (Kirkby and
Pilbeam, 1984). It has been suggested that tipburn occurs when lettuce growth rates

exceed Ca supply to the tissue (Seginer et al., 2006).

A link between tipburn of lettuce and Ca was first established by experiments that
used foliar Ca sprays to prevent symptoms (Kruger 1966; Thiobodeau and Minotti,

1969). Similarly, Ashkar and Ries (1971) showed that increasing the Ca concentration
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of the nutrient solution also prevented tipburn. Subsequent studies quantifying Ca
concentration of comparable but differently located tissues in lettuce heads have
provided insights into the causal relationship between tipburn and Ca deficiency. Ca
content progressively decreased from the outer to inner leaves of developing lettuce
heads, with the inner leaves being more susceptible to the disorder (Thiobodeau and
Minotti, 1969). Similarly, the water-soluble Ca concentration in the inner and middle
leaves was lower than the outer leaves of mature lettuce heads, with lower Ca
concentration in the heads of tipburn-sensitive lettuce cultivars in comparison to
tipburn-resistant cultivars (Misaghi and Grogan, 1978; Collier and Huntington, 1983).
As Ca is predominately xylem mobile, and thus distributed by the transpiration
stream, low transpiration rates can result in insufficient Ca delivery to the enclosed
young leaves within developing lettuce heads (White and Broadley, 2003; Gilliham et
al., 2011). In a separate study, artificially enclosing the inner leaves using aluminized
polyethylene sheaths (to reduce their transpiration rate) significantly decreased Ca
concentration and produced a high incidence of tipburn (53% of leaves) compared to
the almost symptom-less (<1% tipburn incidence) non-enclosed inner leaves
(Gilliham and Tibbitts, 1986). Therefore, increasing the transpiration rate of the

meristem to enhance Ca delivery can obviate tipburn incidence (Gilliham et al., 2011).

Electron microprobe x-ray analysis, allowing mineral analysis of individually separate
and distinct leaf areas, provides strong evidence that tipburn of lettuce is caused by
localised Ca deficiency (Barta and Tibbitts, 1991; 2000). Tissue Ca concentrations
were significantly lower in tipburn affected areas of leaves compared to similar areas
of non-affected leaves, whilst tissue magnesium concentration was negatively

correlated with Ca concentration (Barta and Tibbitts, 1991). In addition, tissue Ca
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concentrations decreased (from 1.0 to 0.7 mg g™t DW) during leaf enlargement (from
5 mm to 30 mm in length) in enclosed lettuce leaves, but increased in freely
transpiring leaves (Barta and Tibbitts, 2000). Thus critical low Ca levels between 0.2
to 0.4 mg g™t DW in enclosed leaves are needed for tipburn development (Barta and

Tibbitts, 2000).

Importantly, however, reduced Ca content can also be found in marginal areas of non-
affected tissue (Ryder, 2012) and supplying the plant with additional Ca is not always
effective in ameliorating the disorder (Dayod et al., 2010). Interestingly, a survey of
15 commercial romaine lettuce fields found no relationship between tipburn severity
and leaf Ca concentration or soil Ca availability (Hartz et al., 2007) whilst in another
study no relation between total leaf Ca concentration and tipburn symptoms was
observed (Cresswell, 1991). Taken together, these results suggest that other factors in

addition to Ca may also contribute to the induction of tipburn of lettuce symptoms.

1.6.2 Links between oxidative stress and Ca related disorders.

Tipburn symptoms can be induced in lettuce by factors that promote rapid and
luxuriant growth such as excessive light intensities (Gaudreau et al., 1994; Seginer et
al., 2006); high temperature (Jenni and Hayes, 2010) and supra-optimal nitrogen
supply (Brumm and Schenk, 1992), and by adverse growing conditions such as root
restriction (Olle, 2012), salinity (Carassay et al., 2012) and drought (Aroca, 2012;
Périard et al., 2015). Interestingly, all of these environmental conditions may also
evoke reactive oxygen species (ROS) accumulation and oxidative stress in plants
(Suzuki and Mittler, 2006; Almeselmani et al., 2006; Sharma et al., 2012) suggesting

that ROS might play a role in the induction of tipburn in lettuce. However, to date
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there is little empirical evidence for a role of ROS in mediating the disorder (Carassay

etal., 2012).

ROS are produced continuously in plants during electron transport and as by-products
of aerobic metabolism within the chloroplasts, mitochondria and peroxisomes (Apel
and Hirt, 2004; Gill and Tuteja, 2010). They include free radicals such as superoxide
anions (O27), hydroxyl radicals ("OH), and non-radical molecules like hydrogen
peroxide (H202) and singlet oxygen (*O2) (Sharma et al., 2012). ROS are highly
reactive and they can damage proteins, lipids, carbohydrates and DNA, resulting in
oxidative stress and cell death (Ramel et al., 2012). Under steady state conditions,
ROS levels are controlled by a complex system of non-enzymatic and enzymatic
antioxidative defense mechanisms (Miller et al., 2010). These work synergistically to
protect plant cells against free radical damage by scavenging excess ROS (Gill and
Tuteja, 2010). Non-enzymatic antioxidative defense mechanisms include the major
cellular redox buffers ascorbate (AsA) and glutathione (GSH), as well as tocopherols,

polyphenols and carotenoids (Apel and Hirt, 2004; Sharma et al., 2012) (Table 1.1).
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Table 1.1. Non-enzymatic antioxidant defence mechanisms functions and subcellular location.

Antioxidant

Functions

Subcellular location

Ascorbate

(Asa)

Glutathione

(GSH)

Tocopherols

(o, B, v, and
0)

Reduces H>O> to water via APX. Scavenges ROS
generated by oxygen  photoreduction  and
photorespiration. Regenerates o—tocopherol.
Substrate of glutathione peroxidase (GPX) reactions.
Participates in the regeneration of AsA as an electron
donor, via the AsSA-GSH cycle. Free radical
scavenger.

Principal role is the scavenging of

lipid peroxyradicals.

Scavengers of oxygen free radicals and *O..

Detected in the majority of plant cell types, organelles and

apoplast in plants. Abundant in photosynthetic tissues.

Chloroplasts, endoplasmic  reticulum, vacuoles and

mitochondria.

a-Tocopherol is mostly present in the chloroplasts of plant
cells, while B, y, and 3-homologues are usually found outside

these organelles.




Antioxidant Functions Subcellular location

Carotenoids ~ Scavenges 'O, and minimizes the production of In the thylakoid membranes of chloroplasts in the green,
triplet chlorophyll. photosynthetic plant tissue and in chromoplasts in non

photosynthetic tissues

Polyphenols  Direct ROS scavengers. Chelates metals that generate Polyphenols can be found in hydrophilic regions such as
ROS via the Fenton reaction. Inhibits lipid vacuoles and apoplasts and in lipophilic regions such as oil

peroxidation by trapping the lipid alkoxyl radical. glands and waxy layers.

References: Erdman et al., 1993; Kamal-Eldin and Appelqvist, 1996; Noctor and Foyer, 1998; Smirnoff, 2000; Sakihama et al., 2002;

Mittler et al., 2004; Ramel et al., 2012; Sharma et al., 2012; Ahmad, 2014.
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Enzymatic antioxidative mechanisms include both enzymes that scavenge and
detoxify ROS (e.g. superoxide dismutase, catalase, ascorbate peroxidase, guaiacol
peroxidase), and enzymes that regenerate the active forms of the non-enzymatic
antioxidants (e.g. monodehydroascorbate reductase, dehydroascorbate reductase,

glutathione reductase) (Blokhina, Virolainen, and Fagerstedt, 2003) (Figure 1.4).

Abiotic stress

Haber Weiss cycle HZO ( 7 MDHA
Cu*fFe*?
‘OH ==— 0,"
>
‘
X

SOD

N
o
A%

Fenton reaction
CresfFe*?

1/,0,+ H,0 % H,O + GSSG e NADPH

"OH
Figure 1.4. Schematic representation of antioxidant metabolic pathways in plants.
Superoxide radical (O2™) is dismutated by superoxide dismutases (SOD) to hydrogen
peroxide (H202). This is catalyzed to H>O by catalase (CAT), ascorbate peroxidase
(APX) or glutathione peroxidase (GPX). The hydroxyl radical ("OH) is generated by
02" in the presence of Cu*? or Fe?" ions (Haber Weiss cycle) or by H20; in the
presence of Cr*® and Fe*? (Fenton reaction). In the ascorbate-glutathione cycle H,O2 is
reduced to water by APX, ascorbate (AsA) is utilised as an electron donor. The
monodehydroascorbate (MDHA) that is produced is regenerated by

monodehydroascorbate reductase (MDAR). In addition, MDHA is non-enzymatically
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disproportionated into dehydroascorbate (DHA). DHA is recycled to AsA by
dehydroascorbate reductase (DHAR) using glutathione (GSH) as the reducing
substrate. Oxidized glutathione (GSSG) is reduced by glutathione reductase (GR)
using NADPH as electron donor. Antioxidant enzymes are represented by bold
characters, ROS by magenta characters and non-enzymatic antioxidants by green

characters (Adapted from Gill and Tuteja, 2010; Miller et al., 2010).

Theses enzymes function in concert to maintain an intercellular steady state-level of
ROS in a range of subcellular compartments. The subcellular localization of
antioxidant enzymes and the reaction catalysed by each enzyme are presented in Table

1.2 (Gaur and Sharma, 2013).
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Table 1.2. Enzymatic antioxidant defence mechanisms, reaction catalysed and subcellular location.

Antioxidant enzyme Reaction catalysed Subcellular location

Superoxide dismutase (SOD, EC 1.15.1.1) 02" + 02" + 2H'— 2H202+ O3 Chloroplasts, mitochondria, cytosol.
Catalase (CAT, EC 1.11.1.6) H202 — H20 + 1,0, Peroxisomes.

Ascorbate peroxidase (APX, EC 1.1.11.1) H202+ AsA— 2H,0 + DHA Chloroplasts,  mitochondria,  cytosol,

peroxisomes.

Guaiacol peroxidase (GPX, EC 1.11.1.7) H20, + GSH — 2H,0 + GSSG Chloroplasts, mitochondria, cytosol.
Monodehydroascorbate reductase MDHA + NAD(P)H — AsA + Chloroplasts, mitochondria,  cytosol,
(MDHAR, EC 1.6.5.4) NAD(P)* peroxisomes.

Dehydroascorbate reductase (DHAR, EC 1.8.5.1) DHA + 2GSH — AsA + GSSG Chloroplasts,  mitochondria,  cytosol,

peroxisomes.
Glutathione reductase (GR, EC 1.6.4.2) GSSG + NAD(P)H — 2GSH + Chloroplasts,  mitochondria,  cytosol,

NAD(P)* peroxisomes.

References: Blokhina, Virolainen, and Fagerstedt, 2003; Miller et al., 2010; Gill and Tuteja, 2010; Gupta, 2010; Sharma et al., 2012; Gaur

and Sharma, 2013
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Although there is currently little empirical evidence for a role of ROS in mediating
tipburn in lettuce (Carassay et al., 2012), a number of studies link ROS accumulation
and oxidative stress with blossom-end rot (BER) of tomato and pepper. Like tipburn in
lettuce, BER has been viewed as a Ca-related disorder (Adams and Ho, 1993; de
Freitas et al., 2012). However, it has recently been proposed that increased ROS
production leading to oxidative stress, ion leakage, and eventually to cell death, rather
than Ca deficiency, might be the cause of BER (Saure, 2014). Oxidative stress was
involved in initiating BER symptoms in two bell pepper cultivars with contrasting
susceptibility to salinity, whereas fruit Ca content was not affected in both cultivars
(Aktas et al., 2003). However, H,0O, and 1O production, as well as NADPH oxidase
activity, were all increased in the salt-sensitive cultivar, which also exhibited

significantly more BER symptoms (Aktas et al., 2003).

Enhanced BER symptoms were observed in bell pepper plants grown under high
salinity, along with increased apoplastic ROS production, and enhanced NADPH
oxidase activity in the pericarp when fruit were most sensitive to BER (Aktas et al.,
2005). Although salinity did not affect fruit Ca concentrations, foliar and fruit
manganese concentrations were significantly reduced. Since manganese serves as a
ROS scavenger, this might be related to the observed apoplastic ROS accumulation
(Aktas et al., 2005). Similarly, BER-affected pepper fruits had significantly increased
H>0> concentrations and apoplast-associated peroxidase activity, compared to healthy
fruits when grown under salinity stress (Turhan et al., 2006). Apoplast-associated
peroxidase activity, ascorbic acid and apoplastic ROS levels were significantly higher
in a BER-susceptible cultivar compared to a BER-resistant cultivar. These results

suggest that apoplastic antioxidant mechanisms may mitigate salinity damage and
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BER expansion in pepper fruit (Turhan et al., 2006). BER symptoms, together with
increased peroxidase activity and malondialdenyde (MDA) content, and decreased
tocopherol content and SOD activity were observed in leaves of hydroponically-
grown tomato (Schmitz-Eiberger et al., 2002). Similarly, an increase in the proteins
participating in the ascorbate—glutathione cycle and the pentose phosphate pathway
were observed in tomato fruits with BER symptoms, suggesting that these two
biochemical pathways restrained the spread of the necrotic lesions to the whole fruit
via ROS scavenging (Casado-Vela, Sellés, and Bru Martinez, 2005). Mestre et al.
(2012) compared the oxidative metabolism of BER affected and healthy tomato fruit
grown in Ca-deficient medium, concluding that the visual symptoms of BER resulted
from a massive lipid peroxidation event following the breakdown of cellular
glutathione homeostasis, as demonstrated by the inhibition of glutathione reductase
(GR) in healthy tissue adjacent to BER lesions. Taken together, these findings suggest
that ROS and oxidative stress play an important role in mediating the symptoms of Ca

related disorders in Solanaceae crops.

Environmental factors that have the potential to cause tipburn of lettuce, as well as
ROS accumulation and oxidative stress, are commonly found in hydroponics and
VFS. These include high light intensities, high temperature, salinity and nutrient
imbalances (Shi et al., 2007; Resh, 2012; Koyama et al., 2012; Kozai, Niu, and
Takagaki, 2015; Sago, 2016). This raises the intriguing possibility that excessive ROS
accumulation and the consequent oxidative stress may contribute to tipburn

development in both VFS and hydroponic systems.
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1.7 Environmental factors inducing tipburn of lettuce.

Environmental factors inducing tipburn that can also lead to localised Ca deficiency;,
ROS accumulation and oxidative stress, are commonly found in VFS and hydroponics

(Figure 1.5).

High light intensity,
High temperature Nutrient
. imbalances (5) Leaf enclosure

l

Reduced transpiration
rates

Salinity

(1) Increased ROS production (2) Accelerated growth rates

v

(6) Impaired Ca?*

\L delivery

Oxidative stress (3) Increased demand for Ca®*
Oxidative damage ) Localised Ca?* deficiency

™~ /

Tipburn of lettuce

Figure 1.5. Flow chart summarizing mechanisms of common tipburn inducing factors
in VES and hydroponics. High light intensity and high temperature can increase ROS
production and oxidative damage, if not controlled by the plant’s antioxidant
machinery (1). Both conditions can significantly accelerate lettuce growth rates (2),
thereby increasing shoot’s demand for Ca (3) which may lead to localised Ca
deficiency (4). Rapidly growing lettuce plants can enclose young leaves within the
lettuce head (5), leading to reduced transpiration rates, and impaired Ca delivery (6)

and localised Ca deficiency (4). Salinity stress can impair Ca transport to young
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developing leaves (6) and enhance ROS accumulation in plants (1). Nutrient
imbalances can accelerate growth rates (2) if nutrients are provided in supra-optimal
levels which can increase the shoot’s demand for Ca (3), impair Ca delivery to the

shoot via competition with other elements (6) and enhance ROS in cells (1).

1.7.1 Light intensity affects tipburn of lettuce induction.

Light intensity has a profound affect on lettuce growth and development in both
protected (Ferentinos et al., 2000; Richards et al., 2004; Sago, 2016) and field growing
conditions (Wolff and Coltman, 1990; Wissemeier and Zuhlke, 2002). However,
exposure of plants to light intensities, far exceeding the light saturation point of

photosynthesis, results in high light stress (Demmig-Adams and Adams, 1992).

High light intensities created with the use of supplementary lighting in glasshouse
trials can result in higher tipburn incidence in hydroponically grown lettuce (Gaudreau
et al., 1994). Similarly, the use of supplementary lighting by high pressure sodium
(HPS) and metal halide (MH) lamps, both of which increased photosynthetic photon
flux density (PPFD) by 50 umol m? st at crop height, significantly enhanced lettuce
tippburn symptoms in comparison to plants grown under natural glasshouse
illumination (Chadjaa et al., 2001). Previously, high light intensity has been linked to
tipburn symptoms via the acceleration of growth rates (Read and Tibbits, 1970; Sago,
2016) thereby increasing the demand for Ca in the developing meristems (Frantz et
al., 2004). However, plants grown under low light intensity are not always free from
tipburn (Saure, 1998). Therefore, it has been proposed that the underlying mechanisms

of light-induced tipburn may not be restricted to accelerated growth rates but could
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potentially involve other mechanisms such as oxidative stress driven by combined

nutrient deficiencies and high light stress (Wissemeier and Zuhlke, 2002).

High light intensity is one of the most common causes of oxidative stress in plants
(Dat et al., 2000). It can enhance ROS production in cells (Suzuki and Mittler, 2006)
and increases antioxidant enzyme activity (SOD, CAT and APX) and MDA content
(Zhou et al., 2009; Fu et al., 2012) in lettuce plants. High light intensity inhibits the
activity of photosystem Il (PSII), leading to oxidative damage of its reaction center in
a process known as photoinhibition (Aro, Virgin and Andersson, 1993).
Photoinhibition occurs when incident light intensity exceeds a plant’s capacity of CO>
assimilation (Apel and Hirt, 2004). The extent of photoinhibition depends on the
balance between the rate of light-dependent damage (photodamage) to PSII and the
rate of its repair (Takahashi and Badger, 2011), which requires protein synthesis
(Nishiyama et al., 2006). The rate of photodamage to PSII is linearly proportional to
the intensity of incident light (Allakhverdiev and Murata, 2004; Takahashi and
Murata, 2008) and the rate of PSII repair is susceptible to ROS inhibition (Nishiyama

et al., 2006).

Photoinhibition leads to increased 'O concentrations in leaves (Nooden, 2003) which
are produced mainly in PSII from ground-state oxygen interacting with triplet excited
P680 and other triplet excited chlorophyll molecules within the PSII (Takahashi and
Murata, 2005; Triantaphylidés and Havaux, 2009). 1O, is a strong electrophile agent
that can readily oxidize macromolecules such as lipids, proteins and DNA
(Triantaphylidés and Havaux, 2009; Ramel et al., 2012) if not quenched by

carotenoids or tocopherol (Krieger-Liszkay, 2005). According to Triantaphylidés et al.
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(2008), 10 is likely the primary cause of photodamage to PSII, and it may act as a
signalling molecule provoking changes in gene expression which may lead to
programmed cell death (Danon et al., 2005; Ramel et al., 2012). Photosystem | (PSI)
IS more resistant to high light stress in comparison to PSII (Scheller and Haldrup,
2005). However, PSI components also respond to high light intensities. In PSI,
molecular oxygen (O>) is reduced to O>™ through a process called the Mehler reaction
(Triantaphylides et al., 2008; Karuppanapandian et al.,, 2011). O;" are
disproportionate to H,O. and O catalysed by SOD (Asada, 2006). The H20- generated
by SOD is detoxified to water by APX (Makino, Miyake, and Yokota, 2002). If not
converted to water, H>O> can oxidize a wide range of molecules inside the chloroplast
or can diffuse outside the chloroplast envelope via aquaporins (Borisova et al., 2012).
Therefore, the probability of oxidative stress mediated tipburn induction under high

light intensity is highly likely.

1.7.2 High temperature and tipburn severity.

Heat or high temperature stress, defined as an increase in temperature beyond a
critical threshold causing irreversible damage (Wahid et al., 2007; Gill and Tuteja,
2010), can affect plants both at the whole-plant and cellular level, altering growth and
development (Gruda, 2005). This is particularly important for lettuce, a temperate
crop, especially in regions with persistent high temperatures such as the tropics (He et
al., 2001). High temperatures are usually coupled with high light intensities which
may further enhance the adverse effects of the stress (Suzuki and Mittler, 2006).
Adverse visual symptoms of high temperatures on plant growth include leaf

senescence and abscission (Wahid et al., 2007).
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High temperatures can promote the development of tipburn symptoms in lettuce
(Yanagi et al., 1983; Jenni, 2005; Cancellier et al., 2010; Lee et al., 2013) and BER in
tomato crops (Taylor and Locascio, 2004; Ho and White, 2005). Temperature
increases from 0°C up to 36°C were positively correlated with tipburn severity
(Misaghi and Grogan, 1978) and lowering leaf temperature by average 0.9°C using
water-cooled high pressure sodium (HPS) lamps significantly reduced tipburn
symptoms compared to conventionally air-cooled HPS lamps (Mankin and Walker,
1987). In addition, the combined effects of elevated temperatures (up to 37°C) and
high humidity (> 90%) promoted tipburn development in tipburn resistant and
susceptible lettuce cultivars, with resistant cultivars losing their ability to control
tipburn development under extreme temperatures (Nagata and Stratton, 1994).
Furthermore, tipburn incidence was positively correlated with air temperature over a
three-year field study (Wissemeier and Zihlke, 2002). It is believed that high
temperatures may promote tipburn by increasing growth rates (YYanagi et al., 1983;

Saure, 1998; Choi et al., 2000).

Cellular changes induced by heat stress may lead to increased accumulation of ROS in
PSI, PSII and in the Calvin—Benson cycle and may decrease the radical scavenging
ability of the cell (Asada, 2006; Suzuki et al., 2012; Hasanuzzaman et al., 2013).
Under high temperature (38°C), the enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO, EC 4.1.1.39) loses its specificity toward CO:
versus Oy, producing H20> as a side reaction of its oxygenation (Kim and Portis,
2004). Loss of photosynthetic electron transport due to the thermolability of PSII can
increase 02 accumulation within chloroplasts under high temperature stress (Ali et al.,

2005). Interestingly, moderately high temperatures (35°C - 45°C) inhibit PSII repair
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but do not impose serious PSII damage (Allakhverdiev et al., 2008). In contrast, PSI
appears to be heat resistant in comparison to PSII (Haldimann and Feller, 2004).
However, due to the very slow recovery rate of PSI, PSI photoinhibition is regarded as
more dangerous than PSII photoinhibition (Kudoh and Sonoike, 2002). Higher
NADPH/ATP ratio, due to increased ATP demand for photosynthetic CO- assimilation
during high temperature stress (Yamori and Shikanai, 2016), can lead to PSI
photoinhibition (caused by increased ROS generation) due to enhanced electron
transfer to the Mehler reaction (Yan et al., 2013). Furthermore, ROS accumulation
may occur in mitochondria as heat-induced impaired mitochondrial metabolism and
may evoke oxidative bursts and induce oxidative damage (Suzuki and Mittler, 2006;

Sun and Guo, 2016).

Interestingly, light-mediated heat-induced oxidative damage in Arabidopsis thaliana
increased after the application of Ca channel blockers and calmodulin inhibitors,
whereas adding exogenous CaCl, decreased oxidative damage (Larkindale and
Knight, 2002). In addition, CaCl, pre-treatments increased SOD activity in Agrostis
stolonifera under heat stress (Larkindale and Huang, 2004). This indicates that
protection against heat-induced oxidative damage in A. thaliana requires Ca and
calmodulin (Larkindale and Knight, 2002). Taken together, these studies suggest that
tipburn induction under high temperature stress could be related to insufficient Ca
delivery to the affected tissue, although it may also be mediated by increased ROS

production and the consequent oxidative stress.

1.7.3 The role of plant nutrition in tipburn induction.

Cation imbalances in hydroponic nutrient solutions can often cause tipburn symptoms
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in lettuce and other crops (Napier and Combrink, 2006). Root Ca?* uptake can be
stimulated by the presence of high levels of ions such as NOs’, and depressed by high
levels of NH4", K*, Mg?" and AI** in the nutrient solution (Kirkby, 1979; Ehret and
Ho, 1986; Ryan and Kochian, 1993; Lieten, 2004; Frantz et al., 2004; Saure, 2005;
Merifio-Gergichevich et al., 2010). With high levels of K* and Mg?* in the nutrient
solution, Ca?* can be replaced by K* and Mg?" on binding sites at the plasma
membrane, leading to leaky membranes and tipburn symptoms (de Freitas and
Mitcham, 2012). In hydroponically grown lettuce, tipburn symptoms were prevented
by reducing the K/Ca ratio in the hydroponic solution from 3.5/1.0 to 1.25/1.0 (Huett,
1994). Interestingly, in hydroponically grown lettuce higher tipburn incidence was
reported when K was added to the nutrient solution in the form of K2SOa rather than
KCI (Inthichack et al., 2012), an effect that was more evident at high K concentrations
(643.7 mg I, indicating a direct effect of K form and concentration on tipburn

occurrence.

In field grown lettuce, supra-optimal N supply (up to 400 kg/ha) increased tipburn
symptoms, possibly because of excessively high growth rates (Brumm and Schenk,
1992). In lettuce grown in NFTS, tipburn incidence was increased by the partial
replacement of NOs-N in the nutrient solution with urea combined with NH4CI (Gunes
et al., 1995). In contrast, increased N supply in crisphead lettuce alleviated tipburn
symptoms in the external, older leaves (Sgrensen et al., 1994). Tipburn was also
induced in Chinese cabbage through the application of high levels of NH4*-N fertilizer
(Imai, 1990; Yu et al., 2002) whilst increased rates of urea and urea-ammonium nitrate
decreased tipburn symptoms (Vavrina et al., 1993). Thus, nitrogen form and rate of

supply can modulate tipburn occurrence.
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Importantly, nutrient imbalances can also evoke oxidative stress in plants. For
example, spinach plants grown in Ca deficient Hoagland’s nutrient solution showed
increased plasma membrane permeability, MDA and enhanced ROS accumulation, in
addition to decreased activities of the antioxidant enzymes and glutathione content
(Chao et al., 2009). Similarly, lipid peroxidation and inhibition of cellular glutathione
homeostasis occurred in tomato plants grown in Ca-deficient medium (Mestre et al.,
2012). Taken together, these studies suggest that tipburn symptoms may be induced
through reduced Ca availability (caused by competition with other nutrients), by
accelerated growth rates (caused by supra-optimal nutrient supply, in particularly NPK

fertilisers) and nutrient-induced oxidative stress.

1.7.4 Salinity stress and tipburn.

Salinity stress results from the presence of solutes (ions) in the growing medium at
concentrations that adversely affect plant growth (de Oliveira et al., 2013), and is
commonly encountered in closed-loop soilless systems (Savvas et al., 2007). High
solute concentrations in the rhizosphere decrease osmotic potential thereby limiting
plant water uptake (Taiz and Zeiger, 2010). In addition to having osmotic effects,
salinity can affect crops through specific ion toxicity and nutritional disorders
(L&uchli and Grattan, 2007). For example, Ca transport to young developing leaves
can be reduced by salinity (Lazof and Bernstein, 1999). A high salt concentration in
the root zone appears to inhibit Ca loading to the xylem and consequently decreases
shoot Ca content. This may cause Ca-related disorders, such as tipburn in lettuce
(DePascale and Barbieri, 1995; Halperin et al., 1997; Volkmar et al., 1998; Lazof and

Bernstein, 1999; Neves-Piestun and Bernstein, 2005; Lauchli and Grattan, 2007).
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Lettuce is a moderately salt-tolerant crop (De Pascale and Barbieri, 1995) with a
threshold of 1.1 dS/m soil salinity (Unlikara et al., 2008). In hydroponic lettuce,
moderate nutrient solution EC (2 dS/m) has been linked to tipburn occurrence
(Cresswell, 1991; Huett, 1994) and EC levels above 2.6 dS/m result in decreased

growth and yield (Andriolo et al., 2005).

Salinity stress enhances ROS accumulation in plants, increases lipid peroxidation, and
the activities of antioxidant enzymes (Nor’aini et al., 1997; Sairam et al., 2002).
Interestingly, it has been reported that tipburn symptoms in lettuce during high salinity
conditions were mediated by increased ROS activity (Carassay et al., 2012).
Therefore, salinity may promote tipburn of lettuce symptoms by inhibiting Ca
uploading to the xylem but symptoms may also be mediated by increased ROS

production and the consequent oxidative stress.

1.8 Control and prevention of tipburn of lettuce.

Although tipburn has been widely researched, there are few effective and practical
solutions to prevent the disorder in lettuce (Hartz et al., 2007; Corriveau et al., 2012).
Moreover, little attention has been given to other mechanisms that could contribute to
tipburn development, which could potentially facilitate the development of novel

approaches to ameliorate tipburn symptoms (Carassay et al., 2012).

1.8.1 Foliar Calcium applications.

Foliar Ca sprays have been used to prevent Ca-related disorders in crops (Amarante et
al., 2001; Lanauskas and Kvikliene, 2006; Lotze et al., 2008; Olle and Bender, 2009).

Although this could be extended to lettuce, the morphology and phyllotaxy of this
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species may limit the effectiveness of this approach, preventing the sprayed solution
from reaching the enclosed young leaves within the developing lettuce head, which
are highly prone to tipburn due to their reduced transpiration rates (Misaghi et al.,
1981, Barta and Tibbitts, 1986; Leclerc et al., 1992; Hartz et al., 2007; Torres et al.,
2009; Jenni and Hayes, 2010). Nevertheless, foliar Ca applications significantly
reduced tipburn symptoms and increased the Ca content of inner and outer leaves of
saline-stressed butterhead lettuce plants (Saleh, 2009). Similarly, foliar applications of
Ca (90, 180 and 360 mg It Ca twice a week) significantly decreased the total lettuce
leaf area of romaine lettuce affected by tipburn, although there was no difference in
the incidence of tipburn prevention between the three treatments (Corriveau et al.,
2012). Thus, responses to Ca spraying may depend on lettuce leaf architecture, which
determines whether the sprayed solution reaches the plant's centre (Corriveau et al.,
2012). Direct application of Ca (1 mM Ca solution along with the Ca ionophore
A23187) to leaves has also been shown to prevent tipburn symptoms in butterhead
lettuce (Carassay et al., 2012), by facilitating the movement of Ca across cell
membranes thereby increasing the Ca?* concentration within cells (Ochwang’i et al.,
2013; Sohn et al., 2013). Importantly, factors such as plant genotype, foliar spray
concentration and application timing and frequency may significantly affect the
efficacy of foliar applications in preventing Ca-deficiency symptoms (Chang et al.,

2004).

Interestingly, foliar Ca applications can also benefit the plants in other ways. For
example, CaCl, sprays increased antioxidant activity of Camellia sinensis, thereby
improving post-drought recovery (Upadhyaya et al., 2011). Similarly, SOD activity in

Agrostis stolonifera under heat stress was enhanced by CaCl, pre-treatments
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(Larkindale and Huang, 2004).

1.8.2 Ventilation to prevent tipburn.

Tipburn often appears in tissues with low transpiration rates (Gilliham et al., 2011). In
lettuce, leaf enclosure (overlapping of expanding leaves) is a primary reason for
reduced transpiration rates of young leaves (Barta and Tibbitts, 1986; Chang and
Miller, 2004). One way to increase the transpiration rates of enclosed leaves, and by
extension prevent Ca-related disorders, is by blowing air directly into the folded
leaves. Tipburn symptoms were prevented by blowing air directly into the inner leaves
of developing lettuce heads, thereby ameliorating the effects of leaf enclosure,
increasing transpiration rates and consequently transpiration-driven Ca delivery to the
tissues (Goto and Takakura, 1992; Kossowski et al., 1994; Shibata et al., 1994; Both et
al., 1994). A similar approach in which air was blown directly into the meristem was
subsequently used to prevent tipburn of lettuce in high light (1000 pmol m=2 s7) and

high CO, (1200 pmol mol=?) conditions (Frantz et al., 2004).

Overhead fans have also been shown to significantly ameliorate upper leaf necrosis, a
Ca deficiency disorder, of Lilium plants (Chang and Miller, 2004). Increasing the air
flow over transgenic lettuce expressing a recombinant pharmaceutical protein, Stx2eB,
increased leaf number and eliminated tipburn, irrespective of whether the air flow was
from the side, above or below (Takahashi et al., 2011). More recently, Lee et al.
(2013) exposed tipburn-sensitive cultivars to three different air temperatures and three
different air flow conditions in a closed plant factory system, to establish a practical

method of ameliorating tipburn in a commercial-scale VFS. Air flow applications
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were more effective than controlling the air temperature to decrease tipburn symptoms

in VFS (Lee et al., 2013).

1.8.3 Tipburn resistant lettuce cultivars.

Breeding and selecting tipburn-resistant lettuce cultivars can be a viable long-term
solution for preventing tipburn symptoms (Nagata and Stratton, 1994; Jenni and
Hayes, 2009). Lettuce cultivars vary considerable in terms of their susceptibility to
tipburn (Ryder and Waycott, 1998; Choi and Lee, 2008; Ferriol et al., 2009; Koyama

etal., 2012).

Interestingly, it has been suggested that red lettuce varieties show higher resistance to
tipburn symptoms, possibly due to their higher antioxidant capacity, when compared
to green lettuce varieties (Llorach et al., 2008; Mulabagal et al., 2010; Carassay et al.,
2012). However, although a study of 70 different romaine, crisphead, green leaf and
red leaf lettuce varieties reported significant effects of genotype on tipburn incidence,
the results were not replicable over time, indicating that different environmental
conditions influence the relative susceptibilities of lettuce cultivars to tipburn (Jenni

and Hayes, 2009).

1.8.4 Modifications of relative air humidity.

High relative humidity (RH) during daylight hours can increase tipburn incidence in
leafy vegetables (Barta and Tibbitts, 1986; Saure, 1998), potentially by impeding leaf
transpiration and subsequently inhibiting Ca transport to the shoot (Gilliham et al.,
2011; White, 2012). In contrast, high RH during the dark period can encourage root

pressure flow, thereby enhancing Ca transport towards low transpiring tissue in leafy
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vegetables and strawberries, inhibiting tipburn occurrence (Palzkill et al., 1976;
Tibbitts and Palzkill, 1979; Guttridge et al., 1981; Cox and Dearman, 1981; Berkel,
1988; Kerton et al., 2009). Tipburn was completely eliminated when lettuce was
grown at 40% RH during the daytime and 80% RH during the dark period (Choi and
Lee, 2008). Furthermore, sprinkler irrigation used to mist the crop canopies thereby
reducing the air temperature from above 28°C to 11°C, significantly reduced tipburn
incidence of endive plants (Jenni et al., 2008). In contrast, fogging romaine lettuce
plants in greenhouse conditions had no significant effect on tipburn occurrence
(Corriveau et al., 2010). However, agronomic approaches that offer the potential to
increase RH on a large scale, such as misting or fogging crop canopies, have not been
yet adopted on a commercial level, possibly due to the high associated costs and
potential encouragement of pest and disease caused by a higher humidity (Jenni and

Hayes, 2010).

1.9 Thesis aims.

The aim of this thesis was to characterise a novel VFS and to identify limitations to
crop growth in the VFS. Consequently, fundamental and applied plant science
investigations were primarily planned to contribute to the successful establishment of

VFS as commercially feasible means to increase crop productivity per area.

The objectives of this thesis are:
1. To compared the column-type VFS to a conventional Horizontal Hydroponic
System (HHS), to test whether the VFS represents a viable alternative to HHS.

2. To elucidate the underlying mechanisms of tipburn of lettuce under luxuriant
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growth conditions (high light intensity and high temperature), which were present
within the upper layers of the VFS and are often employed to maximize the efficiency
of VFS.

3. To elucidate the presymptomatic links between tipburn, oxidative stress and Ca.

4. To elucidate the molecular basis of tipburn of lettuce.

5. To identify potential novel approaches for the remediation of tipburn of lettuce.

To the authors knowledge, this study represents a first example where a commercial
VFS was empirically scrutinized, a plant physiological issue was identified as a key
limitation of the VFS and a research strategy was designed to explore plant science

based solutions to enhance commercial exploitation of the VVFS.
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2.1 Introduction.

Vertical Farming Systems (VFS) have been proposed as an engineering solution to
increase crop production per unit area of available land (Despommier, 2013;
Eigenbrod and Gruda, 2014; Thomaier et al., 2015). They achieve this by expanding
crop production into the vertical dimension to produce a higher yield per unit area in
comparison to conventional horizontal growth systems (Hochmuth and Hochmuth,

2001; Resh, 2012).

Recent studies have focused on column-type VFS (Liu et al., 2004; Linsley-Noakes et
al., 2006; Ramirez-Gomez et al., 2012; Rius-Ruiz et al., 2014; Chandra et al., 2014;
Lee et al., 2015). Although these studies have quantified crop production of column-
type VFS, there have been few direct comparisons with horizontal hydroponic systems
of similar cropping density. Thus, little information is available on whether column-
type VES present a viable alternative to horizontal crop production systems. In
addition, previous yield comparisons of column-type VFS with horizontal systems
have confounded other factors with crop orientation. For example, Liu et al. (2004)
showed an increase in yields (up to 2-fold) and profits (3.6-5.5 US dollar m?) in a
soilless VFS compared to conventional soil cultivation, however the comparison
failed to take account of the use of different growing media in both systems. Similarly,
significantly higher yields have been reported for strawberry grown in a vertical
column-type VFS compared to either conventional grow bags or multi-tiered stacked
VFS (Ramirez-Gomez et al., 2012), although no information was provided regarding
the root zone volume of the growth systems, a factor which can considerably influence
the availability of below-ground resources and consequently crop growth (Poorter et

al., 2012).
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Column-type VFS are prone to marked gradients in the growing environment. Light
intensity declines from top to base of different vertical column systems and affects the
overall productivity of the system (Liu et al., 2004; Ramirez-Gomez et al., 2012). In
addition, it has been proposed that nutrient concentration gradients within the gully of
NFTS influence crop uniformity (Winsor, 1978; Puerta et al., 2007,
Mavrogianopoulos, 2011) and it has been suggested that similar gradients exist along

the vertical column of VFS (Jones, 2014).

Nitrate (NO3") is the main source of nitrogen (N), the nutrient that plants need in
greatest abundance (Crawford, 1995; Léran et al., 2015), and large inputs of
nitrogenous mineral fertilizers are required in agricultural systems to maintain plant
growth and yield (Broadley et al., 2003). In hydroponic systems, the concentration of
N in the nutrient solution is a key factor determining crop yield and quality (Jones,

2014) and low NOz™ concentrations can decrease yield (Demsar et al., 2004).

The objective of this chapter was to characterise a prototype column-type VFS
developed by the BBSRC CASE industrial partner, Saturn Bioponics Ltd
(Birmingham, UK), which was patented under the trade name Saturn Grower. The
research aimed to identify solutions to the industrial partner’s challenges and fill
existing gaps in the knowledge of plant behaviour in column-type VFS. Specifically,
the chapter aims were to:

1. Compare the Saturn Grower column-type VFS to a conventional Horizontal
Hydroponic System (HHS) with similar fertigation regimes, root zone volumes and
planting densities, in which the systems only differ in their spatial orientation of the

growth environment.
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2. To identify and quantify putative light and NOs™ concentration gradients within the
Saturn Grower VFS.

3. To disentangle the effects of light intensity and NO3z™ concentration gradients within
the VFS as key determinants of yield in column-type VFS. These studies identified
additional areas of research required to optimize crop productivity and resource use

efficiency in VFS.

2.2 Materials and methods.

2.2.1 Plant material.

Lettuce was used as a model plant as it is widely grown in hydroponics as a leafy
vegetable (Kimura and Rodriguez-Amaya, 2003; Lee et al., 2006) with a fast growth
rate (Lin et al., 2013) and avoids some of the complexities of changes in crop biomass
allocation during the reproductive process (Heller et al., 2014). Romaine lettuce
(Lactuca sativa L. cv. ‘Little Gem’) and butterhead lettuce (L. sativa L. cv. ‘Frank’)
seeds were purchased from Moles Seeds (Essex, UK). Seeds were sown in 84-cell
plug trays (Length 52 cm x Width 32 cm x Depth 5 cm, plug size 3.8 cm square)
containing Levington M3 peat-based substrate (Scotts UK, Ipswich, UK) and
germinated in a 3.4 m x 4.15 m walk-in Controlled Environment room (CE room) at
17°C (60-80% relative humidity). Photosynthetic Photon Flux Density (PPFD) was

maintained at approximately 170 pmol m?2 s*

at bench height under a 16 hour
photoperiod (06:00 hrs to 22:00 hrs). Room temperature and humidity were recorded
by Ektron Il C sensor (HortiMaX B.V. Pijnacker, Netherlands), which was located in

the middle of the CE room, at 1.83 m above the ground. Plants were transplanted at

the four true-leaf stage, 20 days after sowing.
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2.2.2 The Saturn Grower Vertical Farming System (VFS).

The VFS used in this study was a prototype column-type grower (Saturn Bioponics
LTD, Birmingham, UK). Plants were grown vertically in upright cylindrical columns
comprised of individual modular units stacked on top of each other to reduce the
system footprint (Figure 2.1). Each modular unit comprised two stackable elements: a
growing container (10.5 cm high and 7.5 cm radius) and a spacing collar (20 cm high

and 7.5 cm radius).

F"

Figure 2.1. The Saturn Grower VFS. The growing container formed from a single unit
of moulded opaque plastic (dark green) incorporating a central core/airspace. The
spacing collar formed from transparent plastic with four anti-diametrical planting
apertures. When constructing the vertical column, the spacing collar was placed on the
rim of the pot, allowing the installation of an additional growing container on top.
Each VFS was sealed at both the top and bottom to create a vertical airspace within

the core of each growing column. Scale bar is 5 cm.

The VFS’s growing containers and spacing collars were sterilized in TriGene
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disinfectant (MediChem International Ltd., UK) prior to filling the containers with
130 + 0.5 g medium grade perlite (LBS Horticulture Ltd, Lancashire, UK). Highly
porous perlite was the substrate of choice to minimize the risk of root-zone hypoxia
and the resultant accumulation of ethylene (Geisler-Lee et al., 2010) within the
airspace of the vertical column. The perlite was held in place by horticultural frost
fleece (LBS Horticulture Ltd, Lancashire, UK) placed at the bottom of each growing
container. The perlite in each container was levelled and seedlings were placed on the
perlite at 90 degrees to the horizontal (Figure 2.2). This planting approach was
followed, according to the designer's instructions, in an attempt to reduce labour effort

during planting and harvest (A. Fisher, personal communication).

Figure 2.2. The Saturn Grower VFS’s modular growth unit. Seedlings were planted
within the VFS by gently placing the dark coloured peat block on top of, rather than

planting into, the granular white perlite. Scale bar is 2 cm.

Each vertical column was supplied with half-strength Hoagland's solution (Hoagland
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and Arnon, 1950) from a re-circulating 18 litre Titan PC4R Tank (Kingspan
Environmental Ltd, Armagh, UK) through a 1.27 cm double walled PVC hose (LBS
Horticulture Ltd, Lancashire, UK). The composition of the nutrient solution was 0.5
mM NH4NOs3, 1.75 mM Ca(NOz3)2-4H20, 2.01 mM KNOgz, 1.01 mM KH2POg4, 0.5
mM MgSOs4-7H,0, 1.57 pM MnSQO4-5H20, 11.3 pM H3BO3, 0.3 pM CuSO4-5H;0,
0.032 PM (NH4)sM07024-4H20, 1.04 pM ZnS04-7H20 and 0.25 mM NaFe EDTA.
Nutrient solution electrical conductivity (EC) was 1 + 0.2 dS m™. In closed-loop
hydroponic systems, the concentration and pH of the nutrient solution is progressively
modified by the effluent discharge (Guidi et al., 1997). Therefore, the pH of the
nutrient solution was checked daily and maintained at pH 5.8 £ 0.2 with the dropwise

addition of 2 M H3PO4and the nutrient solution in the tank was replaced weekly.

The nutrient solution was delivered to the top layer of the VFS via Hozelock 360
degree Micro Jet micro-sprinklers (Hozelock limited, Aylesbury, UK) allowing gravity
driven drip-irrigation of plants in growing modules lower down the column. The
effluent from the bottom layer of the VFS was subsequently returned to the tank and
re-circulated around the growing system using a submersible aquarium water pump
(All Pond Solutions Ltd, Middlesex, UK). The pump was capable of delivering a
maximum of 3100 | h. All hoses and pumps were connected using Hozelock

Coupling 13 mm hose connectors (Hozelock limited, Aylesbury, UK) (Figure 2.3).
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Micrezsprinkleirs

Water | ¢

b
tank Tk

Figure 2.3. The closed-loop irrigation system of the Saturn Grower VFS. The white
arrows indicate the route of the nutrient solution within the VFS. Nutrient solution
was pumped to the top of the column, sprayed within the top layer by micro-
sprinklers, dripped through the vertical layers and returned to the water tank to be re-

circulated around the growing system. Scale bar is 10 cm.

Each pump was programmed using a multi-purpose electronic digital programmable
timer (JoJo Waterproof Digital Outdoor Electrical Timer, Auction Z Ltd, Bradford,
UK) allowing the micro-sprinklers to spray nutrient solution within the top layer of
the VFS for 1 minute every hour. This watering frequency was adequate to ensure that

all plants within the VFS were well watered (visual assessment).
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2.2.3 Modifications of the VFS for experimental purposes.

Putative nutrient concentration gradients within the Saturn Grower VFS were
investigated using a ten column six layered VFS. One blank column was used to
evaluate the effect of perlite on the nutrient solution in the absence of plants within the
VES. The nine remaining columns were divided into three treatment groups, with
three replicates per treatment. These were: columns with two planted layers (2L),
columns with four planted layers (4L) and columns with six planted layers (6L), with
layers 1 and 2, layers 1-4, and all layers being planted, respectively; numbering from

the top of the column (Figure 2.4).

Figure 2.4. The different treatments representing four different planting densities:
blank column (A), columns with two planted layers (2L) (B), columns with four
planted layers (4L) (C) and columns with six planted layers (6L) (D). The photograph

was taken 3 weeks after the plants were transferred to the VFS. Scale bars are 10 cm.

The relative effects of PPFD and NOz™ concentration gradients on yield within the

VFS were investigated by comparing crop productivity of columns with six planted
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layers (6L) and single layer (SL) VFS. In total, three 6L and four SL VFS were
planted. Each SL VFS was positioned to receive similar PPFD to the bottom layer of
the 6L VFS and similar nutrient solution concentration to the top layer of the 6L VFS.
Therefore, putative differences in yield between the SL VFS and the top layer of the
6L VFS would be attributed to the difference in PPFD, whereas putative differences in
yield between the SL VFS and the bottom layer of the 6L VFS would be attributed to
differences in NO3™ concentration. To ensure that both the top layer of the 6L VFS and
the SL VFS received comparable nutrient solutions, an open-loop system was used in
which fresh nutrient solution was provided to the top of the VFS and the effluent from

the bottom of the VFS was collected and later discharged (Figure 2.5).

Figure 2.5. The open-loop irrigation system of the VFS, demonstrated on the SL VFS.
The water tank at the bottom of picture (A) contained the submersible pump and
provided fresh nutrient solution to the VFS. The water tank at the top of the picture
(B) collected the effluent nutrient solution. The same approach was applied to all VFS

of the study. Scale bar is 7.5cm.
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2.2.4 The Horizontal Hydroponic System (HHS).

The Horizontal Hydroponic System (HHS) comprised five cylindrical PVC pipes
(45.5 cm high and 3.6 cm radius), which were sterilized in TriGene disinfectant
(MediChem International Ltd., UK). Each pipe was filled with 130 + 0.5 g of perlite
(LBS Horticulture Ltd, Lancashire, UK) and placed in parallel at 20 cm apart, centre
to centre. Horticultural frost fleece (LBS Horticulture Ltd, Lancashire, UK) was
placed in the outlet of each pipe to hold the perlite in place. Each pipe held four plants
placed in 4.4 cm square holes, in rows. To minimise algal growth, black nylon fabric
was used to cover the outlet channel of the system (Gibeaut et al., 1997). Each HHS
contained 20 lettuce plants in total. The PVC pipes were mounted on commercial
growth benches (90 cm from ground and 130 cm from lights). The height of

commercial growth benches was equivalent to VFS’s layer 2 (Figure 2.6).

HHS VFS
TN
Horizontal layer 1 [T ¥ 7@ ¥ Vertical layer 1 Vi
Horizontal layer 2 [ ] Vertical layer 2
— . . — S P
Horizontal layer 3 L % % % Vertical layer 3 \ )
Horizontal layer 4 ! Vertical layer 4
Horizontal layer 5 T ¥ ¥ 1w Vertical layer 5
A S C
B

Figure 2.6. Schematic shows planting densities within the HHS and VFS. Overhead
view of HHS (A). Side-view of VFS (B). Overhead view of VFS (C). The HHS
occupied 0.4 m? of growing floor area, whereas the VFS occupied 0.02 m? per column
of floor area. The grey rectangles show the exact position of the 400 W metal halide

lamps above the growth systems. Scale bar is 20 cm.
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2.2.5 Location of the studies.

Studies were performed either exclusively under artificial lighting in a CE room, or in
a natural lit (with supplementary lighting) glasshouse to investigate the influence of
natural illumination on light distribution within the VFS. Artificial lighting is the
dominant approach found in most urban vertical farming projects (Kozai, 2015; He et
al., 2015; Sago, 2016), and allows more precise control of environmental conditions

(Poorter et al., 2012).

Specifically, two studies (Sections 2.3.1 and 2.3.3) were conducted in a 3.4 m x 4.15
m walk-in CE room at the Lancaster Environment Centre (LEC, Lancaster University,
UK). Illumination was provided by twelve 400 W metal halide lamps (HQI-T 400N,
Osram, St Helens, UK) for a 16 hour photoperiod (06:00 hrs to 22:00 hrs). Highly
reflective plastic film (LBS Horticulture Ltd, Lancashire, UK) was placed on the walls
of the room to increase the diffusion of light. Room air temperature ranged between

16°C and 18°C and relative humidity ranged from 60% to 80%.

A third study (Section 2.3.2) was conducted in a 3.20 m x 5.50 m heated and passively
ventilated glasshouse at LEC. The glasshouse was naturally lit with supplementary
lighting supplied by ten high-pressure sodium lamps (600 W Greenpower, Osram, St
Helens, UK) for a 16 hour photoperiod (06:00 hrs to 22:00 hrs). Room air temperature

ranged between 13.5°C and 26.9°C and relative humidity ranged from 25% to 60%.

2.2.6 Light intensity.

Photosynthetic Photon Flux Density (PPFD) measurements were obtained using a
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Macam Q203 Quantum radiometer (Macam Photometrics LTD, Livingstone, UK).
The quantum sensor was placed in the middle of the spacing collar, in a 10 cm radius
zone around the vertical column in the VFS, and was placed 20 cm above the PVC
pipes in the HHS. In the VFS and HHS comparison (Section 2.3.1), PPFD
measurements were obtained one and five weeks after the plants were transferred to
the growth systems. In the glasshouse study (Section 2.3.2), 3 6L VFS were used for
PPFD measurements during three different days on week 2, 3 and 4, respectively.
Measurements were performed with 3 hour sampling intervals and 5 time points,
starting at 06:00 hrs and completing the measurements at approximately 18:30 hrs, to

investigate diurnal PPFD changes within the VFS in the glasshouse (Figure 2.7).

Figure 2.7. Color photographs taken at 06:00 hrs, 09:00 hrs, 12:00 hrs, 15:00 hrs,
18:00 hrs on the 5" of December 2012 (Week 4) show diurnal changes in light in the
greenhouse (See Figure 2.11 for position of supplementary lighting from top of

column.) That day was sunny, according to a weather report (www.metoffice.gov.uk).

In the second study in the CE room (Section 2.3.3), all vertical columns were used for
measurements on two different days on the first and final weeks of the study,
respectively. These dates were chosen to investigate the effect of plant growth on light

distribution within the VVFS in the absence of natural illumination.
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2.2.7 System temperatures.

System diurnal root zone temperatures were recorded at 30 min intervals using the
EL-USB-1 temperature data logger (Lascar Electronics Ltd., Salisbury, UK). The data
loggers were buried within the perlite in the top and bottom layers of the VFS. Canopy
temperature of plants grown with the top and bottom layers of the VFS were measured
using a handheld infrared thermometer (model 39750-20, Cole Parmer Instruments
Co., Chicago, IL) with a measurement area of 7.07 cm? at 5 cm distance from the

canopy.

2.2.8 Crop yield.

Plants were harvested using a knife, starting from the top layer and moving
downward. Shoot fresh weight was measured immediately after harvest using a 2

decimal point scientific balance.

2.2.9 Nitrate (NO3™) concentration of the nutrient solution.

NOsz concentration was measured using a compact NOs™ ion meter (Horiba LAQUA
twin Model B-343, Kyoto, Japan). A two-point calibration (150 ppm and 2000 ppm)
was conducted before measuring NOs~ concentration and between every 3
measurements. NOz~ content of the incoming solution was measured directly from
within the tank of each column, and effluent was collected using 30 ml containers

(SLS; Nottingham, UK).
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2.2.10 Data analysis

To compare average shoot fresh weight per growth system using Student's t test, the
data were square root transformed, as they were not normally distributed (Table 2.1).
Yield and number of plants per occupied growing floor area for growth systems was
used to calculate the ratio of VFS to HHS (Table 2.1). Linear regression analysis
analyzed the relationship between shoot fresh weight and layers within growth system
(Figures 2.9, 2.13 and 2.21) and between shoot fresh weight and PPFD (Figures 2.11,
2.17 and 2.24). Significant differences in PPFD within the VFS and the HHS were
detected using one-way ANOVA followed by Tukey post-hoc analysis (Figure 2.10).
Kruskal-Wallis ANOVA on ranks followed by Tukey post-hoc analysis was used to
compare diurnal changes in PPFD (Figure 2.14) and differences in PPFD between
vertical layers (Figure 2.15), as the distributions had unequal variances and this was
not solved by transforming the data. The 3D surface plot in Figure 2.16 was assessed
visually to explore the influence of time of the day and vertical layer on incident light

intensity within the VFS. One-way analysis of variance (ANOVA) followed by Tukey
post-hoc analysis investigated differences in NOg~ concentration between incoming

and effluent nutrient solution (Figure 2.18) and shoot fresh weight between top and
bottom layers of the VFS (Figure 2.20). Kruskal-Wallis ANOVA on ranks followed by
Dunn’s method was used to compare PPFD between vertical layers and the single
layered VFS because the data violated ANOVA assumption of normality and this was
not solved by transforming the data (Figure 2.22). Student's t test was performed to
ascertain statistical significance in PPFD between weeks 1 and 4 per plant within the

VFES (Figure 2.23), differences in crop productivity between layers within the VFS in

Section 2.3.2.1 and significant changes in NOg~ concentration of the effluent
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compared to the incoming nutrient solution in the blank column (Section
2.3.2.6).changes in root zone temperature of top and bottom layers within the VFS
(Figure 2.25) .One-way analysis of variance (ANOVA) and Student’s t test were used
to compare canopy temperature (Figure 2.26). Probability values less than 0.05 (p <
0.05) were considered to indicate a statistically significant difference. All statistical

tests were performed on R version 3.1.2 software (R Development Core Team, 2014).

2.3 Results.

2.3.1 Comparing the VFS with a HHS.

To determine whether VFS represents a viable alternative to HHS, a VFS with five
vertical layers was compared to a conventional HHS with similar fertigation regimes,
root zone volumes and planting densities. Thus, the growth systems only differed in
their spatial orientation. The CE room accommodated 2 VFS and 2 HHS, with one of

each arranged on each side of the room (Figure 2.8). Plants were grown for 32 days.

Z.'I_Z.
X_.r'f Legend
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Figure 2.8. Floor plan of the controlled environment facility (CE room) at Lancaster

Environment Centre. The yellow rectangles represent the exact position of the 400 W
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metal halide lamps. The black circles and parallel five white rectangles represent the
exact positions of the VFS and HHS respectively. The black rectangles represent the
exact positions of the water tank. Measured lines (in metres) show the exact position
of the Ektron Il C sensor in relation to the metal halide lamps and sink and the CE

room’s exact dimensions. VFS and HHS are superimposed above the lamps for clarity.

2.3.1.1 The VFS produced more crop per unit area compared to the HHS

The VFS produced 13.8 times more crop, calculated as a ratio of yield (kg FW) to
occupied growing floor area (m?) (Table 2.1). However, average FW (g) for lettuce
crops grown within the HHS was significantly higher than of those grown within the
VFS. Therefore, although the same number of plants was grown in each system, the
HHS produced 1.7 kg more crop compared to the VFS (5.5 kg and 3.8 kg of crop in
total, respectively). Consequently, the higher productivity of the VFS, in terms of kg
FW m growing floor area, can be attributed to the 20 times higher number of plants

per growing floor area achievable in the VFS over the HHS.

Table 2.1. Comparison of the productivity of the Vertical Farming System (VFS) and
Horizontal Hydroponic System (HHS).

Parameter HHS VES Result

Shoot fresh weight (g) Average + SE (n=40) 138+6 95+6 p<0.001*
Yield per occupied floor area ® (kg FW m?) 6.9 95 VFS/HHS =13.8

Number of plants per occupied floor area® 50 1000 VFS/HHS =20

& Student’s t-test on square root transformed data, t (78) = 5.66

b HHS growing floor area: 0.4 m?, VFS growing floor area: 0.02 m?
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2.3.1.2 Yield decreased from top to base of VFS but was uniform within the HHS.

Shoot fresh weight decreased from top to base of vertical columns of the VFS,
whereas there was no difference in productivity between the horizontal layers of the
HHS (Figure 2.9). Crop productivity was normally distributed and uniform in the
HHS with a range of 133 g, whereas in the VFS crop productivity had a range of 180
g within a non-normal distribution with positive skewness (Sk=1.035). Plants grown
within the top layer of the VFS and within all layers of the HHS were of similar shoot
fresh weight. However, in the middle and bottom layers (Layers 2-5) of the VFS,
productivity decreased. As a result, the bottom layer of the VFS produced 43% less

shoot fresh weight, in total, than the top layer of the VFS.
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Figure 2.9. Shoot fresh weight of lettuce plants (Lactuca sativa L. cv. ‘Little Gem’)
versus vertical layer in the VFS (solid line; closed symbols) and HHS (open symbols)
respectively. The regression equation, adjusted R? values and significance of the

regression (p-value) are reported at the top of the panel.
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2.3.1.3 PPFD decreased from top to base of VFS

PPFD decreased significantly from top to base of vertical columns within the VFS,
whereas no significant difference in PPFD was observed within the horizontal layers
of the HHS (Figure 2.10). PPFD values varied between 491 and 134 umol m?2 s
from top to base of vertical column of the VFS and between 570 and 340 umol m2s?
within the horizontal layers of the HHS. The top layer of the VFS received similar
PPFD to all the horizontal layers of the HHS. However, there was no significant

difference in PPFD between layers 2 and 3 and between layers 3, 4 and 5.
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Figure 2.10. PPFD within the Vertical Farming System (VFS; closed symbols) and
the Horizontal Hydroponic System (HHS; open symbols) plotted against layers in the
growth systems. Values indicated with different letters indicate statistically significant
differences (one-way ANOVA test; F(4, 35)= 16.68, p < 0.01 for the VFS and F(4,
35)= 2.25, p= 0.06 for the HHS, followed by Tukey post-hoc analysis), whereas those
marked with the same letters show statistically similar values. Error bars represent SE

(n=8).
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2.3.1.4 PPFD influenced growth in the VFS but not in the HHS.

Shoot fresh weight increased significantly with PPFD in the VFS, indicating that as
PPFD increased so did crop productivity. In contrast, there was no significant

relationship between yield and PPFD within the HHS (Figure 2.11).

400+
] o VFS — y=50.46+0.16x
1 R?=0.36
350 p<0.0001
1 o HHS — y=113.76+0.06x
=300+ R?=0.006
= p=0.65
5250
3]
; OO0 @
=200+
g
5 1501
5]
=
“ 1004
50
0_ I L L L L L L B BN BB

0 100 200 300 400 500 600 700 800 900
PPFD (umol m2s™)

Figure 2.11. Shoot fresh weight of lettuce plants (Lactuca sativa L. cv. ‘Little Gem’)
versus PPFD in the Vertical Farming System (VFS; solid line; closed symbols) and
Horizontal Hydroponic System (HHS; open symbols) respectively. The regression
equation, adjusted R? values, and significance of the regression (p-value) are reported

at the top of the panel.

2.3.2 ldentifying PPFD and nutrient concentration gradients within the VFS.

Putative nutrient concentration gradients within the VFS were investigated using a ten
column six layered Saturn Grower VFS situated in the glasshouse in LEC (see Section

2.2.4). The vertical columns were positioned randomly (using the research randomizer
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application (http://www.randomizer.org) and equally distant from each other (75 cm)
on wooden benches. The exact positions of the treatments within the glasshouse are

shown in Figure 2.12.
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Figure 2.12. Floor plan of the experimental set up at Lancaster Environment Centre’s
glasshouse facility. The black, white, dark grey and light grey circles represent the
exact position of the columns with six planted layers (6L), four planted layers (4L)
and two planted layers (2L) and blank column within the glasshouse, respectively. The
yellow rectangles represent the exact position of the 600 W HPS lamps. The Ektron 1l
C sensor was positioned approximately in the middle of the glasshouse. Compass
indicator shows the position of the glasshouse in relation to the North. Measured lines
(in metres) show the exact position of the sensor in relation to the glasshouse’s walls,
distance between vertical columns and the glasshouse’s exact dimensions. VFS are

superimposed above the lamps for clarity.

2.3.2.1Yield decreased from top to base of VFS in all planting density treatments.

Shoot fresh weight significantly decreased from top to base of the VFS in all
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treatments (Figure 2.13). In all cases, the top layer of the VFS produced a higher yield
than the remaining vertical layers. More specifically, within the 2L VVFS the top layer
produced 33% more crop compared to the bottom layer and within the 4L VFS and
the 6L VFS the top layer produced 51% and 62% more crop than the bottom layer,
respectively. Comparing the top to the second layer of the 4L VFS (t = 3.78 with 22
degrees of freedom, p < 0.001) and the 6L VFS (t = 5.11 with 22 degrees of freedom,
p < 0.001) indicated differences in crop productivity that were evident from the very

first transition between layers within the VFS.
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Figure 2.13. Linear regression analysis of shoot fresh weight versus layer in the 2L VFS (grey symbols), 4L VFS (open symbols) and 6L VFS

(closed symbols). The regression equation, adjusted R? values and significance of the regression (p-value) are reported at the top of the panel.
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2.3.2.2 PPFD peaked at 12:00 pm in the glasshouse.

PPFD within the VFS was measured at 5 time points with 3 hour sampling intervals;
between 6:00 hrs and 18:30 hrs. PPFD was maximal at 12:00 hrs with no significant
differences during the rest of the day (Figure 2.14). Although diurnal differences in
PPFD occurred, artificial illumination may have contributed to the stability of light

levels at 6:00 hrs, 9:00 hrs, 15:00 hrs and 18:00 hrs.
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Figure 2.14. Diurnal distributions of light intensity within all layers of the VFS in the
glasshouse. The horizontal line within the box represents the median. The boundaries
of each box represent the lower 25" and upper 75" percentiles. The spacing of
components within the box indicates skewness in the data. The whiskers represent the
sample minimum and maximum values. Results of Kruskal-Wallis ANOVA on ranks
followed by Tukey post-hoc analysis showed statistically significant differences (H(4)

= 106.290, p<0.001). Different letters indicate statistically significant differences.
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2.3.2.3 PPFD declined from top to base of VFS in the glasshouse.

PPFD decreased from top to base of the VFS (Figure 2.15). Interestingly, although
light intensity between the three bottom layers (layers 4, 5 and 6) was not significantly

different it was nevertheless significantly lower than the higher layers of the VFS.
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Figure 2.15. Box plots summarize the distributions of PPFD within the vertical layers.
The horizontal line within the box represents the median. The boundaries of each box
represent the lower 25 and upper 75" percentiles. The spacing of components within
the box indicates skewness in the data. The whiskers represent the sample minimum
and maximum values. Results of Kruskal-Wallis ANOVA on ranks followed by Tukey
post-hoc analysis showed statistically significant differences (H(5) = 524.876,

p<0.001). Different letters indicate statistically significant differences.
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2.3.2.4 Natural illumination did not alleviate PPFD gradient within the VFS.

A 3D surface plot was generated to visually assess the influence of time of the day and
vertical layer on PPFD within the VFS, simultaneously (Figure 2.16). Visual
inspection of the 3D plot showed that PPFD declined from top to base of vertical
column in all time points and that PPFD plateaued when approaching the three bottom
layers. This was confirmed statistically in Figure 2.15. Importantly, the surface plot
clearly shows that PPFD was higher at 12:00 hrs than other time-points in all vertical
layers, as demonstrated by the ridge of the surface plot. Furthermore, at all times the
top layer of the VFS received the highest PPFD in comparison to the other vertical
layers. Thus, natural illumination did not alleviate the PPFD gradient within the VFS

at any time-point.
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Figure 2.16. A 3D surface plot shows influence of time of the day (x-axis) and
vertical layer (y-axis) on PPFD (z-axis) within the VFS. PPFD data are displayed on a
pseudo-colour intensity scale; in which ‘red' corresponds to the highest light intensity,

whereas ‘deep blue’ represents lowest light intensity.
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2.3.2.5 PPFD within the VFS significantly influenced yield.

Shoot fresh weight increased linearly with increased PPFD, indicating that as PPFD
increased so did crop productivity, with PPFD explaining 49% of the variation in crop

productivity (Figure 2.17).
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Figure 2.17. Linear regression analysis of shoot fresh weight (Lactuca sativa L. cv.
‘Frank’) versus PPFD in the VFS. The regression equation, adjusted R? values, and
significance of the regression (p-value) are reported at the top of the panel. Each point

is an individual plant.

2.3.2.6 A nitrate concentration gradient within the VFS.

Nutrient solution NOs~ concentrations decreased significantly as the number of
planted vertical layers increased. Consequently, the effluent of the 2L VFS contained a
significantly higher concentration of NOz™ compared to the effluent of the 4L and 6L

VFS (1.8-fold and 3.7-fold, respectively). The effluent of the 4L VFS contained a
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significantly higher (2-fold) concentration NOs~ concentration compared to the 6L
VFES (Figure 2.18). There were no significant changes in NO3~ concentration of the
effluent solution in the blank column (without plants), according to student's t-test (t =

-1.974 with 4 degrees of freedom, p = 0.123).

10+
{ Il Incoming nutrient solution

1] Effluent nutrient solution

2L VES 4L VES 6L VFS

Figure 2.18. Differences in NOs~ concentration between incoming (black bars) and
effluent (white bars) nutrient solution. Values indicated with different letters indicate
statistically significant differences according to one-way ANOVA test; F(7,32)= 214.1,

p < 0.001, followed by Tukey post-hoc analysis. Bars represent means + SE (n=6).

2.3.3 Separating the effects of PPFD and NOsz concentration on yield.

The relative effects of PPFD and nutrient concentration gradients within the VFS on
yield were investigated by comparing crop productivity in six layered (6L) and single

layer (SL) VFS. The study was conducted under similar conditions to those described
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in Section 2.3.1. The exact positions of the treatments within the CE room are shown

in Figure 2.19.

Six layered VFS
Single layer VFS

Incoming nutrient
solution tank

Effluent nutrient
solution tank

Metal halide lamps

4,15m

Figure 2.19. Floor plan of the CE room at Lancaster Environment Centre. The yellow
rectangles represent the exact position of the 400 W metal halide lamps. The white
and grey circles represent the exact position of the six layered (6L) and single layer
(SL) VFS within the CE room, respectively. The white and black rectangles represent
the exact position of the water tank contain incoming and effluent nutrient solution,

respectively. VFS are superimposed above the lamps for clarity.

2.3.3.1 Nutrient concentration gradient did not affect yield under low PPFD.

The SL VFS produced 2.2-fold significantly lower yield than the top layer of the 6L
VFES, even though the two vertical layers received nutrient solution of similar EC and
pH. However, there was no significant difference in yield between the bottom layer of

the VFS and the SL VFS (Figure 2.20).
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Figure 2.20. Shoot fresh weight (Lactuca sativa L. cv. ‘Frank’) per vertical layer
within the VFS. Values indicated with different letters indicate statistically significant
differences (one-way ANOVA test; F(2,35)= 68.5, p<0.001, followed by Tukey post-

hoc analysis). Bars are means of 12 plants + SE.

Crop productivity within the VFS showed a similar pattern to that observed previously
(see Figures 2.9 and 2.13), exhibiting a significant decline in shoot fresh weight from

top to base of the vertical column (Figure 2.21).
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Figure 2.21. Shoot fresh weight (Lactuca sativa L. cv. ‘Frank’) versus layer in the
within the six layered VFS. The regression equation, adjusted R? values and
significance of the regression (p-value) are reported at the top of the panel. Each point

is an individual plant.

2.3.3.1 Single layered VFS received similar PPFD to the bottom layer of the VFS.

PPFD decreased from top to base of vertical columns (Figure 2.22), with the top layer
receiving significantly higher PPFD than all the other vertical layers. The SL VFS
received similar PPFD to the fifth and sixth layers of the 6L VFS which was
significantly different to all the remaining vertical layers and, importantly,
significantly lower than the top layer of the 6L VFS. Taken together with Section
2.3.3.1, this indicates that PPFD, but not NOz", was the main factor influencing crop

productivity within the VFS.
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Figure 2.22. PPFD within all layers of the VFS. The horizontal line within the box
represents the median. The boundaries of each box represent the lower 25" and upper
75" percentiles. The spacing of components within the box indicates skewness in the
data. The whiskers represent the sample minimum and maximum values. Kruskal-
Wallis ANOVA on ranks followed by Dunn’s method showed statistically significant

differences (H(6) = 550.573, p<0.001). Differences were indicated by different letters.

2.3.3.2 Plants obscured lower positioned plants from light source.

There was no significant change in incident PPFD within layer 1 of the VFS between
weeks 1 and 4 of the experiment. However, PPFD varied over time within the middle
and bottom layers of the VFS. PPFD decreased significantly between weeks 1 and 4 in
plants grown at layers 2 to 6 (Figure 2.23). This reduction was due to the larger plants
in layer 1 of the VFS, as seen by their greater shoot fresh weight (see Figure 2.21),

obscuring lower positioned plants from the light source.
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Figure 2.23. Barplot shows changes in incident light intensity (PPFD) between weeks 1 and 4 caused by a shading effect within the VFS
as a result of plant growth. White bars represent PPFD measured during the first week of the experiment, whereas black bars represent

PPFD measured four weeks after. Error bars represent SE (n=6). Values indicated with asterisk indicate statistically significant differences

between week 1 and 4 (t-test, p < 0.05).
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2.3.3.3 Yield was significantly correlated with PPFD.

Shoot fresh weight increased linearly with increased PPFD, with PPFD explaining

52% of the variation in crop productivity of 6L VFS (Figure 2.24).
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Figure 2.24. Shoot fresh weight (Lactuca sativa L. cv. ‘Frank’) versus PPFD in the
VFS. The regression equation, adjusted R? values, and significance of the regression

(p-value) are reported at the top of the panel. Each point is an individual plant.

2.3.4 ldentification of temperature gradients.

Root zone temperatures within the VFS in both glasshouse (Section 2.3.2) and CE
room (Section 2.3.3) environments were influenced by distance from the light source
and photoperiod (Figure 2.25). In both cases, the top layers of the VFS had higher root
zone temperature than the bottom layers. In the glasshouse study, the root zone
temperatures in the top and bottom layers increased during the light period and were

equalised when approaching the dark period. In contrast, in CE room studies, the
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difference in root zone temperature between the top and bottom layers was maintained
during the dark period and root zone temperature of the bottom layer was not
influenced by the lights during the light period. This may be due to the CE room’s air

conditioning system blowing directly into the bottom layers of the VFS.
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Figure 2.25. Changes in root zone temperature of top (closed symbols) and bottom
(open symbols) layers within six layered VFS in the CE room and glasshouse as they
increased during the transition from the dark (grey background) to the light (white
background) period. In the glasshouse, each circle represents the mean of 2 data
loggers through the period of 4 days. Error bars represent SE. In the CE room, each
circle represents the mean of 3 data loggers through the period of 8 days. Error bars
represent SE. Values indicated with asterisk indicate statistically significant

differences (t-test, p < 0.05).

Canopy temperature was significantly higher in plants grown within the top layer and
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closer to the light source, than those of plants grown within the bottom layer of the
VFES. Interestingly, canopy temperatures of plants grown at the same vertical layer
ranged within similar levels across both the glasshouse and CE room studies (x 1°C).
Specifically, average canopy temperature of glasshouse and CE room grown plants
within the top layers of the VFS were 21 £+ 0.2°C and 20.3 £+ 0.2°C and for plants
grown within the bottom layers were 16.6 + 0.2°C and 17.5 * 0.34°C, respectively.
There was no significant difference in canopy temperature between the bottom layer

of the 6L VFS and the SL VFS in the CE room (Figure 2.26).
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Figure 2.26. Canopy temperature of plants grown within the top (black bars) and bottom (white bars) layers of the VFS and SL VFS (grey bar).

Values indicated with different letters indicate statistically significant differences (t = 13.445 with 22 degrees of freedom, p < 0.001) in the

glasshouse study and one-way ANOVA test; F(2,71)= 30.924, p<0.001, followed by Tukey post-hoc analysis in the CE room study. Bars

represent means of + SE (n=12).
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2.3.5 Tipburn of lettuce symptoms were observed in plants in the top layer of the
VFS

Although the plants within the top layers of the VFS in both glasshouse (Section
2.3.2) and CE room (Section 2.3.3) environments produced the highest yields (Figures
2.9, 2.13 and 2.21) they also developed a physiological disorder called tipburn of
lettuce (Barta and Tibbits, 2000; Frantz et al., 2004; Gilliham et al., 2011), which
makes them unsuitable commercially as hearting lettuce (Figure 2.27 and 2.28). Plants
grown at the top layers of the VFS in the glasshouse (Figure 2.27 a-c) developed

tipburn symptoms, whereas plants grown within the bottom layers of the VFS (Figure

2.27 d-f) did not develop the disorder.

Figure 2.27. Photographs of harvested lettuce (Lactuca sativa L. cv. ‘Frank’) plants
grown within the uppermost layers affected by tipburn symptoms (A-C) and within
the bottom layer of six layered VFS (D-F) which were not affected by tipburn. White

arrows show tipburn symptoms located at the edges of leaves. Scale bars are 1 cm.
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Plants grown within the uppermost layers of the VFS in the CE room (Figure 2.28)
developed what is known as internal tipburn (Sgrensen et al., 1994) during which the
inner leaves of developing lettuce heads show marginal necrosis (Figure 2.28.A and
2.29.8). However, plants grown within the bottom layers of the VFS did not develop

the disorder (Figure 2.28.C and 2.28.D).

Figure 2.28. Photographs of harvested lettuce plants (Lactuca sativa L. cv. ‘Frank’)

grown within the VFS in the CE room study. A and B, lettuce plants grown within the
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top layers of the VFS affected by tipburn symptoms. C and D, lettuce plants grown
within the bottom layer of the VFS which were not affected by tipburn. Black arrows
show tipburn symptoms located at the edges of young leaves within the developing

head. Scale bars are 1 cm.

2.5 Discussion.

This study aimed to characterize the growing environment of the Saturn Grower VFS,
identify issues and challenges in the system, and propose interventions to optimise its
use and resource use efficiency. To this end, three consecutive studies were conducted
in two different growing environments to characterise plant growth and environmental

variables.

The initial study (Section 2.3.1) investigated whether column-type VFS present a
viable alternative to a horizontal hydroponic system (HHS) to increase yield per
growing area by extending plant cultivation into the vertical dimension (Despommier,
2013; Eigenbrod and Gruda, 2014; Al-Chalabi, 2015; Thomaier et al., 2015). To date,
there is no conclusive evidence that VFS can produce a higher yield per area
compared to conventional HHS. This study showed that crop productivity, defined as
a ratio of yield to occupied growing floor area, was 13.8 times higher in VFS than the
HHS. This is most likely due to the potential of a 20-fold higher planting density
achievable in the VFS compared to the HHS by incorporating the vertical dimension
into the growth environment (Table 2.1). However, these calculations are based on
independent vertical columns and do not consider the effect of column spacing on

yield per occupied growing floor area. For example, in high wire crop training
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systems high planting densities imposed intense competition for light within the
growth system (Pettersenet et al., 2010). This is an important factor that needs to be
considered in future studies, as spacing between vertical columns influenced crop
productivity in VFS glasshouse trials (Liu et al., 2004). In contrast, the absolute yield
of the HHS, in terms of shoot fresh weight, was higher than the VFS (Table 2.1). This
can be explained by the significant causal relationship between shoot fresh weight and
PPFD within the VFS (Figure 2.11); there was a significant decrease in PPFD from
top to base of the vertical columns in the VFS, compared to the uniform light

distribution in the HHS (Figure 2.10), thereby limiting growth in the lower layers.

Light intensity is one of the primary variables affecting lettuce yield and quality
(Ferentinos et al., 2000; Son and Oh, 2013; Ouzounis et al., 2015) and it is has been
well documented that lettuce yield increases with increasing light intensity (Knight
and Mitchell, 1988; Masson et al., 1991; Frantz and Bugbee, 2005; Qin et al., 2008;
Johkan et al., 2012; Kang et al., 2014). Since yield decreased from top to base of the
vertical column and yield was uniform within the HHS (Figure 2.9), it was anticipated
that the VFS would produce less crop in total than the HHS. Light intensity and shoot
fresh weight were highly correlated and both decreased from top to base of vertical
columns in a glasshouse (Liu et al., 2004). Light gradients from top to base of vertical
column-type VFS were also reported by Linsley-Noakes et al. (2006) and Ramirez-
Gomez et al. (2011) in glasshouse vertical strawberry cultivation. Similarly,
significant causal relationships between shoot fresh weight and PPFD within the
Saturn Grower VFS (Figures 2.17 and 2.24) and significant decreases in PPFD and
yield from top to base of vertical columns were also observed in the glasshouse and in

the CE room, respectively (Figures 2.13; 2.15; 2.21; 2.22). Therefore, basipetal

Page 76



Chapter 2

gradients in PPFD limit plant growth in vertical column VFS in both indoor and

glasshouse settings.

In glasshouse trials with a vertical column-type VFS, PPFD decreased from top to
base of vertical columns, with lower PPFD values being recorded towards the
northern side of columns compared to the southern side (Liu et al., 2004). Thus,
natural illumination introduced an additional gradient in light distribution within the
VFS. In the glasshouse studies presented in Section 2.3.2, vertical PPFD gradients
were not altered by natural illumination (Figure 2.16), which significantly increased
light intensity within the VFS only at 12:00 hrs (Figure 2.14), but did not diminish the
PPFD gradient within the VFS (Figure 2.15). However, since the glasshouse received
low levels of natural illumination during the study (e.g. the maximum PPFD recorded
in December during the study was 470 umol ms™, whereas in June maximum PPFD
within the same greenhouse was 840 umol m2s™), further studies are required to test
whether natural illumination alters PPFD gradients within the VFS between different

seasons and locations.

PPFD in growth chambers decreases as distance from the light source increases
(Poorter et al., 2012). This phenomenon likely contributed to the large variance in
PPFD observed in vertical layers 2 to 6 (Figure 2.15). In addition, higher positioned
plants shaded lower positioned plants within the VFS (Figure 2.23). Side-on rather
than top-down illumination could potentially ameliorate the shading effect within the
VFES, eliminating the downward gradient in PPFD and consequently mitigating the
gradient in crop productivity within the VFS. Side-on illumination, also known as

inter-lighting, improved uniformity of light distribution within tall canopies and, in
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some cases increased crop yield and light use efficiency (Olle and Virsile, 2013).
Inter-lighting with light emitting diodes (LEDs) ameliorated mutual shading within
tomato plants in high planting density and increased tomato yield by 12-14% in
comparison to the control (Lu et al., 2012). Overhead illumination combined with
intra-canopy lighting using HPS lamps increased cucumber yield in high wire crop
training system by 11% compared to traditional overhead illumination (Pettersen et
al., 2010). In contrast, Gomez et al. (2013) found no differences in productivity when
comparing LED inter-lighting against overhead HPS in high-wire tomato cultivation.
Similarly, inter-lighting by fluorescent tubes did not increase yield in high-wire
cucumber production in the glasshouse (Heuvelink et al., 2006). Thus, variation in
crop responses to inter-lighting may be due to the different environmental conditions
(especially natural illumination) and crop management applied. However, since
column-type VFS share similar light distribution properties within the vertical plane to
plants grown in high wire crop training systems (Hovi et al., 2004), side-on

illumination could potentially mitigate observed PPFD within the VFS.

An important difference between the VFS and the HHS study in Section 2.3.1 was that
each layer of the HHS received nutrient solution directly from the tank, whereas in the
VFS nutrient solution was delivered to the top layer and dripped to vertical layers
beneath. This induced basipetal gradients in nutrient availability within the VFS
(Figure 2.18). However, this concentration gradient didn’t appear to alter plant growth
within the VFS since there was no significant difference in yield in a SL VFS and the
bottom layers of a 6L VFS (Figure 2.20), both receiving similar PPFD (Figure 2.23)
but different nitrate concentrations. Thus, the significant difference in yield between
the top layer of the 6L and the SL VFS was attributed to the difference in PPFD

(Figures 2.20 and 2.22). Interestingly, lettuce dry matter production significantly
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decreased when plants were grown in NO3z™ deprived conditions under high light
intensity, whereas it was slightly affected under low light intensity (Henriques and
Marcelis, 2000). Thus, future studies with inter-lighting, aimed at increasing PPFD
within the lower layers of the VFS, should consider these light-dependent effects as
they could exacerbate yield reductions within the lower layers of the VFS which

received lower NO3™ concentrations than the top layers.

High pressure sodium and metal halide lamps emit significant amounts of heat (Gupta
and Jatothu, 2013). Interestingly, HPS lamps convert only ~30% of the electricity
provided to light and the remaining 70% is emitted as radiant heat energy (Gémez et
al.,, 2013). This can explain the significantly higher root-zone and canopy
temperatures within the top layers of the VFS in comparison to the bottom layers of
the VFS, as the top layers were closer to the lamps (Figures 2.25 and 2.26). LEDs
used in inter-lighting applications generate low heat and could potentially reduce
canopy and root-zone temperature gradients within the VFS (Hovi et al., 2004;
Jokinen et al., 2012). Future studies should aim to disentangle the effects of light

intensity and heat on crop growth in VFS.

Importantly, although plants within the top layers of the VFS produced more biomass,
they developed a physiological disorder commonly known as tipburn of lettuce
(Figures 2.27 and 2.28). Plants grown within the remaining 5 layers of the VFS did
not develop the disorder, at least at the same time as the plants within the top layers.
Tipburn is an irreversible quality defect that decreases marketable yields and causes
significant economic losses (Hartz et al., 2007; Corriveau et al., 2010). Tipburn has

been linked to a localised calcium deficiency (Lee et al., 2013) and can be a key defect
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of crop quality of plants grown in controlled environments and vertical farming set-
ups where luxuriant growth conditions (e.g. high PPFD, high temperature and optimal
nutrient availability) are often employed to accelerate growth rates (Saure, 1998; Wien

and Villiers, 2005; Koyama et al., 2012; Sago, 2016).

2.6 Conclusions.

This chapter suggests that column-type VFS present a viable alternative to
conventional horizontal growth systems by optimizing growing space use efficiency.
Specifically, the Saturn Grower VFS produced more crop per unit area than the HHS.
Gradients of PPFD (together with temperature and NO3z™ concentration gradients) may
nevertheless affect system usability and resource use efficiency. Further increases in
yield could be achieved by incorporating artificial lighting within the VFS, such as
inter-lighting, to mitigate these PPFD gradients. From a commercial perspective, crop
utilization and marketability will dictate whether VFS can provide an alternative to
HHS. For example, if lettuce is grown to be sold as individual heads, then the non-
uniform productivity of the VFS would be a potential weakness of the VFS over the
HHS. Alternatively, if the crop is destined for pre-cut salad bags then crop uniformity
may be irrelevant while increased yield per unit area could be a significant advantage
of the VFS. Ultimately, further research is required to compare organoleptic properties
of crops grown within the two systems e.g. sensory analysis (Oliveira et al., 2013) and
quality markers such as texture, color, dry matter and water content (Martin-Diana et

al. 2007; Gutierrez et al., 2008)

The engineering and design solutions required to optimise PPFD, system temperatures

and nutrient distribution within the Saturn Grower VFS fall beyond the scope of the
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present study. However, tipburn of lettuce was also identified as a key limitation to the
quality of lettuce to be sold as either individual heads or bagged cut salad when grown
within the top layers of the VFS. Subsequent chapters therefore focus on the
elucidation of the underlying mechanisms of tipburn of lettuce with the aim of

preventing this disorder in VFS.
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3.1 Introduction.

Chapter 2 characterized a prototype VFS in which PPFD, substrate temperature and
NOgz™ availability significantly decreased from the top layer to the bottom layer.
Although the top layer of the column-type VFS produced the higher yield, plants in
this layer developed a physiological disorder commonly known as tipburn of lettuce.
Tipburn of lettuce is a major limitation to productivity in VFS where luxuriant growth
conditions (high PPFD and high temperature) are often employed to increase yields

(Koyama et al., 2012; Sago, 2016).

Visible symptoms of tipburn are collapse and necrosis of the margins and the apex of
developing leaves (Collier and Tibbitts, 1982; Saure, 1998; Barta and Tibbitts, 2000;
Corriveau et al., 2010). High PPFD and high temperatures were reported to induce
tipburn symptoms in lettuce by enhancing growth rates and consequently Ca demand
of young, rapidly growing tissues (Frantz et al., 2004; White, 2012; Sago, 2016). Thus
it is generally accepted that tipburn results from a localized Ca deficiency (Barta and
Tibbitts, 2000; Frantz et al., 2004), but there is still little definitive evidence that Ca

deficiency induces the disorder (Kerton et al., 2009).

Interestingly, tipburn symptoms also appear under adverse growing conditions, during
which growth is usually retarded, including root restriction (Olle, 2012), salinity
(Carassay et al., 2012) and drought (Aroca, 2012). High PPFD and high temperature,
as well as salinity and drought, can enhance the production of ROS which, if not
quenched by the antioxidant machinery of the plant, may result in oxidative stress and
damage to lipids, proteins, nucleic acids and carbohydrates (Scandalios, 1993; Mittler,

2002; Suzuki et al., 2014). Thus, recent studies of the mechanistic basis for tipburn
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have explored links between oxidative stress and tipburn of lettuce (Carassay et al.,
2012). Similarly, the involvement of ROS in inducing BER, another Ca related
disorder of pepper and tomato fruits (Aktas et al., 2005; Casado-Vela et al., 2005;
Mestre et al., 2012), has also been studied. However, to date there is no consensus
regarding the relative importance of Ca deficiency and ROS in inducing tipburn

symptoms.

The presence of multiple environmental gradients and confounding factors within
column-type VFS (Liu et al., 2004; Linsley-Noakes et al., 2006; Ramirez-Gomez et
al., 2012; Rius-Ruiz et al., 2014; Chandra et al., 2014; Lee et al., 2015) makes the
contribution of individual factors to the generation of tipburn symptoms difficult to
study. In contrast, Deep Flow Hydroponic Systems (DFTS), in which the roots are
submerged in aerated nutrient solution, eliminate the environmental gradients present
in column-type VFS and allow the individual contributions of PPFD and temperature
to tipburn to be studied. The advantages of DFTS are that they provide a uniform root
zone environment with tight control of solution pH, nutrient composition and
dissolved oxygen concentration (Chow et al., 1992; Jensen, 2002; Vimolmangkang et
al., 2010; Sengupta and Banerjee, 2012). Consequently, DFTS have been used widely
in plant science research and particularly for lettuce crops, for example, to study the
effects of different nutrient solution aeration approaches on yield (Goto et al., 1996;
Kratky, 2005; Park and Kurata, 2009), the influence of shoot and root temperature on
yield (Thompson et al., 1998), how different growing substrates (Assimakopoulou et
al., 2013) and different air flow rates (Lee et al., 2013) influenced tipburn occurrence,
and the effect of different ratios of blue to red LED illumination on growth, ascorbic

acid and anthocyanins in lettuce (Lee et al., 2014).
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This chapter established a DFTS as a model system for studying the contributions of
ROS and localised Ca deficiency to the induction of tipburn symptoms of lettuce,
when plants were grown under luxuriant growth conditions of high PPFD and high
temperature. This system allowed the contribution of PPFD and temperature to the
induction of tipburn to be disentangled thereby contributing to understanding the

causes of tipburn.

3.2 Materials and methods.

3.2.1 Plant material.

Two varieties of butterhead lettuce, the tipburn resistant (Lactuca sativa L. cv.
‘Frank’) and susceptible (L. sativa L. cv. ‘Sunstar’) lettuce were purchased from
Moles Seeds (Essex, UK) and Hazera Seeds (Lincolnshire, UK), respectively. Seeds
were individually sown into 2 cm x 2 cm x 4 cm rockwool cubes (Grodan, Fargro
Ltd., UK) and germinated in a CE room (see Chapter 2) at 17°C. PPFD was
maintained at approximately 170 umol m s under a 16 hour photoperiod (06:00 hrs
to 22:00 hrs). The seedlings were incubated in aerated deionized water for 15 days and
then in one-quarter-strength Hoagland’s solution (EC: 0.25 + 0.1 dS m?, pH: 5.8
0.2). DO concentration was maintained at 8.4 + 0.2 mg I* by an aquarium air pump
(All Pond Solutions Ltd, Middlesex, UK). Plants were transferred to the DFTS 28

days after sowing and were grown for a further 30 days.

3.2.2 The Deep Flow Hydroponics System (DFTS).

The DFTS consisted of individual 16 litre clear storage boxes and lids (Wilkinsons

Stores, Lancaster, UK) of 17.2 cm height, 42.7 cm width and 32.8 cm depth. The
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boxes and lids were painted black using gloss enamel spray paint (B&Q, Lancaster,
UK) to restrict light penetration and discourage the growth of algae (Gibeaut et al.,
1997). No growing medium other than the nutrient solution was used in the DFTS.
Mechanical support for the plants was provided by the lid of the hydroponic box
(Figure 3.1.A). The hydroponic boxes were sterilized in TriGene disinfectant
(MediChem International Ltd., UK) prior to filling with 15 litre of half-strength
Hoagland's solution (Hoagland and Arnon, 1950). The composition of the nutrient
solution was 0.5 mM NHsNQOs, 1.75 mM Ca(NOs)2-4H20, 2.01 mM KNOs3, 1.01 mM
KH2PO4, 0.5 MM MgSOs-7H:0, 1.57 UM MnSO4-5H:0, 11.3 UM H3BOs, 0.3 uM
CuS04-5H20, 0.032 puM (NH4)sM07024-4H20, 1.04 uM ZnS04-7H20 and 0.25 mM
NaFe EDTA. The box lids were also painted black and four 2.5 cm diameter holes,
one in each quadrant, were cut in the lids to hold seedlings. As demonstrated in Figure
3.1.B, a fifth hole was cut in the centre of the lid to accommodate a 5 ml pipette tip
(Sarstedt AG & Co, Nimbrecht, Germany). The pipette tip was connected through a 4
mm internal diameter tube to an aquarium air pump (All Pond Solutions Ltd,
Middlesex, UK), which continuously delivered 3.2 | min'* ambient air directly into the
nutrient solution, maintaining a DO concentration of 8.4 + 0.2 mg I%; this has been

reported to be within optimum levels for lettuce growth (Goto et al., 1996).
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Figure 3.1. (A) Side view of the Deep Flow Hydroponics System (DFTS) shows shoots and roots of lettuce plants (Lactuca sativa cv. ‘Frank’) 29
days after they were transferred to the DFTS. The growth system consisted of 16 litre independent black plastic boxes. Four lettuce plants were
grown in each hydroponic box. The rockwool block and the plastic lid of the hydroponic box supported the plants. The crop’s roots were
submerged in continuously aerated half-strength Hoagland’s solution. Scale bar is 10 cm. (B) Top view of the DFTS shows lettuce plants 15 days
after they were transferred to the DFTS. An air pump was used to continuously oxygenate the nutrient solution in the hydroponic box through the

5 ml pipette tip in the centre of the lid. Scale bar is 3 cm.
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The initial EC of the nutrient solution was 1 + 0.2 dS m™. The nutrient solution was
replaced weekly and 2M H3PO4 was added dropwise to maintain pH of 5.8 £ 0.2. A
DO700 hand-held multi-parameter instrument (Extech Instrument, MA, USA) was

used to monitor daily changes of pH, EC, DO levels of the nutrient solution.

The DFTS was illuminated by 400 W metal halide lamps (HQI-T 400N, Osram, St
Helens, UK). The height of lighting units above the DFTS was adjusted to reproduce
the light environment within the top and bottom layers of the VFS (see Chapter 2),
thereby establishing a model system to provide reproducible tipburn symptoms. Two
contrasting light environments were created; high light (HL) and low light (LL)
treatments, by distancing the DFTS at 70 cm and 120 cm, respectively from the
lighting units. Within each treatment, the hydroponic boxes were rotated randomly

every two days to minimize positional effects.

3.2.3 Light intensity and spectral wavelength.

Light intensity measurements were taken, using a Macam Q203 Quantum radiometer
(Macam Photometrics LTD, Livingstone, UK), at the top of the hydroponic boxes,
with lids closed and across a 17 x 6 grid to evaluate PPFD uniformity under the two
contrasting light treatments. A SR9110-V7 Spectroradiometer (Macam Photometrics
LTD, Livingstone, UK) fitted with a fibre optic probe was used to determine the light
irradiances over the spectral range of 290-800 nm to investigate whether adjusting the
height of the lighting units influenced the spectral wavelength within the two light

treatments (Figure 3.2).
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Legend
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Figure 3.2. Shows the CE room floor plan in scale. The black rectangular shapes
represent the hydroponic boxes, which comprised the DFTS. Yellow and red circles
represent data points from where light quantity and quality measurements were
obtained using a Macam Q203 Quantum radiometer and the SR9110-V7
spectroradiometer, respectively. Measured lines (in metres) show the CE room’s exact

dimensions.

3.2.4 DFTS, air and leaf temperatures.

Lid surface temperature of the DFTS was recorded hourly using the EL-USB-1
temperature data logger (Lascar Electronics Ltd., Salisbury, UK). Three data loggers
were placed on top of three different and randomly selected hydroponic boxes and
were subsequently rotated randomly in different positions across the growth area
every two days. Similarly, three EL-USB-1 temperature data loggers, enclosed within
EL-USB-CASE submersible metal cases, were submerged into three different
hydroponic boxes, at the bottom of the box, per treatment to record nutrient solution

temperature (root zone temperature). Air temperature was recorded by Ektron 1l C

Page 89



Chapter 3

sensor (HortiMaX B.V. Pijnacker, Netherlands) equipped with two Pt1000
temperature sensors. Each Pt1000 sensor was mounted 40 cm above the centre of the
growth bench which accommodated the DFTS. Crop canopy temperature was
measured using a handheld infrared thermometer (model 39750-20, Cole Parmer
Instruments Co., Chicago, IL) with a measurement area of 7.07 cm? at 5 cm distance
from the canopy. Measurements of canopy temperature were made at 18:00 hrs in six

different per treatment and cultivar randomly selected plants.

3.2.5 Gas exchange measurements.

Leaf gas exchange measurements assessed the influence of the two contrasting light
environments on plant responses within the DFTS. Photosynthetic light-response
curves were constructed as a function of incident PPFD using a portable Li-6400XT
photosynthesis system (Li-Cor, Lincoln, USA) coupled with a standard 6400-40 leaf-
chamber fluorometer (Li-Cor, Lincoln, USA). The following PPFD levels were used:
0, 20, 40, 80, 100, 200, 400, 800, 1000, 1200 and 1400 umol m= s provided by the
built-in red and blue LED light sources, with 10% blue light. Conditions within the
leaf chamber were maintained constant for 3 minutes, for equilibration, before data
were logged. Ambient CO> concentration in the leaf chamber was maintained at 389.5
+ 0.3 ppm and block temperature was set at 19.8 + 0.02°C. All gas-exchange
measurements were performed 15 days after transfer (DAT) of plants to the DFTS, on
three randomly selected plants from each light treatment and cultivar. The fourth fully
expanded leaf counting from the outermost fully expanded leaf was sampled.
Measurements started at 10:00 hrs and were completed at 18:00 hrs. To quantitatively
compare the photosynthetic light-response curves, the data were fitted to the

Mitscherlich equation (Potvin et al., 1990; Marino et al., 2010) of the form:
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A (PPFD) = Anmax [1- € ~Kx=X0)]
where A is net photosynthesis, Amax IS the maximum net photosynthetic rate, k is the
initial slope of the curve at low light levels, x represents PPFD and xo is the light
compensation point (where photosynthetic uptake and respiratory CO. release are
equal). This model was preferred over the other two model types mostly used by
physiologists to fit photosynthetic light-response curves (the non-rectangular
hyperbola and the modified Michaelis—Menten function (Heschel et al., 2004)) since it
Is:
i) typically used to model yield responses to fertilizer input, since CO. and in this
case light can be perceived as “fertilizer” for photosynthesis (Potvin et al., 1990)
i) a phenomenological and not a mechanistic description of photosynthesis and
because the equation consists of only three parameters (Amax, K and Xo), which
are linked to distinct biological processes, it is easier to fit to observed responses
in comparison to other approaches (e.g. quadratic models (Peek et al., 2002;
Heschel et al., 2004; Marino et al., 2010; Lachapelle et al., 2012)).
The Mitscherlich model was significantly fitted for each photosynthetic light-response

curve (R?>0.90, p < 0.001, for all photosynthetic parameters).

3.2.6 Quantifying tipburn injury by digital image analysis.

Digital image analysis was used to compare the ratio between total leaf area and
tipburn-affected leaf area between the two lettuce cultivars. After harvest, lettuce
leaves were placed on black polyethylene material with the abaxial side facing down
to be photographed. All photographs were taken using a Canon EOS 100D Digital
SLR Camera with a Canon 18-55mm Il DC Lens (Canon Inc., Tokyo, Japan). The

image files (in JPEG compression) were loaded to gimp 2.8 image analysis software
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(The GIMP team, GIMP 2.8.10, www.gimp.org) to separate the different leaf areas
using the GIMP Magic Wand tool. Both the total leaf areas and tipburn affected leaf
areas were calculated using Image J software (version 1.46r; National Institutes of
Health, Bethesda, USA). Image J was calibrated using a ruler, which was placed next
to the photographed lettuce leaves. To measure leaf area with Image J the digital
colour images were transformed stepwise to 8-bit and then into binary images (black
and white pixels), with white pixels representing leaf area, whereas black pixels
representing the background (Figure 3.3). The tipburn-affected leaf area ratio was

calculated according to the following formula:

Tipburn-affected LA ratio (%) = LAuipbum-afected (LAtotat) 1 100

where LA is leaf area, LAsipoum-affected IS total tipburn affected leaf area and LAtotal iS

total leaf area.
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tipburn symptoms.

Figure 3.3. Flow diagram shows the steps followed to separate tipburn affected leaf
area from total leaf area. Picture (A) shows the original photograph, picture (B) shows
total leaf area, picture (C) shows tipburn affected leaf area, picture (D) the 8-bit

image, and picture (E) the binary image. Each leaf was assessed separately for visual
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3.2.7 Growth chambers studies: PPFD and temperature treatments.

To separate the effects of PPFD and temperature on tipburn induction, lettuce plants
(Lactuca sativa L. cv. ‘Frank’) were grown for 30 days in four different growth
cabinets (Microclima 1750, Snijders scientific, the Netherlands), which allowed tight
regulation of environmental variables. Four treatments were employed: two PPFD
(high (HL), 450 pmol m2s%; low (LL), 170 pmol m2s™) and two ambient temperature
regimes (high (HT), 27 / 17°C; low (LT), 21 / 17 °C; light / dark period) under a 16
hour photoperiod (06:00 hrs to 22:00 hrs). These conditions simulated the PPFD and
an approximate average of the three different temperatures recorded within the two
treatments of the model DFTS. Treatments were: cabinet 1 - HL and HT, cabinet 2 -
HL and LT, cabinet 3 - LL and HT, and cabinet 4 - LL and LT. Six hydroponic boxes,
containing four plants each, were placed in each growth cabinet. Temperature was
programmed electronically, whereas incident PPFD was modified by adjusting the
distance of the plants from the light sources. Illumination was provided by a
combination of 46 daylight fluorescent tubes (20 x Sylvania T5 FHO 54W 840
1149mm, 20 x Sylvania T5 FHO 24W 840 549mm, 6 x Sylvania Brite Grow T8 58W
1200mm (Osram, St Helens, UK)). Relative humidity within the growth chambers was
programmed at 70%. PPFD measurements were taken, using a Macam Q203 Quantum
radiometer (Macam Photometrics LTD, Livingstone, UK), at the top of the hydroponic
boxes, with lids closed and across an 8 x 3 grid (Figure 3.4). The hydroponic boxes
were rotated randomly within each treatment every two days to minimize positional

effects.
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Cabinet 1: High Light & High temperature Cabinet 2: High Light & Low temperature

_0.80m

rd
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Cabinet 4: Low Light & Low temperature

Figure 3.4. Shows the four different growth cabinet’s floor plans in scale. The black
rectangular shapes represent the hydroponic boxes, which comprised the DFTS.
Yellow represent data points from where light quantity measurements were obtained
using a Macam Q203 Quantum radiometer. Measured lines (in metres) show the

chamber’s exact dimensions.

Gas exchange measurements were performed using the same portable Li-6400XT
photosynthesis system and same settings as in Section 3.2.5. All gas-exchange
measurements were performed 15 DAT on three randomly selected plants from each

growth chamber. Measurements started at 10:00 hrs and were completed at 18:00 hrs.

3.2.8 Data analysis.

Effects of PPFD treatments and cultivar on shoot fresh weight (g) were assessed using
two-way ANOVA on log-transformed data to better approximate normality (Tables 3.1
and 3.2). Descriptive statistics were used to assess the pattern of PPFD distribution

between treatments in Figure 3.8. In addition, the data were over laid on to a contour
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map to visually inspect light distribution to identify potential hotspots (Figure 3.9).
Putative differences in light quality between treatments were assessed visually in
Figure 3.10. Root and canopy zone temperatures were assessed visually in Figure 3.11
and the data were pooled and compared with Kruskal-Wallis ANOVA on Ranks in
order to identify significant differences between treatments and time zones (Figure
3.12). Photosynthetic light response curves were assessed visually in Figures 3.13 and
3.19. Following this, a nonlinear mixed model with 3 parameters known as the
Mitscherlich equation was fitted to the net photosynthesis rate of single leaves A
(umol CO, m™2 s7) against PPFD (umol photons m= s7t) using the nonlinear least
squares regression function (nls) of R version 3.1.2 and the empirical parameters were
compared using two-way ANOVA, followed by Tukey post-hoc analysis (Tables 3.3,
3.4, 3.6 and 3.7). Tipburn damage was compared between the two varieties using
Student's t-test (Figure 3.16). Kruskal-Wallis ANOVA on Ranks test followed by
Tukey post-hoc analysis was employed to compare PPFD between the 4 growth
cabinets in Figure 3.17. Two-way ANOVA, followed by Tukey post-hoc analysis was
used to examine the effects of PPFD and temperature on shoot fresh weigh within the
growth cabinets (Table 3.5). Probability values less than 0.05 (p < 0.05) were
considered to indicate a statistically significant difference. All statistical tests were

performed on R version 3.1.2 software (R Development Core Team, 2014).

3.3 Results.

3.3.1 DFTS as a model system for studying tipburn of lettuce.

The model DFTS was designed to mimic the conditions within the top and bottom

layers of the VFS in which tipburn was observed (see Section 2.4). The mean PPFD
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value for each treatment was 448 + 11 umol m?s? (HL) and 173 = 5 umol m? s

(LL). These values were comparable to those observed in the VFS (Figure 2.16).

3.3.1.1 PPFD and cultivar both affected yield.

Shoot FW was significantly (p < 0.001) higher in HL in both cultivars. Although there
was no significant difference in the shoot FW between cultivars under HL, the shoot
FW of the cv. ‘Sunstar’ was significantly (p < 0.05) less than the cv. ‘Frank’ under LL
(Figure 3.5). Thus the cultivars tended to respond differently to the light treatments (p

= 0.06 for cultivar x light interaction).

400 -

I cv. 'Frank' HL Cultivar p < 0.05
| cv.'Sunstar' HL ~ Treatment p < 0.001
[ 1cv 'Frank' LL Cultivar x Treatment p = 0.06
7 cw. 'Sunstar’ LL
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Figure 3.5. Shoot fresh weight of lettuce cultivars (cv. ‘Frank’ and cv. ‘Sunstar’)
grown under high (HL) and low (LL) PPFD treatments. Values are mean + SE (n=3).
Different letters indicate statistically significant differences (p < 0.05). Statistical
analysis was performed on log-transformed data using a two-way ANOVA, followed

by Tukey’s post-hoc analysis.
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3.3.1.2 Light treatment didn’t affect spatial distribution of PPFD.

The spatial distribution of PPFD within the DFTS was analysed to evaluate the
potential of the model DFTS to grow plants under uniform environmental conditions.
Although visual inspection of the contour map of the light distribution (Figure 3.6)
revealed an area of low PPFD (between 100 pmol m2 s and 150 umol m? s%) at the
top right corner of the LL treatment, overall the light distribution was reasonably
uniform in this treatment despite “patches” of reduced PPFD (Figure 3.7). PPFD
distribution across the HL treatment was more uniform, which was also demonstrated
by the lower coefficient of variation (HL, 14%; LL, 16%), with higher PPFD values
(between 450 umol m2 s and 550 umol m2 s™) dispersed across the largest part of
the growth bench of the DFTS. Lower PPFD values (between 250 and 400 pmol m? s°

1y were observed around the edge of the growth bench.

|

Legend

PPFD

B 600 umol m? s*
B 550 pmol m2 st
I 500 pmol m2 st
[ 450 pmol m2 st
[ 400 ymol m2 st
[ 350 ymol m2 s
[ 300 pmol m2 st
[ 250 pmol m? s
B 200 pmol m? s
B 150 ymol m2 st
I 100 pmol m2 s
Bl 50 pmol m? s?
Bl 0pmolm?s?

'

Figure 3.6. Contour map projection on the floor plan of the CE room shows PPFD
distribution on the DFTS displayed on a pseudo-colour intensity scale; in which 'red'

corresponds to the highest PPFD, whereas “deep blue’ represents absolute shade.
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Figure 3.7. Frequency distributions of PPFD within the DFTS under two light
treatments; HL (black bars) and LL (white bars) treatments. Data were normally
distributed for both HL and LL (Shapiro-Wilk-test: p=0.113 and 0.562, respectively)
however they showed different patterns of symmetry and pointiness (skewness: -0.81

and 0.310; kurtosis: 0.838 and -0.298, respectively).

3.3.1.3 Both HL and LL had similar light quality.

Adjusting the height of the lighting units to modify PPFD between the two light
treatments had no effect on light quality. Both treatments showed similar patterns of
incident spectral irradiance whilst, at different intensity levels (Figure 3.8). Thus,
putative differences in plant responses of crops grown within the two light treatments
of the model DFTS can be attributed to differences in light intensity rather than light

quality.
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Figure 3.8. Incident spectral irradiance of HL (red line) and LL (blue line) treatments.
Lines represent means of 8 measurement points of light irradiances over the spectral

range of 290-800 nm £ SD (dotted lines).

3.3.1.4 Air and plant canopy temperatures were affected by PPFD.

Surface temperature on the lid of the DFTS and air temperature of both light
treatments increased from 06:00 hrs onwards after the lights were turned on (Figure
3.9). In contrast, only the root zone temperature of HL increased with that of LL

remaining stable between light and dark periods.
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Figure 3.9. Changes in HL and LL surface temperature of the DFTS (red and black
diagonal cross symbols, respectively), root zone temperature (red and black circle
symbols, respectively) and air temperature (red and black diamond symbols,
respectively) during the transition from the dark (grey background) to the light (white
background) period. Each diagonal cross and circle represents the mean of three data
loggers through the period of 26 days, whereas air temperature was recorded with one

data logger in each treatment through the period of 26 days. Error bars represent SE.

DFTS surface temperature under HL was significantly (p < 0.001) higher than other
temperatures within the DFTS. HL root zone temperature was significantly (p <
0.001) higher than the LL root zone temperature during light period but not during the
dark period. Interestingly, only HL root zone temperature was significantly (p < 0.001)
higher than the other temperatures, which were not significantly different to each
other, during the dark period (Figure 3.10). Between 00:00 hrs and 6:00 hrs, HL root
zone temperature decreased at a slower rate than the other three temperatures (Figure

3.9) resulting in a significantly (p < 0.001) higher median value compared to LL root
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zone temperature.
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Figure 3.10. HL and LL canopy and root zones temperature data separated between
the light (white background) and the dark (grey background) periods. The horizontal
line within the box represents the median. Results of Kruskal-Wallis ANOVA on ranks
followed by Dunn's Method showed statistically significant differences between the

medians of the 8 different temperature series (H (7) = 5013.87, p < 0.001). Different

letters indicate statistically significant differences.

Canopy temperature of both cultivars responded similarly to the light treatments (no
significant cultivar effect, and no cultivar x PPFD interaction — Figure 3.11), Canopy

temperature was significantly (p < 0.01) higher in plants of both cultivars grown under

HL, compared to those grown under LL.
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Figure 3.11. Canopy temperature of L. sativa cv. ‘Frank’ crops grown under HL
(black bars) and LL (white bars) and cv. “‘Sunstar’ crops grown under HL (dark grey
bars) and LL (light grey bars). Values indicated with different letters indicate
statistically significant (p < 0.05) differences according to two-way ANOVA test

followed by Tukey post-hoc analysis. Bars represent means of £ SE (n=3).

3.3.1.5 Both cultivars responded similarly to the different PPFD environments.

The light response curves demonstrated that both cultivars responded in a similar way
to the light treatments. In addition, the curves clearly demonstrated that LL plants
reached the light saturation point at a lower PPFD than HL plants (Figure 3.12). There
were significant differences in Amax, Xo and k between plants grown under different
PPFD, but no differences between cultivars when grown under the same PPFD (Table
3.1). Both cultivars grown at HL had significantly higher Amax (p < 0.001) than LL-
grown plants, and there was no significant effect of cultivar on Amax (p = 0.26). Xo was

significantly affected by PPFD (p < 0.001) but not by cultivar (p = 0.34). Similarly,
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there was a significant effect of PPFD on k (p = 0.003) but no effect of cultivar (p =
0.88). There was no interaction between cultivar and PPFD in any of the three

parameters of the Mitscherlich equation (Table 3.1).
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Figure 3.12. Light response curves of photosynthetic CO, assimilation rate A (umol

m-2 s'l) of HL (diagonal cross symbols) and LL-grown (circle symbols) butterhead
lettuce varieties (L. sativa cv. ‘Frank’ and ‘Sunstar’) determined 15 DAT. Each point is
the mean of different leaves from three different plants. \Vertical bars represent the

standard errors (n=3).
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Table 3.1. Photosynthetic parameters of two butterhead lettuce cultivars (cv. ‘Frank” and cv. ‘Sunstar’) derived from the Mitscherlich equation. Amax
is the maximum net photosynthetic rate, k is the initial slope of the curve, and xo is light compensation point. Data were compared using two-way
ANOVA test, followed by Tukey post-hoc analysis. Values indicated with different letters indicate statistically significant differences, whereas those

marked with the same letters show statistically similar values.

PPFD treatment

Cultivar High Low
Amax Xo k Amax Xo k
cv. ‘Frank’ 9.76 +0.17 A 2868+162 0.0041 + 0.0002 * 6.3+0.258 16.84 + 0.45° 0.0068+ 0.0002 ¥

cv. ‘Sunstar’ 9.74+0.32A 31.04+1.342 0.0039 + 0.0002 * 523+0.268 19.51+0.8° 0.0069+ 0.0007 ¥
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3.3.1.6 Tipburn was greater in the susceptible cultivar 'Sunstar’.

Tipburn symptoms first appeared 16 DAT in both cultivars under the HL treatments,
whereas none of the plants grown under the LL developed tipburn. Tipburn symptoms
appeared as dark coloured necrotic leaf areas of deformed leaves enclosed within the
developing head (Figure 3.13). Although plants grown at HL had significantly higher

yields (Figure 3.5), these symptoms can decrease marketability of the crop.

Figure 3.13. Lettuce plants 29 DAT. (A) and (B), Lactuca sativa. cv. ‘Frank’. (C) and
(D), Lactuca sativa cv. ‘Sunstar’. LL (A/C) — non-affected by tipburn symptoms. HL
(B/D) — affected by tipburn symptoms; white arrows show tipburn symptoms located

at the edges of leaves within the developing head. Scale bars are 3 cm.

Evaluating the extent of tipburn symptoms post-harvest revealed that lesions were
scattered throughout the leaf blade, irrespective of whether the affected part had been

enclosed within the developing head or not (Figure 3.14).
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Figure 3.14. Leaves of lettuce plants (L. sativa cv. ‘Frank’) 30 DAT. White arrows
show tipburn symptoms located at the edges of lettuce leaves. These lesions were

visible only after harvest, when leaves were separated. Scale bar is 1 cm.

Digital image analysis ascertained that cv. ‘Sunstar’ exhibited significantly more (p <

0.001) tipburn damage than cv. ‘Frank’ (Figure 3.15).
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Figure 3.15. Tipburn affected leaf area ratio of lettuce, L. sativa cv. ‘Frank’ and cv.
‘Sunstar’, grown at HL. cv. ‘Sunstar’ exhibited significantly more (t(4) = 14.01, p <

0.001) symptoms of tipburn than the ‘Frank’ cv. Asterisk (*) indicates significance.

Bars represent means of 3 plants + SE.
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3.3.2 Disentangling the contribution of PPFD and temperature to tipburn.

Cabinets that received HL had significantly (p < 0.001) higher PPFD (Cabinet 1: 444
+ 14.8 pmol m? s (at 27°C/17°C); Cabinet 2: 437 + 8.7 pumol m™? s, (at 21°C/17°C))
than cabinets that received LL ( Cabinet 3: 158.6 + 3.6 umol m™ s (at 27°C/17°C);
Cabinet 4: 163.3 + 2.8 pmol m? st (at 21°C/17°C). Importantly, there were no
significant differences between cabinets receiving the same treatment (cabinets 1 and
2 - HL; cabinets 3 and 4 - LL) confirming the robust nature of the experimental design

(Figure 3.16).
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Figure 3.16. PPFD within the growth cabinets (cabinet 1 - HL and HT, cabinet 2 - HL
and LT, cabinet 3 - LL and HT, and cabinet 4 - LL and LT.). The horizontal line within
the box represents the median. Results of Kruskal-Wallis ANOVA on ranks followed
by Dunn's method showed statistically significant (H (3) = 71.511, p < 0.001).

Different letters indicate statistically significant differences.
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The spatial distribution of PPFD within the growth chambers was assessed to evaluate
the potential of the system to grow plants under uniform environmental conditions.
Visual inspection of the contour maps of the light distribution shown in Figure 3.17
revealed overall uniform PPFD distribution within the central part of the cabinets (444
+ 14.8 umol m?s) under HL treatment (cabinets 1 and 2) and lower PPFD (between
200 pmol m2 st and 350 umol m s) at the margins of the cabinets. Similarly, PPFD
distribution was uniform across the centre of the cabinets (168.2 + 11.2 pmol m?2s™)
under LL treatments (cabinets 3 and 4) and slightly decreased at the margins of the

cabinets (between 120 umol m2 s and 140 umol m?2 1),
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Figure 3.17 Contour map projection on the floor plan of the CE room shows PPFD
distribution on the DFTS displayed on a pseudo-colour intensity scale; in which 'red’

corresponds to the highest PPFD, whereas “deep blue’ represents absolute shade.
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3.3.2.1 HL and HT combined gave the highest yield.

HL significantly (p < 0.001) increased shoot FW, especially when combined with HT.
At low temperature, PPFD had no significant effect on shoot FW. LL combined with
HT in cabinet 3 significantly (p < 0.05) decreased growth compared to growth in the
other cabinets. Thus the growth response to PPFD depended on cabinet temperature

(Figure 3.18), as indicated by a significant (p < 0.001) PPFD x temperature

interaction.
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Figure 3.18. Shoot fresh weight (g) of lettuce plants (Lactuca sativa L. cv. ‘Frank’)
grown in 4 growth cabinets (cabinet 1 - HL and HT, cabinet 2 - HL and LT, cabinet 3 -
LL and HT, and cabinet 4 - LL and LT) and harvested 30 DAT. Values indicated with
different letters indicate statistically significant differences (Two-way ANOVA test

followed by Tukey post-hoc analysis). Bars represent means of 3 plants + SE.
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3.3.2.2 Amax was differentially affected within each cabinet.

PPFD and temperature within the growth environment had a marked affect on
photosynthetic light response curves. The curves clearly demonstrated that plants
grown in cabinet 1 (HL and HT) reached the light saturation point at lower PPFD
compared to the plants in cabinet 2 (HL and LT), and similarly for plants grown in
cabinet 3 (LL and HT) compared to the plants in cabinet 4 (LL and LT) (Figure 3.19).
As such, both PPFD (p < 0.001) and temperature (p < 0.001) had a significant effect
on Amax. Xo Was significantly affected by PPFD (p < 0.01), plants under HL had higher
Xo. Similarly, k was significantly affected by PPFD (p < 0.001); plants under HL

demonstrated significantly lower k compared to plants grown in cabinet 4 (LL and LT)

(Table 3.2).
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Figure 3.19. Light response curves of photosynthetic CO, assimilation rate A (umol
m2s1) of lettuce plants (Lactuca sativa cv. ‘Frank’) in 4 growth cabinets determined
15 DAT. Each point is the mean of different leaves from three different plants. Vertical

bars represent the standard errors (n=3).
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Table 3.2. Photosynthetic parameters of lettuce plants (Lactuca sativa L. cv. ‘Frank’) grown under contrasting PPFD and temperature conditions.
Values represent means of 3 plants £ SE. For k statistical analysis was performed on log-transformed data using a two-way ANOVA, followed by
Tukey’s post-hoc analysis. Values indicated with different letters indicate statistically significant differences, whereas those marked with the

same letters show statistically similar values.

PPFD treatment
Temperature High Low
Amax X0 k Amax X0 k
High 11.8+0.628 582+6.62 0.003 + 0.0004 © 4+0.76P 34.3+9b 0.005 + 0.003 @b

Low 152+0.52A 60.1+85?2 0.003 + 0.0003 P 6.7+0.13¢ 20.7+2.03" 0.008 +0.0017 @
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3.3.2.3 Tipburn was induced by combined HL and HT.

Visual tipburn symptoms were observed only in plants grown under combined HL and
HT (Figure 3.20). Symptoms appeared as dark coloured necrotic areas of deformed

leaves enclosed within the developing head.

Figure 3.20. Lettuce plants (L. sativa L. cv. ‘Frank’) 30 DAT. (A) HL and HT (cabinet
1), (B) HL and LT (cabinet 2), (C) LL and HT (cabinet 3), (D) LL and LT (cabinet 4).
Plants only developed tipburn symptoms under combined conditions of HL and HT
(A). White arrows in picture (A) show tipburn symptoms located at the edges of

leaves within the developing head. Scale bars are 3 cm.

3.4 Discussion.

Uniform distribution of PPFD within a growth system is necessary to achieve
consistent and reproducible plant responses (Yano et al., 2012). Although PPFD of

both HL and LL treatments was moderately uniform, fragmentation of the LL
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treatment was also evident in the contour map of Figure 3.6 with “blue” patches of
lower light intensity within the higher light intensity “green” landscape, due to every
other lighting unit being turned off to achieve the desired PPFD. There was no
observed difference in incident spectral irradiance between the two light treatments
(Figure 3.8), suggesting that plant responses within the DFTS were due to light
intensity and not quality. Taken together, these findings suggest that the DFTS

provided a uniform and consistent lighting environment.

Metal-halide lights have been widely documented as heat sources since they produce
large amounts of infrared energy (Barradas et al., 1994; Borgeraas and Hessen, 2000;
Seddon and Cheshire, 2001; Weerakoon et al., 2002; Hughes et al., 2005). When lights
were turned on (at 06:00 hrs), surface temperature on the lid of the DFTS and air
temperature of both light treatments increased, whereas when lights were turned off
(at 22:00 hrs) all system temperatures decreased. This indicates a strong link between
the operating time of the lights and system temperatures. Under the HL treatment and
during the light period, the median surface temperature on the lid of the DFTS was
28.4°C and it peaked in several cases at 34°C (Figure 3.10), which was 10°C higher
than the upper limit of the optimal temperature range for lettuce growth (between 7°C
to 24°C) (Jenni and Hayes, 2009). Mean air temperature (23.6 £ 0.04°C) peaked in
several cases above supra-optimal levels (> 24°C). These temperature levels promote
luxuriant growth and the development of tipburn symptoms in lettuce (Misaghi and
Grogan, 1978; Collier and Tibbitts, 1984; Nagata and Stratton, 1994; Choi et al., 2000;
Frantz et al., 2004; Lee et al., 2013). In contrast, under the LL treatment and during
the light period, the median surface temperature on the lid of the DFTS was 21.5°C,

whereas air temperature fluctuated within the optimal range for lettuce growth (19°C)
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(Jenni and Hayes, 2009). Similarly, mean canopy temperature at 18:00 hrs was 1.36-
fold higher under HL (24.1 + 0.5°C) compared to LL (17.7 = 0.7°C) for both cultivars,

indicating that plants under HL were grown at supra-optimal temperatures.

Root zone temperature also increased during the light period and gradually decreased
during the dark period in HL (Figures 3.9 and 3.10). Values peaked at 21°C with a
median value of 19.5°C during the light period. When the lights were turned off
temperatures gradually declined from 21°C to 17°C. However, in LL, root zone
temperature was not affected by the lights and fluctuated between 18°C to 16.5°C.
According to Collier and Tibbitts (1984), lettuce plants grown under higher root zone
temperature (25.1 = 2°C / 21.8 £ 2°C light/dark period) developed tipburn symptoms
earlier compared to the control (159 + 1°C / 13.9 = 1°C light/dark period).
Consequently, it is likely that the higher root zone temperatures in HL contributed to
tipburn development in this treatment. In the tropics, lowering root zone temperature
to 20°C promoted lettuce growth compared to a fluctuating ambient root zone
temperature (23°C to 40°C), whilst allowing the aerial parts to be maintained at supra-
optimal, growth-inhibiting temperatures (36°C) (He and Lee, 2004). Future studies are
therefore required to separate the individual effects of canopy and root zone
temperature in the induction of tipburn, either of which might prove to be more cost-

effective and feasible to manipulate in certain environments.

When plants were grown in HL and LL in combination with either HT or LT (Section
3.3.2), plants grown at HL and HT produced higher yields than the three other
treatments. This is consistent with previous reports that lettuce productivity generally

increases with higher PPFD and temperatures (Frantz and Bugbee, 2005; Qin et al.,
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2008; Johkan et al., 2012; Kang et al., 2014; Sago, 2016). In contrast, plants grown at
LL and HT produced significantly lower yield compared to the three other treatments
(Figure 3.18). This might result from enhanced respiration rates, due to HT (Lambers
et al., 2013), which can rapidly deplete available stored energy in plants under low

PPFD (Kubatsch et al., 2007).

Importantly, tipburn symptoms were only observed in plants grown at HL and HT
(Figure 3.20). This is consistent with studies that have linked increased growth rates to
tipburn development (Cox et al., 1976; Frantz et al., 2004; Sago, 2016). Interestingly,
lowering system temperatures may ameliorate tipburn symptoms in DFTS and VFS.
Nevertheless, accelerated growth rates are particularly desirable in VFS, for example
in plant factories, to maximize the efficiency of the growth facilities by permitting
more crops in a fixed period of time (Sago, 2016). Therefore, the lower vyields
associated with this approach run counter to the requirements of high productivity

VFS.

Plants grown within the DFTS showed light-response curves typical of either sun
(HL) or shade (LL) -grown plants (Figure 3.12) (Von Caemmerer and Farquhar, 1981;
Singhal, 1999; Larcher, 2003; Lambers et al., 2008). Higher Amax and Xo are often
observed in sun-grown compared to shade-grown plants, as the latter photosynthesize
more slowly compared to the former (Heschel et al., 2004). In contrast, k values are
usually similar (Lambers et al., 2008) as the efficiency of the light reactions remains
the same irrespectively of PPFD (McDonald, 2003). Plants grown under the HL
treatment reached the xo and Amax at higher PPFD compared to plants grown under the

LL (Figure 3.12). However, k values were significantly lower in plants under HL
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compared to LL. This is an important observation since a reduction in Kk is associated
primarily with the effects of photoinhibition (Burgess et al., 2015) suggesting that
plants grown under the HL exhibited photoinhibition. This process occurs when
incident light intensity exceeds a plant’s capacity of CO; assimilation (Apel and Hirt,
2004). This can inhibit photosystem Il (PSII) activity (Murata et al., 2007) and may
lead to photooxidative destruction of the photosynthetic apparatus (Long et al., 1994)
via the overproduction of ROS, which can decrease the repair rate of photodamaged

PSII (Nishiyama et al., 2006).

Photosynthesis is one of the processes most sensitive to heat (Camejo et al., 2005);
high temperatures can both enhance photorespiration (Sharkey, 2005) and intensify
photoinhibition (Long et al., 1994). Thus, the observed decrease in k could be
attributed to the synergistic effects of HL and HT imposed on the HL-grown plants, as
these two factors combined have a more profound negative effect on photosynthesis
than they have separately (Leverenz et al., 1990). Photoinhibition has also been linked
to, although not always accompanied by, reductions in Amax (Demmig-Adams et al.,
1998; Murchie and Niyogi, 2011). In agreement, significant changes in Amax occurred
when the effects of PPFD and temperature were separated. Amax Of plants grown at
27°C (HT) was significantly lower than plants grown at 21°C (LT), declining from
15.2 umol CO2 m™ s to 11.8 pmol CO2 m™2 st and from 6.7 pmol CO, m= st to 4
umol CO, m s7 for the HL (cabinets 1 and 2) and the LL (cabinets 3 and 4) PPFD
treatments, respectively (Table 3.2). Taken together, these results suggest that HL and
HT can synergistically induce oxidative stress-related responses. Crucially, since leaf
gas exchange measurements were performed one day before the appearance of first

visual tipburn symptoms, these findings lend additional credence to the hypothesis
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that increased photoinhibition under luxuriant growth conditions, leading to oxidative
stress, may induce tipburn in lettuce. This hypothesis will be tested empirically in the

following chapters.

3.5 Conclusions.

Tipburn of lettuce is a key limitation of productivity and crop quality, particularly in
VFS, making it imperative to establish commercially viable approaches to mitigate the
disorder. This requires a detailed understanding of the underlying mechanisms. This
chapter established a model DFTS in which both light and temperature treatments
were independently manipulated, and in which tipburn symptoms in lettuce were
reproducibly observed. This allowed tipburn development, which was observed under
luxuriant growth conditions in the prototype VFS (Chapter 2), to be studied
independently of the other environmental gradients present in the system. The DFTS
revealed that changes in the photosynthetic performance of plants grown under
luxuriant growth conditions precede the first visible symptoms of tipburn, suggesting
a causative link between increased photoinhibition, leading to oxidative stress, and
tipburn. This model DFTS will be used in subsequent chapters to test whether this
hypothesis can explain tipburn occurrence of lettuce within VFS, under luxuriant

growth conditions.
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4.1 Introduction.

In Chapter 3, plants grown under high PPFD and temperature exhibited reproducible
tipburn symptoms. These conditions can lead to ROS over-accumulation and
inevitably oxidative stress (Suzuki and Mittler, 2006; Almeselmani et al., 2006;
Sharma et al., 2012). Plants exhibited photoinhibition, as demonstrated in
photosynthetic light-response curves, one day before visual symptoms appeared
(Figure 3.12). Photoinhibition occurs when incident PPFD exceeds the plant’s
capacity for CO> assimilation (Apel and Hirt, 2004), and can be further intensified by
high temperatures (Long et al., 1994). This can result in increased O, concentrations
in leaves causing oxidative damage to lipids, proteins, nucleic acids and loss of PSII
activity (Nooden, 2003; Takahashi and Murata, 2005; Krieger-Liszkay et al., 2008;
Triantaphylidés and Havaux, 2009). Excess PPFD can also enhance the generation of
O in PSI via the Mehler reaction (Triantaphylidés et al., 2008; Karuppanapandian et
al.,, 2011). Oz can be converted to the toxic molecules H202, and ‘OH, further
damaging cellular components (Nishiyama et al., 2006; Miller et al., 2010). In
addition, high temperatures can exacerbate oxidative stress through the loss of
specificity of RuBisCO towards CO; versus O, producing H202 (Kim and Portis,
2004). This raises two key questions concerning the physiological events preceding
the appearance of tipburn symptoms: 1) is the observed photoinhibition linked to ROS
over-accumulation, causing oxidative stress prior to visual symptoms? and 2) is this

putative oxidative stress causally related to the development of the disorder?

To date, there has been only a single study linking oxidative stress and tipburn in
lettuce (Carassay et al., 2012). Therefore, in this chapter, a presymptomatic

investigation (Christakis, 2001) empirically tested whether oxidative stress occurs
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prior to the appearance of the visual tipburn symptoms using membrane lipid
peroxidation (Sharma et al., 2012) and the activity of antioxidant enzymes (Bestwick
et al., 2001; Sudhakar et al., 2001; Suzuki and Mittler, 2006; Gusman et al., 2013) as
indicators of ROS over-accumulation. Specifically, the extent of lipid peroxidation
was quantified by measuring Malondialdehyde (MDA) concentration. MDA is a three-
carbon aldehyde which is the cytotoxic product of radical attack on polyunsaturated
fatty acids (Zhang et al., 2007; Sharma et al., 2012) and consequently indicates the
extent of lipid peroxidation and, indirectly, of ROS production (Havaux et al., 2005;
Mgiller et al., 2007; Zhang et al., 2007; Alboresi et al., 2009; Kong et al., 2016). In
addition, the activities of the major ROS-scavenging enzymes: SOD, CAT, APX and
GR were investigated presymptomatically (for a detailed description of the role of
antioxidant enzymes in plant cell protection from oxidative damage, see Section

1.6.2).

Previously, Carassay et al. (2012) locally modified leaf Ca concentration using EGTA,
verapamil and LaClz or Ca?* ionophore (A 23187) to decrease or increase Ca
concentration, respectively, to study the link between oxidative stress and tipburn.
Oxidative stress was reduced locally using Tiron (a ROS scavenger) and DPI (a
suicide inhibitor of NADPH oxidase). All treatments were applied locally by painting
the edge of lettuce leaves. The plants were grown under high ambient temperature (up
to 36°C) within saline nutrient solution (stress) or in control, and the nutrient solution
of both treatments contained low Ca concentration (0.5 mM) to induce tipburn
symptoms. Stress and EGTA treatment significantly increased Oz and MDA
concentrations, and significantly enhanced tipburn symptoms. On the other hand,

Tiron application significantly ameliorated tipburn symptoms.
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Although providing useful insights into the development of the disorder, the plants
were not grown under commercial production settings and pharmacological
approaches were used to promote tipburn symptoms (Carassay et al., 2012).
Consequently, in this chapter, the total Ca concentration in lettuce seedlings and leaf
tips was also measured presymptomatically to investigate whether Ca deficiency, in
addition to oxidative stress, is associated with the development of tipburn symptoms
(Collier and Tibbitts, 1982, 1984; Saure, 1998; Barta and Tibbitts, 2000; Frantz et al.,
2004, Sago, 2016). Plants were grown in a (commercially) relevant environment and

tipburn symptoms were induced in a non-invasive manner.

4.2 Materials and methods.

4.2.1 Plant material and treatments.

Two varieties of butterhead lettuce, with contrasting susceptibility to tipburn, were
used to investigate the contribution of oxidative stress and Ca deficiency to the
development of lettuce tipburn. Seeds of tipburn resistant (Lactuca sativa L. cv.
‘Frank’) and susceptible (L. sativa L.cv. ‘Sunstar’) lettuce were purchased from Moles
Seeds (Essex, UK) and Hazera Seeds (Lincolnshire, UK), respectively. The seeds were
sown into 2 cm x 2 cm X 4 c¢cm rockwool cubes (Grodan, Fargro Ltd.,, UK) and
germinated in the CE room described in Chapter 2 at 17°C. PPFD was maintained at
approximately 170 umol m s under a 16 hour photoperiod (06:00 hrs to 22:00 hrs).
The seedlings were incubated in aerated deionized water for 15 days and then in one-
quarter-strength Hoagland’s solution (EC: 0.25 + 0.1 dS m™, pH: 5.8 + 0.2) for 13
days. DO concentration was maintained at 8.4 + 0.2 mg I by aerating the solution

with an aquarium air pump (All Pond Solutions Ltd, Middlesex, UK). Uniform
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seedlings were transferred to a DFTS 28 days after sowing and were subsequently

acclimated for 7 days under PPFD of 170 pmol m? s and air temperature of

19/179C; light/dark period. The DFTS contained half-strength Hoagland’s solution
(EC: 1 +0.2dS m?, pH: 5.8 + 0.2). The nutrient solution was replaced every 7 days.
Each hydroponic box (17.2 cm height, 42.7 cm width and 32.8 cm depth) contained

two cv. ‘Frank’ and two cv. ‘Sunstar’ plants.

Two previously characterised combinations of PPFD and air temperature (see
Chapters 2 and 3) were applied as experimental treatments a week after the plants
were transferred to the DFTS. These were a stress (PPFD at 450 pumol m? st and
24/18°C air temperature, 20/19°C root zone temperature; light/dark period) and a
control (PPFD at 170 pmol m? s and 19/17°C and 17/17°C root zone temperature;
light/dark period) treatment. The position of the hydroponic boxes was rotated

randomly every 2 days to minimize positional effects.

4.2.2 Collection of plant material.

Leaf tissue samples were collected between 18:00 hrs and 19:00 hrs (12 hours after
the start of the photoperiod) prior to the application of the treatments (Day 0; on the
seventh day of the acclimation period), on Day 1 following the start of the treatments
and subsequently on every second day (Days 3, 5, 7, 9, 11, 13, 15) during the
experiment. The shoots of whole seedlings were sampled on Days 0 to 5. Thereafter,
the two youngest, fully expanded leaves were chosen for sampling, since these were
the first to show tipburn symptoms in previous trials (see Chapter 3). Leaves were

detached from the plant and placed on a sterilized tile (90% EtOH for 2 min, followed
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by a wash with distilled water) to be dissected using a single edge blade.
Approximately 2 mm strips were cut from the edge of the leaf tissue, henceforth

denoted as tips (Figure 4.1).

R

Figure 4.1. Plant leaf tissue was on a sterilized tile, and approximately a 2 mm strip
dissected from the edge of the leaf; henceforth denoted as tip (white arrows). Scale bar

is1cm.

Leaf samples were placed into different eppendorf tubes, then immediately flash
frozen into liquid nitrogen and stored at -80°C. Specifically, 0.2 g fresh weight of
tissue was collected to analyse antioxidant enzymes activity, total protein (Bradford
assay) and lipid peroxidation. Also, > 0.2 g fresh weight of tissue was collected,
washed with milliQ water and stored at -80°C in eppendorf tubes to determine Ca
concentration using inductively coupled plasma optical emission spectrometry (ICP-

OES).
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4.2.3 Antioxidant enzymes activity analysis.

4.2.3.1 Sample handling and extraction.

Leaf tissue (0.2 g) was ground into fine powder using a pre-chilled mortar and pestle
in liquid nitrogen and then homogenized with 1.2 ml ice-cold extraction buffer (0.2 M
potassium phosphate buffer, pH 7.8, 0.1 mM EDTA). The homogenate was
centrifuged at 15,000 g for 20 min at 4°C. The supernatant was collected and stored in
2 ml eppendorf tubes on ice. The pellet was re-suspended in 0.8 ml ice-cold extraction
buffer (0.2 M potassium phosphate buffer, pH 7.8, 0.1 mM EDTA) and a second
supernatant was obtained after spinning the homogenate for 15 min at 15,000 g at 4°C.
The two supernatants were combined and stored on ice (Elavarthi and Martin, 2010).
The combined supernatants were used as crude extract for enzyme activity and lipid
peroxidation assays, which were assessed photometrically using an Ultrospec 2100

Pro UV/visible spectrophotometer (GE Healthcare UK Ltd, Little Chalfont, UK).

4.2.3.2 Superoxide dismutase (SOD) (EC 1.15.1.1) assay.

Total SOD activity was determined by measuring its ability to inhibit the
photochemical reduction of nitro blue tetrazolium chloride (NBT), as described by
Giannopolitis and Ries (1977). The method was based on the reduction of the yellow
dye NBT by O, to produce purple-coloured formazan. O, were generated with
illumination of riboflavin in the presence of the electron donor L-methionine and O..
SOD in the leaf extract competed with NBT for O™ and the inhibition of NBT
reduction was proportional to the amount of SOD in sample (Weydert and Cullen,
2010). Each 2 ml assay reaction mixture contained 100 pl leaf extract, 1.88 ml 50 mM
potassium phosphate buffer (pH 7.8, containing 2 mM EDTA, 9.9 mM L-methionine,

0.025% Triton-X100, 55 uM NBT), and 20 ul of 1 mM Riboflavin which was added
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last. The reactions were performed in glass vials with tightly closed rubber stopper
(ThermoFisher Scientific, Dublin, Ireland). The tubes were shaken and placed in a
polystyrene box lined with aluminium foil at room temperature. The reaction was
initiated by illuminating, using two fluorescent tubes, with 80 + 2 umol m2 s PPFD.
The reaction was allowed to proceed for 10 min after which the lights were switched
off and the box was covered with a polystyrene lid. Two identical tubes containing
100 pl of 50 mM potassium phosphate buffer (pH 7.8) were used either as control (10
min illuminated with samples) or blank (10 min kept in dark). The reduction of the
tetrazolium salts to purple coloured formazan was then determined by measuring
absorbance at 560 nm. The blank was used to zero the spectrophotometer at 560 nm.
One unit of SOD activity (U) was defined as the amount of enzyme required to cause
50% photoinhibition of the NBT photo reduction rate in comparison to the control.

Results were expressed as units of SOD activity per mg of total protein in the sample.

4.2.3.3 Catalase (CAT) (EC 1.11.1.6) assay.

Total CAT activity was determined according to Aebi and Lester (1984) by following
the consumption of H.O, as a decrease in absorbance at 240 nm for 3 min. The
method is based on the ability of catalase to scavenge H2O. by converting two
molecules of H>0O; to H>0 and O, (Ahmad, 2014). Each 3 ml assay mixture contained
10 pl leaf extract, 1.49 ml of 50 mM potassium phosphate buffer (pH 7) and 1.5 ml of
10 mM H20: in potassium phosphate buffer (pH 7). The extinction coefficient of H20-
(40 mM~* cm™ at 240 nm) was used to calculate CAT activity that was expressed in

terms of mmol of H2O> per minute per mg of total protein in the sample.
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4.2.3.4 Ascorbate Peroxidase (APX) (EC 1.11.1.11) assay.

Total APX activity was determined according to Nakano and Asada (1981) by
monitoring the rate of consumption of ascorbate (AsA) as a decrease in absorbance at
290 nm for 3 min. The method is based on the ability of ascorbate peroxidase to
utilize AsA as specific electron donor to catalyse the decomposition of H.O> into H.O
and O (Caverzan et al., 2012). Each 1 ml reaction mixture contained 100 pl leaf
extract, 600 pul 50 mM potassium phosphate buffer (pH 7.0), 100 pl of 5 mM
ascorbate, 100 pl of 1 mM EDTA, and 100 pl of 1 mM H2O». The reaction was
initiated by adding H.02. The extinction coefficient for reduced AsA (2.8 mM ™ cm™
at 290 nm) was used to calculate APX activity that was expressed in terms of mmol of

AsA per minute per mg of total protein in the sample.

4.2.3.5 Glutathione Reductase (GR) (EC 1.6.4.2) assay.

Total GR activity was determined according to Foyer and Halliwell (1976) by
monitoring the oxidation of NADPH to NADP™" as a decrease in absorbance at 340 nm
for 3 min. The method is based on the ability of GR to catalyse the NADPH-
dependent reduction of oxidized glutathione (GSSG) to reduced glutathione (GSH).
GR is present at rate-limiting concentrations therefore; the rate of NADPH oxidation
is directly proportional to the GR activity in the sample (Ahmad, 2014). Each 1 ml
reaction mixture contained 100 ul leaf extract, 700 ul 25 mM potassium phosphate
buffer (pH 7.8), 100 ul of 1.2 mM NADPH-Nas, and 100 pl of 5 mM GSSG. The
reaction was initiated by adding the leaf extract. The extinction coefficient for
NADPH (6.2 mM™* cm™ at 340 nm) was used to calculate GR activity that was

expressed in terms of mmol of NADPH per minute per mg of total protein in the
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sample.

4.2.3.6 Total protein quantification.

Total protein content of all leaf extracts was determined according to Bradford (1976)
using bovine serum albumin (BSA) as a standard. The method is based on the binding
of the dye Coomassie brilliant blue G250 to protein, which causes a shift in
absorbance from 465 nm to 595 nm (Kruger, 1994). BSA stock solution was prepared
daily by dissolving lyophilized BSA powder (Sigma-Aldrich, Dorset, UK) in milliQ
water. The quality of stock solution was assessed by measuring the absorbance of 1
mg ml BSA stock solution at 280 nm (Azso = 0.66). BSA standards were prepared in
duplicates using the same extraction buffer as the samples in the following
concentrations: 0 (Blank), 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 pl ml™. The blank
was used to zero the spectrophotometer at 595 nm. Each 1 ml reaction mixture
contained 10 pl leaf extract, 90 ul extraction buffer (0.2 M potassium phosphate
buffer, pH 7.8, 0.1 mM EDTA), and 900 ul of Bradford reagent (Sigma, Cat no.
B6916-500 ml). The reaction mixture was left at room temperature in the dark for 30

min and the absorbance was recorded at 595 nm.

4.2.4 Lipid peroxidation assay.

Lipid peroxidation is a free-radical-mediated chain of reactions which has been widely
used to indicate oxidative stress in cells and tissues (Mittler, 2002; Ayala et al., 2014).
A common method for measuring lipid peroxidation products, also known as
Malondialdehyde (MDA) equivalents, is the thiobarbituric acid reactive substances

(TBARS) assay (Hodges et al., 1999). MDA is a biomarker of general lipid
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peroxidation as it is a secondary end product of the oxidation of polyunsaturated fatty
acids (Mgller et al., 2007). MDA equivalents were determined according to the
corrected TBARS method (Hodges et al. 1999). This method improves the basic
protocol of Heath and Packer (1968) by correcting for compounds other than MDA
which absorb at 532 nm, by subtracting the absorbance at 532 nm of a solution
containing the plant extract incubated without thiobarbituric acid (TBA) from an
identical solution containing TBA (Hodges et al., 1999). The method is based on the
acid catalyzed nucleophilic addition reaction of MDA with two molecules of TBA
yielding a red chromagen, which peaks at 532 nm absorbance (Hodges et al, 1999).
Each 2 ml reaction mixture contained 500 pl leaf extract, 1 ml 20% Trichloroacetic
Acid (TCA) and 500 pl 0.65% TBA. Identical solutions were prepared containing 500
pl leaf extract and 1.5 ml 20% TCA without TBA, representing the zero control. To
initiate the reaction the tubes were heated for 30 min in a heating block at 95°C. After
30 min the tubes were placed on ice to stop the reaction. The samples were
centrifuged for 10 min at 15000 g and absorbance was read at 440 nm, 532 nm and
600 nm.

MDA equivalents were calculated according to Hodges et al. (1999):

1) A = [(Asz2+tBA— As00+TBA) — (As32-TBA — As00-TBA)]

2) B= [(As40+t8BA— As00+TBA) X 0.0571]

3) MDA equivalents (nmol ml) = ((A - B)/157000) x 10°

where 532 nm represents maximum absorbance of the TBA-MDA complex, 600 nm
the correction for nonspecific turbidity, 440 nm represents maximum sucrose
absorbance and 157000 m~* cm™ the molar extinction coefficient for MDA. 0.0571 is
the ratio of molar absorbance of sucrose at 532 nm and molar absorbance of sucrose at

440 nm.
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4.2.5 Determination of total Ca concentration in leaf samples.

Samples were lyophilized at -52°C and 0.05 mbar for 48 hours in an Alphal-2 LD
Plus freeze dryer (Martin Christ, Osterode, Germany) prior to analysis. The
lyophilized samples were weighed in glass conical flasks, then 10 ml of concentrated
trace metal grade HNO3z (Sigma-Aldrich, Dorset, UK) was added and the conical
flasks allowed to stand in a fume hood while the initial reaction subsided
(approximately 30 min). The conical flasks were then covered and heated on a hot
plate up to 100°C and then maintained at this temperature overnight. After cooling, the
conical flasks were opened and placed on a hot plate at 250°C and evaporated to
incipient dryness, but not baked. The residue was then dissolved by adding 10 ml of
5% HNO3z and 10 ml of milliQ water. To prepare samples for analysis, the acid
digestate was filtered through a 0.45 um syringe filter. Blank digests were carried out
in a similar manner. Ca concentration was determined using Inductively Coupled
Plasma - Optical Emission Spectrometry (ICP-OES; iCAP 6300, Thermo Scientific,
Massachusetts, USA). Samples were compared against standards of a known range of

concentrations and the results were expressed as mg g* dry weight (DW).

4.2.6 Statistical analysis.

One-way ANOVA, followed by Duncan's multiple range test, was used to analyze all
independent variables on a day-to-day basis for the two cultivars separately between
treatments, and across the duration of the experiment in Figures 4.3-4.8. Log
transformations were performed when the data violated ANOVA assumptions of
normality and homoscedasticity of variances, in Figures 4.3.A, 4.4.B and 4.7.A. Log

transformed means were not back transformed prior to display for consistency
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between figures. Further, three-way ANOVA was used to examine differences in the
independent variables (Ca concentration, MDA equivalents, and SOD, CAT, APX and
GR activities) for main effects (cultivar, treatment and time), three first-order
interactions (cultivar x time, treatment x time, cultivar x treatment) and one second-
order interaction (cultivar x treatment x time). Duncan's multiple range test was used
to highlight differences between the cultivar and treatment factors when main effects
were significant and when there were no interactions. The results of the three-way
ANOVA are presented in Table 4.1. Probability value less than 0.05 (p < 0.05) was
considered to indicate a statistically significant difference. All statistical tests were

performed on R version 3.1.2 software (R Development Core Team, 2014).

4.3 Results.

4.3.1 Visual symptoms of tipburn occurred on day 16.

The first visual symptoms of tipburn under stress (but not under the control treatment)
developed 16 days after treatments were applied (Figure 4.2). Both cultivars, ‘Frank’
and ‘Sunstar’, developed tipburn symptoms although damage was more severe in the
latter. (For a quantitative representation of tipburn affected area between cultivars, see

Figure 3.15).
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Figure 4.2. Development of visual tipburn symptoms in a lettuce plant (Lactuca
sativa cv. ‘Frank’) grown under the stress treatment. The first visual symptoms of
tipburn appeared 16 days after the stress treatment was applied, as small, circular,
necrotic spots (A). Panel (B) shows tipburn development on the same plant, 23 days
after the stress treatment was applied. Panel (C) shows expansion of tipburn region of
panel (A). White arrows indicate tipburn symptoms on plants in both panels. Scale bar

in3cmin (A) and (B), and 0.5 cm in (C).

4.3.2 There was no presymptomatic link between Ca and tipburn.

In cv. ‘Frank’, Ca concentration was maintained within similar levels in both
treatments throughout the experiment (Figure 4.3.A). Under control treatment, Ca
concentration on day 15 was significantly (p < 0.05) less than half of that on days 5
and 9, whilst in the stress treatment Ca concentration didn’t change significantly over

time (average Ca concentration was 8.2 + 0.6 mg g™ DW) (Figure 4.3.A).

In cv. ‘Sunstar’ however, Ca concentration decreased significantly (p < 0.05) by 1.5-

fold on day 1 in both treatments in comparison to day 0 and then fluctuated over the
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first 7 days of the experiment (Figure 4.3.B). In control plants, Ca concentration
subsequently dropped significantly (p < 0.05) from day 9 onwards. In contrast,
stressed plants showed a significant (p < 0.05), 1.5-fold increase in Ca concentration,
after the nutrient solution was changed on day 7 following which Ca concentration
also decreased significantly (p < 0.05) from day 9 to day 15 (Figure 4.3.B). Therefore,
there doesn’t appear to be a link between presymptomatic concentrations of Ca and

the development of tipburn symptoms in either cv. ‘Frank’ or cv. ‘Sunstar’.
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Figure 4.3. Time-course of changes in total Ca concentration of seedlings (days 0 — 5) and tips of developing leaves (days 7 — 15) of Lactuca
sativa cv. ‘Frank’ (A) and cv. ‘Sunstar’ (B) under stress (closed symbols, black letters) and control (open symbols, grey letters) treatments. One-
way ANOVA results for the cv. “Frank’ and cv. ‘Sunstar’ were F(17, 36) = 2.79, p < 0.001 and F(17, 36) = 2.5, p < 0.01, respectively. Values are
means £ SE (n=3). Means denoted by the same letter did not significantly differ at p < 0.05 according to Duncan'’s multiple range test. The dotted

line indicates the different sampling techniques (Days 0 to 5; whole seedlings, Days 7 to 15; two fully expanded leaves)
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4.3.3 Lipid peroxidation levels were higher under stress.

MDA levels were relatively stable in both the cv. ‘Frank’ and cv. ‘Sunstar’ (except for
a transient increase in cv. ‘Sunstar” on day 9) in control plants. However, stress
significantly (p < 0.001) increased MDA. Treatment duration did not affect these
responses, as indicated by the non-significant time x cultivar or time x treatment
interactions (Table 4.1). In cv. ‘Frank’, MDA levels increased significantly (p < 0.05),
by 2.5-fold on Day 1 and thereafter remained elevated throughout the rest of the
experiment. MDA concentration was significantly (p < 0.05) higher under stress on
days 1, 7, and 15 compared to the control in cv. ‘Frank’ (Figure 4.4.A). In cv.
‘Sunstar”, stress doubled MDA after 3 days and remained elevated throughout the
remainder of the experiment (Figure 4.4.B). These data indicate that increased lipid
peroxidation preceded the occurrence of tipburn (day 16) in both the cv. ‘Frank’ and

cV. ‘Sunstar’.
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Figure 4.4. Time-course of changes in MDA equivalents of seedlings (days 0 — 5) and tips of developing leaves (days 7 — 15) of Lactuca sativa
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means + SE (n=3). Means denoted by the same letter did not significantly differ at p <0.05 according to Duncan's multiple range test. The dotted

line indicates the different sampling techniques (Days 0 to 5; whole seedlings, Days 7 to 15; two fully expanded leaves)
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4.3.4 SOD activity transiently peaked under stress.

Differences in SOD activity between cultivars and between treatments were directly
related to treatment duration, as indicated by significant cultivar x time (p<0.05) and
treatment x time (p<0.01) interactions (Table 4.1). In cv. ‘Frank’, SOD activity
fluctuated in the control treatment throughout the experiment. Under stress, however,
SOD activity increased significantly (p < 0.05) on Days 1, 3 and 13 (Figure 4.5.A). In
contrast, in cv. ‘Sunstar’, SOD activity fluctuated in both treatments, with a 2.3-fold
increase observed in stressed plants on day 3 (Figure 4.5.B). This suggests a protective
response to oxidative stress in both cv. ‘Frank’ and ‘Sunstar’, which was more evident

at the beginning of the experiment.
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Figure 4.5. Time-course of changes in SOD activity of seedlings (days 0 — 5) and tips of developing leaves (days 7 — 15) of Lactuca sativa cv.
‘Frank’ (A) and cv. ‘Sunstar’ (B) under stress (closed symbols, black letters) and control (open symbols, grey letters) treatments. One-way
ANOVA results for the cv. ‘Frank’ and cv. ‘Sunstar’ were F(17, 36) = 15.45, p < 0.001 and F(17, 36) = 11.6, p < 0.001, respectively. Values are
means £ SE (n=3). Means denoted by the same letter did not significantly differ at p <0.05 according to Duncan's multiple range test. The dotted

line indicates the different sampling techniques (Days 0 to 5; whole seedlings, Days 7 to 15; two fully expanded leaves)
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4.3.5 CAT activity peaked in cv. ‘Sunstar’ but not in cv. ‘Frank’.

Treatment effects on CAT activity varied significantly over time as indicated by the
significant treatment x time (p<0.01) interaction (Table 4.1). In cv. ‘Frank’, with one
notable exception (a 2.5-fold drop in CAT activity on day 7), CAT activity in the
control treatment remained stable during the experiment (average CAT activity from
days 0 to 15, excluding day 7, was 0.093 + 0.004 mmol H,O2 mint mg? protein).
Under stress, CAT activity was similarly stable from day 5 onwards (average CAT
activity from days 5 to 15 was 0.12 + 0.004 mmol H2O, min mg? protein). Taken
together, these data provide little indication of a link between H>O»-induced oxidative
stress and tipburn of lettuce in the cv. ‘Frank’ (Fig. 4.6.A). In the cv. ‘Sunstar’, CAT
activity in control plants also remained fairly stable through the duration of the
experiment (average CAT activity from days 0 to 15 was 0.072 + 0.005 mmol H>O>
mint mg? protein). However, in stressed plants CAT activity levels were significantly
(p <0.05) enhanced on day 5 compared to previous days, as well as in comparison to
control on the same day, and remained elevated throughout the experiment being
significantly (p < 0.05) higher on days 9 and 11 compared to control plants. These
data are consistent with a protective response of CAT to H.O: overproduction due to

the stress treatment (Fig. 4.6.B).
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Figure 4.6. Time-course of changes in CAT activity of seedlings (days 0 — 5) and tips of developing leaves (days 7 — 15) of Lactuca sativa cv.
‘Frank’ (A) and cv. ‘Sunstar’ (B) under stress (closed symbols, black letters) and control (open symbols, grey letters) treatments. One-way
ANOVA results for cv. ‘Frank’ and cv. ‘Sunstar’ were F (17, 36) =3.17, p < 0.05 and F(17, 36) = 3.57, p < 0.001, respectively. Values are means
+ SE (n=3). Means denoted by the same letter did not significantly differ at p <0.05 according to Duncan's multiple range test. The dotted line

indicates the different sampling techniques (Days 0 to 5; whole seedlings, Days 7 to 15; two fully expanded leaves).
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4.3.6 APX activity fluctuated under stress.

There was no cultivar difference in response to the two treatments, as indicated by the
non-significant interactions between cultivar x treatment interaction (Table 4.1).
Nevertheless, there was a significant interaction between time and treatment (p < 0.05)
influencing APX activity, suggesting that the differences between treatments
increased with time (Table 4.1). In cv. ‘Frank’, stress significantly (p < 0.05)
decreased APX activity more than two-fold on day 1 in comparison to day O,
indicating an immediate plant response. After this initial decrease, APX activity
recovered gradually and was significantly (p < 0.05) higher on day 7 (1.6-fold) and
day 13 (1.7-fold) compared to control on the same day (Figure 4.7.A). In contrast, in
cv. “‘Sunstar’, APX activity remained fairly stable in both treatments from day 0 to 13,
only increasing on day 15. Although values were not significantly different between
the control and stressed plants, stress significantly increased APX activity by 1.9-fold
on day 15 compared to the average APX activity from day 0 to 13 (average APX

activity was 0.82 + 0.07mmol AsA min mg* protein) (Figure 4.7.B).
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Figure 4.7. Time-course of changes in APX activity of seedlings (days 0 — 5) and tips of developing leaves (days 7 — 15) of Lactuca sativa cv.
‘Frank’ (A) and cv. ‘Sunstar’ (B) under stress (closed symbols, black letters) and control (open symbols, grey letters) treatments. One-way
ANOVA results for the cv. ‘Frank’ and cv. *Sunstar’ were F(17, 36) = 6.88, p < 0.001 and F (17, 36) = 2.5, p < 0.01), respectively. Values are
means + SE (n=3). Means denoted by the same letter did not significantly differ at p <0.05 according to Duncan's multiple range test. The dotted

line indicates the different sampling techniques (Days 0 to 5; whole seedlings, Days 7 to 15; two fully expanded leaves).
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4.3.7 GR activity peaked towards the end the treatments.

Treatment duration significantly influenced GR activity, as indicated by significant
interactions between treatment and time (p <0.01) (Table 4.1). GR activity remained
stable with no significant differences in both cv. ‘Frank’ and cv. ‘Sunstar’, for up to
day 9 in both treatments. There was a 1.5-fold significant (p < 0.05) increase cv.
‘Frank’ under stress on day 11 compared to day O followed by an increase in GR
activity which peaked on day 13. In cv. ‘Sunstar’, GR activity also increased
significantly (p < 0.05) by 1.6-fold on day 13 (Fig. 4.8.B). However, increases in GR
activity were also observed in both cultivars under control suggesting a growth-related

increase in GR activity during the final days of the treatments (Fig. 4.8.A).
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Table 4.1. F and p values of three-way ANOVA examining the effects of the nine sampling periods (Time; T), the control and stress treatments

(Treatment; Tr), and the two lettuce cultivars Lactuca sativa cv. ‘Frank’ and cv. ‘Sunstar’ (Cultivar; C) on Calcium (Ca) concentration,

Malondialdehyde equivalents (MDA eq), superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase

(GR).
Effects
T C Tr CxT TrxT CxTr CxTrxT
Df 8 1 1 8 8 1 8
Variables
Ca 14.36 *** 28.24 *** 417 * 241* 3.46 ** 0.96 n.s. 1.8 ns.
MDA eq 3.96 *** 5.5%* 39.22 *** 1l.4ns. 1.52 n.s. 0.42n.s. 1.2ns.
SOD 33.16 *** 25.42 *** 30.05 *** 4.49 *** 3.74 ** 0.35ns. 1.5ns.



Effects

T C Tr CxT TrxT CxTr CXTrxT
Df 8 1 1 8 8 1 8
Variables
CAT 5.05 *** 1.51 n.s. 25.28 *** 1.08 n.s. 3.45 ** 3.63n.s. 1.19 n.s.
APX 10.27 *** 0.97 n.s. 3.78 n.s. 1.35n.s. 22%* 0.098 n.s. 1.09 n.s.
GR 10.68 *** 1.12 n.s. 3.3n.s. 1.1n.s. 2.8** 0.74 n.s. 0.41 n.s.

Df: degrees of freedom

Significance codes: *** p < 0.001, ** p <0.01, * p < 0.05, n.s. Non significant
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4.4 Discussion.

Several studies provided evidence that a localised Ca deficiency is the main cause of
tipburn. These include correlations of tissue Ca concentration with tipburn symptoms
(Misaghi and Grogan, 1978; Collier and Huntington, 1983; Barta and Tibbitts, 1991;
2000), amelioration of tipburn via Ca spraying (Thiobodeau and Minotti, 1969;
Corriveau et al., 2012) or meristem aeration to increase Ca delivery (Goto and
Takakura, 1992; Kossowski et al., 1994; Shibata et al., 1994; Both et al., 1994; Frantz
et al., 2004), and promotion of tipburn symptoms via artificial leaf enclosure (Barta
and Tibbitts, 1986) to reduce transpiration rates and thus Ca delivery (White and
Broadley, 2003; Gilliham et al., 2011). However, to date few alternative aetiologies for
the induction of the disorder have been proposed (Saure, 1998; Carassay et al., 2012).
The present study is the first to show that oxidative stress indicators, but not foliar Ca
concentrations, change prior to the appearance of visual tipburn symptoms in lettuce

plants grown under luxuriant growth conditions of high PPFD and temperature.

Foliar Ca concentration did not significantly differ between the stress and control
treatments in the cv. ‘Frank’ over time (Figure 4.3.A), suggesting that the observed
differences in tipburn severity and yield between the two treatments (see Chapter 3;
Figures 3.15 and 3.5) were independent of foliar Ca concentration. Similarly, there
were no significant differences in Ca concentration between the inner leaves of
butterhead lettuce (Lactuca sativa cv. ‘capitata L.”) grown under four continuous
PPFD treatments of 150, 200, 250, and 300 umol m 2 s* even though the number of
tipburned leaves, as well as vyield, increased with increasing PPFD (Sago, 2016).

Conversely, Ca concentration in the cv. ‘Sunstar’ significantly decreased on day 9
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under stress compared to the control. This drop initiated a non-significant difference in
Ca concentration between the two treatments, starting from day 11 up to day 15
(Figure 4.3.B). These data suggest that the cv. ‘Sunstar’ exhibited a presymptomatic
growth-related decrease in Ca concentration. Interestingly, foliar applications of CaCl>
enhanced the ability of several plant species such as Arabidopsis thaliana (10 mM
CaCly) (Larkindale and Knight, 2002) and Agrostis stolonifera (10 mM CacCly)
(Larkindale and Huang, 2004) to cope with heat-induced oxidative stress, as well as
post-drought recovery of Camellia sinensis (50 and 100 uM CaCl) (Upadhyaya et al.,
2011). Thus, decreased foliar Ca concentration was related to the greater sensitivity of
cv. ‘Sunstar’ to tipburn, compared to cv. ‘Frank’ (see also Section 3.3.1.6). However,
as this response was observed in both stress and control treatments, it does not provide
evidence of presymptomatic links between Ca and tipburn in cv. ‘Sunstar’. In contrast,
tipburn development was linked to decreased Ca concentrations of inner (enclosed
within the developing head) lettuce leaves over time (Barta and Tibbitts 2000). Since,
in the current study the lettuce heads did not develop enough to enclose the inner
leaves (Figure 4.2), Ca transport to these tissues may not have been inhibited (Chang
and Miller, 2004; Frantz et al., 2004; Gilliham et al., 2011) to a similar degree as in
the Barta and Tibbitts (2000) study. Therefore, future investigations should explore the
contribution of leaf enclosure to presymptomatic Ca depression in cv. ‘Sunstar’ by
using aluminized polyethylene sheaths to artificially enclose the inner lettuce leaves
(Barta and Tibbitts, 1986) or meristem aeration to increase Ca delivery to the enclosed

leaves (Frantz et al., 2004).

The level of lipid peroxidation, which was quantified via MDA concentration

measurements, is considered to indicate plant oxidative stress (Hodges et al., 1999;
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Gupta, 2010; Sharma et al., 2012). Stress increased MDA concentration (Table 4.1)
consistently, although not always significantly (Figures 4.4.A and 4.4.B), showing a
higher degree of lipid peroxidation compared to the control, and thus indirectly higher
ROS accumulation under stress (Havaux et al., 2005; Alboresi et al., 2009; Ahammed
et al., 2012). These results agree with reports of significantly higher MDA values in
lettuce plants grown under 700-900 umol m™? st compared to 200-350 pmol m? s*
PPFD at 27/20°C (air temperature; day/night) (Zhou et al., 2009), under 400 and 800
pumol m? st compared to 100, 200 and 400 umol m? s* PPFD at 20/16°C (air
temperature; day/night) (Fu et al., 2012), and under increasing daytime air temperature
treatments (starting from 25°C, 30°C, 38°C, up to 42°C; PPFD data not provided) (Han
et al., 2013). Importantly, one day prior to the appearance of visual tipburn symptoms
under stress, MDA concentrations of both cultivars significantly increased compared
to the control. This was not unexpected, since these plants were simultaneously
photoinhibited (Chapter 3; Tables 3.1. and 3.2), which has been related to increased
MDA concentration, mainly via ROS over-accumulation leading to photooxidative
damage (Cui et al., 2006; Zhou et al., 2009; Jbir-Koubaa et al., 2015). Crucially
however, these elevated MDA values preceded the appearance of visual tipburn
symptoms, thus highlighting that increased lipid peroxidation and the initiation of the

disorder are temporally linked.

In addition to the changes in lipid peroxidation levels, the treatments induced marked

variations in antioxidant enzyme responses (Figure 4.9).
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Figure 4.9. Schematic representation indicating which antioxidant enzyme pathways were enhanced (green arrows; pointing upwards) or depressed
(red arrows; pointing downwards) under stress through the experiment, overall for both cultivars. Numbers indicate days after the treatment was

applied.
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The first enzymatic line of defence against ROS is SOD, which dismutases the highly
reactive Oz to produce the more stable H.O> (Bowler et al., 1992). SOD activity
significantly increased under stress almost immediately (day 3) after treatment
(Figures 4.5.A and 4.5.B) in both cultivars, suggesting higher O™ generation under
oxidative stress which can increase SOD activity (Calatayud et al., 2002; Gill and
Tuteja, 2010). These transient peaks in SOD activity may enhance the ability of plants
to detoxify Oz but also may have increased H.O- levels, which if not effectively
quenched by the plant’s antioxidant machinery, can intensify lipid peroxidation
(Eraslan et al., 2007). H20- is reduced to H>O in the cytosol and chloroplasts through
the ascorbate-glutathione cycle by APX and GR, and in peroxisomes by CAT (Foyer
and Halliwell, 1976; Miller et al. 2010; Gill and Tuteja, 2010; Gupta 2010; Sharma et
al., 2012). In cv. ‘Sunstar’ under stress, the peak in SOD activity on day 3 coincided
with the onset of elevated MDA concentration and with the subsequent increase in
CAT activity two days later. Increased MDA and CAT activity persisted in stressed
plants throughout the remainder of the experiment, although they were not always

significantly different to the control (Figure 4.4.B).

Similar increases in lipid peroxidation coupled with enhanced SOD and CAT activities
occurred in lettuce under high PPFD stress (400 and 800 pmol m? s?) (Fu et al.,
2012), and in tomato plants under heat stress (40/30°C; day/night) (Ogweno et al.,
2008). In cv. ‘Frank’ under stress, the peak in SOD activity on day 3 succeeded a
significant drop in APX activity on day 1. This could be attributed to H2O2 over-
production, via spontaneous disproportion of O2™ (Ksas et al., 2015) and is consistent
with the MDA peak on day 1 depleting AsA pools and consequently inactivating APX

(Shikanai et al., 1998), as AsA is used as substrate by APX (Conklin and Barth, 2004).
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Alternatively, it could be due to the transfer of plants from low control temperature
(experienced during the seven day acclimation period) to the higher temperature of the
DFTS stress treatment. This is because high temperature can diminish AsA
regeneration and pool size by inhibiting the activities of the AsA/glutathione cycle
enzymes MDHAR, DHAR and GR (Massot et al., 2013). GR activity, which was
measured in this study, maintains the pool of GSH in the reduced state allowing its
consumption by DHAR to regenerate AsA (Noctor et al., 1998). Interestingly, GR
activity did not change significantly on day 1 (Figure 4.8.A) and thus was not causing
a putative reduction in AsA pool size. The gradual increase over time in GR activity
(Figures 4.8.A and 4.8.B), which was particularly evident during the later stages of the
experiment, coincided with APX peaks in both cultivars. This mutual relationship
consistently occurs in several species under different abiotic stresses (Anjum et al.,
2010), implying that GR contributed to antioxidant protection by regenerating the
GSH pool for AsA recycling (Noctor et al., 1998; Sharma et al., 2012). Therefore,
future studies should investigate AsA concentration and MDHAR and DHAR
activities on day 1 to elucidate the influence of the treatment on the AsA/glutathione

cycle.

Following the transient depression of APX under stress on day 1, there were no
significant differences in APX activity between treatments in cv. ‘Frank’, with the
exception of a noticeable significant peak on day 7. However, on day 13 APX activity
was 1.7-fold higher under stress than the control and there was no significant change
in SOD activity on the same day. This was possible because Oz is used in spontaneous
disproportion reactions, producing H20: with or without the aid of SOD in

chloroplasts (Thompson et al., 1987; Karuppanapandian et al., 2011; Ksas et al., 2015)
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stimulating APX activity (Noctor and Foyer, 1998). In fact, in cv. ‘Frank’ SOD
activity decreased from day 7 onwards, which coincided with a significant increase,
compared to day 0, in MDA concentration from day 7 onwards. It is possible that Oz
generation exceeded the scavenging ability of SOD in cv. ‘Frank’, and that over-
accumulation of O, and other ROS may have inactivated and degraded the SOD
protein (Casano et al., 1997; Panda and Khan, 2004; Ahammed et al., 2012).
Decreased SOD activity and increased MDA concentration occur in parallel during
senescence of tobacco leaves (Dhindsa et al., 1981), and in wheat plants under
combined UV-B and high temperature (40°C) stress (Dawar et al., 1998). CAT activity
in cv. ‘Frank’ was stable during the experiment, which explains why APX activity
peaked more often in cv. ’Frank’ compared to cv. ‘Sunstar’, as the latter enzyme
would scavenge peroxisomal H202 under conditions when CAT is unable to control

H>0, accumulation (Inze and Montagu, 2003).

Taken together, the stress treatment induced significant oxidative stress in both
cultivars before the visual appearance of tipburn. Stress markedly increased MDA
concentration throughout the experiment, and was more prominent one day prior to
visual tipburn symptoms. Plants responded to the treatments with marked changes in
the antioxidant enzyme machinery. Ca concentration did not appear to be related to
presymptomatic tipburn induction. The findings suggest links between the induction

of tipburn of lettuce and oxidative stress under luxuriant growth conditions.
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4.5 Conclusions

Saure (1998, 2005) argued that plant scientists’ fixation on Ca deficiency as the main
cause of tipburn of lettuce impeded a better understanding of the underlying
mechanisms of the disorder. The results described herein indicate that the induction of
tipburn on day 16 of the stress treatment was not related to presymptomatic changes in
Ca concentration, but instead provide evidence that enhanced oxidative stress
contributed to the induction of the disorder. This is the first study, to our knowledge,
to examine an alternative to the Ca hypothesis for the induction of lettuce tipburn in a
non-invasive manner, whist mimicking a “realistic” growing environment similar to
that present in commercial hydroponic production units. This study may contribute to
the inception of novel approaches in ameliorating the disorder via antioxidant
pathways. Furthermore, day 15 appeared to be a significant time point since plants
under stress exhibited photoinhibition (see Chapter 3) and increased lipid peroxidation
levels prior to the appearance of tipburn symptoms. To investigate the underlying
mechanisms of tipburn induction, Chapter 5 will elucidate the genetic basis of tipburn
of lettuce induction via transcriptomic RNA sequencing analysis of plants sampled on

day 15.
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5.1 Introduction.

Chapter 4 revealed that under luxuriant growth conditions of high PPFD and high
temperature, the induction of lettuce tipburn symptoms was associated with
presymptomatic oxidative stress. Therefore, to acquire a deeper mechanistic insight
into the events leading to the development of tipburn symptoms a whole transcriptome
sequencing study using RNA sequencing (RNAseq) was performed. RNAseq analysis
provides a snapshot of the transcriptome, which is the complete set of transcripts in a
cell and thus, a momentary reflection of cellular activity (Twine et al., 2011; Martin et
al., 2014). Furthermore, RNAseq allows gene expression profiling with high
sensitivity and low background noise (Wang et al., 2009) providing an unbiased

analysis of RNA transcripts (Arbona et al., 2013).

Lettuce is a diploid (2 n = 18) species with genome size of 2.5 Gb (Truco et al., 2013).
The lettuce genome was recently sequenced (Reyes-Chin-Wo et al., 2017) and utilised
as the reference sequence in this RNAseq investigation. RNAseq analyses have
previously explored circadian oscillations in the lettuce transcriptome under constant
light and light-dark conditions in a plant factory system (Higashi et al., 2016),
investigated gene clusters related to resistance to Bremia lactucae and the
hypersensitive response to Pseudomonas syringae (Christopoulou et al., 2015), and

elucidated the lettuce — Botrytis cinerea interaction (De Cremer et al., 2013).

The genetic basis of lettuce tipburn has been studied using recombinant inbred lines
(RILs), revealing three major clusters of quantitative trait loci (QTLs) showing tight

linkage between tipburn incidence and severity, and lettuce head morphology (Jenni et
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al. 2013). In the present study, RNAseq has been used to investigate the underlying
mechanisms leading to the induction of lettuce tipburn prior to the appearance of
visual symptoms. As far as the author is aware, this is the first RNAseq investigation
on presymptomatic to lettuce tipburn transcriptome changes under luxuriant growth
conditions of high PPFD and temperature. Plants were grown under luxuriant growth
conditions using the experimental system established in Chapter 3 providing
reproducible tipburn symptoms, thereby circumventing issues associated with the
unpredictability of the disorder (Olle and Bender, 2009). Whole genome comparative
gene expression analysis was performed to provide data on the differentially expressed
genes (DEGSs). Study of DEGs related to presymptomatic tipburn induction furthers
the understanding of the underlying mechanisms of the disorder and may contribute to

the investigation of novel approaches to mitigating the disorder.

5.2 Materials and methods.

5.2.1 Plant material and treatments.

A tipburn resistant (L. sativa cv. ‘Frank’) and a tipburn susceptible (L. sativa cv.
‘Sunstar’) butterhead lettuce cultivars were grown for 15 days under tipburn-inducing
(stress) and tipburn-free (control) treatments, within the DFTS and CE room

previously described in detail in Chapters 2 and 3.

5.2.2 Collection of plant material.

Leaf tissue samples were collected between 18:00 hrs and 19:00 hrs (12 hours after
the start of the photoperiod) on day 15 after the start of the treatments, prior to the

visual appearance of tipburn symptoms. The two youngest, fully expanded leaves
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were chosen for sampling since they were the first to show tipburn symptoms (see
Chapter 3) and for consistency with previous measurements of antioxidant enzyme
activity, Ca concentration and MDA equivalents (Chapter 4). Leaves were detached
from the plant and placed on a sterilized tile (90% EtOH for 2 min, followed by a
wash with distilled water) to be dissected using a single edge blade. Approximately 2
mm strips, weighing 0.1 g fresh weight, were cut from the edge of the leaf tissue
(Figure 4.1). Leaf samples were placed into different eppendorf tubes, then

immediately flash frozen into liquid nitrogen and stored at -80°C.

5.2.3 RNA extraction.

RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Manchester, UK),
following the Qiagen protocol; DNase treatment was applied to reduce DNA
contamination. The RNA concentration was measured by NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific, DE, USA) and the ratio between Azso
and Azgo was used to establish adequate RNA purity, in addition to monitoring for

RNA degradation and contamination on 1% agarose gels.

5.2.4 Library Preparation and Transcriptome Sequencing.

RNA samples were sent on dry ice to Beijing Novogene Bioinformatics Technology
Co., Ltd. (Beijing, China) for RNA sequencing analysis. Upon delivery, RNA integrity
was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system
(Agilent Technologies, CA, USA) and RNA purity was checked using the
NanoPhotometer spectrophotometer (IMPLEN, CA, USA). Sequencing libraries were

generated using NEBNext UltraTM RNA Library Prep Kit for Illumina (NEB, USA)
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following manufacturer’s recommendations and index codes were added to attribute
sequences to each sample. The clustering of the index-coded samples was performed
on a cBot Cluster Generation System using HiSeq PE Cluster Kit cBot-HS (Illumina)
according to the manufacturer’s instructions. After cluster generation, the library
preparations were sequenced on an Illumina Hiseq platform and 125 bp/150 bp paired-

end reads were generated.

Raw data (raw reads) of fastq format were processed through in-house perl scripts.
Clean reads were obtained by removing reads containing adapter, poly-N and low
quality reads from raw data. At the same time, Sequencing Quality Scores (Q) were

calculated based on the equation:
Q =-10log1o(e)

where e is the estimated probability of the base call being wrong (Ewing et al., 1998;
Richterich, 1998). Specifically, Q20 and Q30 were utilized as quality scores having an
incorrect base call probability of 1 in 100 times and 1 in 1000 times, respectively.
Guanine-cytosine (GC) content was calculated and was used for normalization of read
counts, as GC abundance is heterogeneous across the genome making it difficult to
separate the GC effect from true expression signal, and thus it may influence RNAseq
quantification (Pickrell et al., 2010; Risso et al., 2011; Benjamini and Speed, 2012).
All the downstream analyses were based on the clean reads which were determined by

their error rate, Q20, Q30, and GC contents.

5.2.5. Data analysis

Reference genome and gene model annotation files were downloaded from the
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Lettuce Genome Resource website (Igr.genomecenter.ucdavis.edu). Index of the
reference genome was built using Bowtie v2.2.3 (Broad Institute, Cambridge, MA,
USA) according to Langmead et al. (2009) and paired-end clean reads were aligned to
the reference genome using TopHat v2.0.12 (Broad Institute, Cambridge, MA, USA),
according to Trapnell et al. (2012). HTSeq v0.6.1 (California Institute of Technology,
Pasadena, CA, USA) was used to count the numbers of reads mapped to each gene
(Table 5.1). The expression metric: expected fragments per kilobase of transcript per
million fragments sequenced (FPKM) of each gene was calculated based on the length
of the gene and reads count mapped to this gene. FPKM was chosen because it is
currently the most commonly used method for estimating gene expression levels and
for evaluating the sequencing depth and gene length of the reads, and it is
conceptually analogous to the reads per kilobase per million reads sequenced (RPKM)

(Trapnell et al., 2010).

Differential expression analysis (DEA) to identify differentially expressed genes
(DEGS) for the two lettuce cultivars (cv. ‘Frank and cv. ‘Sunstar’) separately, and
across the two treatments (stress and control) was performed using the DESeq R
package (1.18.0) using a model based on the negative binomial distribution. Genes
with an adjusted p-value less than 0.05 (p < 0.05) found by DESeq were assigned as
differentially expressed. DEGs overlap between conditions was assessed using a Venn
diagram (Figure 5.1). Hierarchical cluster analysis based on logio(FPKM+1) values is
presented in Figure 5.2. The resulting p-values were adjusted using Benjamini and
Hochberg’s approach for controlling the false discovery rate and were presented as

volcano plots in Figure 5.3.

The GOseq R package was utilised to perform Gene Ontology (GO) enrichment
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analysis of DEGs, in which gene length bias was corrected. GO terms with corrected
p-value less than 0.05 were considered significantly enriched by DEGs (Figures 5.4.A
and B). Kyoto Encyclopedia of Genes and Genomes Pathway (KEGG;
www.genome.jp/kegg) annotations were assigned according to the KEGG database
using KOBAS software (Peking University, Beijing, China) to test the enrichment of
DEGs in particular KEGG pathways (Figures 5.5.A and B). Enrichment degree of
KEGG was measured via the rich factor, g-value and genes counts enriched to this
pathway. Rich factor is the ratio of DEGs in the related pathway divided by the
number of all the annotated genes in this pathway. The higher the rich factor is, the
greater the degree of enrichment. g-value is the adjusted p-value after multiple
hypothesis testing. The closer the g-value is to zero, the more significant the

enrichment.

5.3 Results.

5.1 RNA Sequencing data generation.

A total of ~ 500 million raw sequencing reads were generated and after processing the
raw reads (Section 5.2.4), approximately 400 million high-quality clean reads were
obtained. The average percentages of bases whose correct base recognition rates are
greater than 99% (Q20) and than 99.9% (Q30) in total bases were 97% and 92.5%,
respectively, and the average GC content was 45.4%. Approximately 77% of the clean
reads were mapped to the reference genome and ~ 3% of the clean reads were mapped

to multiple sites in the reference genome (Table 5.1).
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Table 5.1. Overview of Mapping Status. Clean reads were obtained by removing low quality reads from raw reads. Q20 and Q30 represent the
percentages of bases whose correct base recognition rates are greater than 99% and 99.9% in total bases, respectively. GC represents the
percentages of G and C in total bases. Total mapped represents total number of reads that was mapped to the reference genome. Multiple mapped
is the number of reads that was mapped to multiple sites in the reference genome and uniquely mapped is number of reads that was uniquely

mapped to the reference genome.

cv ‘Frank’ Raw reads Cleanreads Q20(%) Q30 (%) GC (%) Total mapped Multiple mapped  Uniquely mapped
stressrepl 40158976 38075672 97.03 92.55 4492 31459795 (82.62%) 1142948 (3%) 30316847 (79.62%)
stressrep2 45457948 42400710 97.02 92.53 45.73 33946307 (80.06%) 1347701 (3.18%) 32598606 (76.88%)
stress rep 3 39996088 37405106 96.92 92.35 45.11 30205865 (80.75%) 1109722 (2.97%) 29096143 (77.79%)
control rep1 40716150 38595760 96.95 92.38 4548 31912548 (82.68%) 1153722 (2.99%) 30758826 (79.69%)
control rep2 45485434 42606968 97 92.49 45.63 34661492 (81.35%) 1330184 (3.12%) 33331308 (78.23%)
control rep 3 44832574 41769824 96.79 92.03 45.68 33843307 (81.02%) 1221278 (2.92%) 32622029 (78.1%)
cv ‘Sunstar’ Raw reads Clean reads Q20 (%) Q30 (%) GC (%) Total mapped Multiple mapped  Uniquely mapped

stressrep 1 44819388 42427422  96.86 9221 4543 34363730 (80.99%) 1416523 (3.34%) 32947207 (77.66%)
stressrep 2 38388328 35649604  96.95 9241 4569 28445740 (79.79%) 1367170 (3.84%) 27078570 (75.96%)
stressrep3 41273360 38298600  97.14 92.83 4574 30726008 (80.23%) 1303611 (3.4%) 29422397 (76.82%)
control rep 1 45721084 43181274  97.08 92.66 4531 36120467 (83.65%) 1288929 (2.98%) 34831538 (80.66%)
control rep 2 50273830 46532940  97.1 92.8 4529 38219217 (82.13%) 1596847 (3.43%) 36622370 (78.7%)

control rep 3 45599408 41140808  96.92 9234 4505 32681043 (79.44%) 1170026 (2.84%) 31511017 (76.59%)
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5.2. 30% of total DEGs were commonly expressed in both cultivars.

To elucidate the underlying molecular mechanisms leading to the induction of lettuce
tipburn, the gene expression profiles of two lettuce cultivars (cv. ‘Frank’ and cv.
‘Sunstar’) under tipburn inducing (stress) and tipburn free (control) conditions were
compared, and the significant DEGs identified. A total of 2694 DEGs were identified
between the two cultivars and treatments, with 806 genes (29.9% of the total DEGS)
commonly expressed in both conditions (Figure 5.1). In cv. ‘Frank’ and in cv.
‘Sunstar’, 340 DEGs (12.6% of the total DEGs) and 742 DEGs (27.5% of the total

DEGSs) were uniquely expressed, respectively (Figure 5.1).

cv. 'Sunstar’ cv. 'Frank'
stress vs control stress vs control
742 806 340

Figure 5.1. Venn diagram shows the number of DEGs that were uniquely expressed
in cv. ‘Sunstar’ and cv. ‘Frank’ within the yellow (left) and blue (right) circles,
respectively. FPKM and DESeq estimated the level of gene expression and the
number of DEGs, respectively. The overlapping region (green) shows the number of

genes that were expressed in both groups.
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5.3 Hierarchical clustering of DEGs revealed marked differences across treatments.

To assess the effects of the two treatments separately on gene expression in each
lettuce cultivar, all DEGs from each treatment were arranged using hierarchical
clustering of expression patterns based on the logio(FPKM+1) (Figure 5.2). Visual
inspection of the value heat map showed marked differences in expression levels
between treatments within the same cultivar. In contrast, differences in expression
levels between different cultivars when grown under the same treatment were far less
pronounced. When comparing control and stress treatments, relatively distinct gene
clusters and expression patterns were observed in both cultivars. Specifically, in
cluster 1, the DEGs in both control treatments showed logio(FPKM+1) values > 0 (red
coloured), indicating that DEGs had high expression level within this cluster, whereas
DEGs in the stress treatments had lower expression values (blue coloured). In
contrast, in clusters 2 and 3, DEGs in both control treatments showed low expression
levels whereas the inverse relationship tended to be observed in stress treatments
(Figure 5.2). Therefore, a differential expression analysis was performed separately

for each cultivar between the stress and control treatments (Section 5.4).
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Figure 5.2. Heat map showing the overall results of FPKM cluster analysis, clustered
using the logio(FPKM+1) value. Three main groups were identified which are
represented by the three high-level numbered clusters in the dendrogram. The
intensity of the colour represents expression levels of DEGs. Red denotes genes with
high expression levels, and blue denotes genes with low expression levels. Scale bar

represents the logio(FPKM+1) value from large to small.
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5.3 More DEGSs were observed in cv. ‘Sunstar’.

Comparing stress and control for cv. ‘Frank’, 1146 DEGs were observed, of which
512 (44.7%) were up-regulated genes and 634 (55.3%) were down-regulated genes
(Figure 5.3.A). In contrast, a similar comparison between stress and control in the cv.
‘Sunstar’ revealed a higher number of DEGs (1548 genes) than in cv. ‘Frank’, of
which 930 (60.1%) were up-regulated genes and 618 (39.9%) were down-regulated

genes (Figure 5.3.B).

cv. 'Frank' cv. 'Sunstar!
A stress vs control B stress vs control
66 381
o T
[4+] o .
o - (o -
= .3 = -
o . )] T, it
Re) L =] . 2
I 334 I 19 4 ok
T T T T T T T T T
5 0 5 10 10 5 0 5 10
log:(fold change) log:(fold change)
Differential Expressed Genes ( 1146 ) Differential Expressed Genes ( 1548 )
* up regulated: 512 * up regulated: 930
- down regulated: 634 - down regulated: 618

Figure 5.3. Volcano plots obtained by pairwise comparison of cv. ‘Frank’ (A) and cv.
‘Sunstar’ (B) between treatments (stress and control). The x-axis shows the fold-
change in gene expression between different samples, and the y-axis shows the
statistical significance of the differences. Significantly up and down-regulated genes
are highlighted in red and green, respectively. No significant difference in gene

expression is shown in blue.
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5.4 GO enrichment of DEGs

Gene ontology (GO) analysis was used to obtain functional information for the DEGs
identified in Section 5.3, to assist in understanding the distribution of gene functions
at a macro level. In tipburn-susceptible cv. ‘Sunstar’ 22 significant GO terms were
detected whereas, there were no-significant GO terms in tipburn-resistant cv. ‘Frank”.
A large proportion of the enriched lettuce DEGs in cv. ‘Sunstar’ fell into the
categories of “oxidation—reduction process” (GO:0055114), *“photosynthesis”
(GO:0015979), “biological process” (GO:0008150), “metabolic  process”
(GO:0008152), and “single-organism metabolic process” (G0:0044710). In the
cellular components category, “photosynthetic membrane” (G0:0034357),
“photosystem”  (G0:0009521), “thylakoid” (GO:0009579), *“thylakoid part”
(GO:0044436), “thylakoid membrane” (G0O:0042651), “photosystem |I”
(GO:0009522), “photosystem | reaction center” (GO:0009538), “photosystem Il
oxygen evolving complex” (GO:0009654), were the most enriched terms. In the
molecular ~ function  category, “oxidoreductase  activity” (G0:0016616),
“oxidoreductase activity, acting on paired donors, with incorporation or reduction of
molecular oxygen” (GO:0016705), “oxidoreductase activity, acting on paired donors,
with incorporation or reduction of molecular oxygen, NAD(P)H as one donor, and
incorporation of one atom of oxygen” (G0O:0016709), “oxidoreductase activity, acting
on CH-OH group of donors” (GO:0016616), “iron ion binding” (GO:0005506), “heme
binding” (G0:0020037), “cofactor binding” (G0O:0048037) and “coenzyme binding”
(GO:0050662) and “tetrapyrrole binding” (GO:0046906) showed significant

proportions.
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Figure 5.4. Gene ontology (GO) classifications of DEGs in cv. ‘Frank’ (A) and cv.
‘Sunstar’ (B). The x-axis shows the enriched GO terms and the y-axis is the number of
DEGs. Different colours are used to distinct biological process (green), cellular
component (orange) and molecular function (blue). Asterisk (*) indicates significantly

enriched GO terms according to corrected p-value < 0.05.
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5.5 KEGG Pathway Enrichment Analysis of DEGs.

KEGG enrichment pathway analysis, providing classifications for studying the
complex biological functions of genes, showed that DEGs in the “flavonoids
biosynthesis” (ath00941) pathway were down regulated in both cv. ‘Frank’ and cv.
‘Sunstar’. The following KEGG pathways were significantly enriched only in cv.
‘Sunstar’:  “photosynthesis-antenna  proteins”  (ath00196), “photosynthesis”
(ath00195), “glyoxylate and dicarboxylate metabolism” (ath00630), “carbon
metabolism” (ath01200), “carbon fixation in photosynthetic organisms” (ath00710)

and “brassinosteroids biosynthesis” (ath00905) (Figure 5.5).
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5.4 Discussion.

Analysis of transcriptional changes which occur prior to the appearance of visible
tipburn symptoms may contribute to understanding the underlying mechanisms of the
disorder. This chapter has analysed changes in the lettuce transcriptome in response to
tipburn-inducing conditions of high PPFD and temperature (Chapter 3). In total, 77%
of the clean reads could be assigned to lettuce genes and were used for gene
expression profiling (Table 5.1), indicating that the sequencing quality and depth was
sufficient for transcriptome coverage (Zhang et al., 2016). A total of 2694 DEGs were
identified in cv. ‘Frank’ and cv. *Sunstar’ of which 12.6% and 27.5% were uniquely
expressed in each cultivar, respectively (Figure 5.1). Interestingly, RNAseq analysis of
Brassica oleracea lines derived from tipburn susceptible and tipburn resistant
cabbages (B. oleracea cv. capitata), as well as kale (B. oleracea cv. acephala)
identified 1844 DEGs as tipburn-related phenotype-specific genes. GO annotation
revealed these DEGs were involved in regulatory metabolic processes or stress
responses and were differentially expressed in response to increasing intracellular
Ca?" and K* concentrations (Lee et al., 2016). This raised the intriguing possibility
that the approximately 2-fold higher uniquely DEGs in cv. ‘Sunstar’ compared to cv.
‘Frank’ (Fig 5.1) may have contributed to the significantly higher sensitivity to

tipburn of the former cultivar compared to the latter (Section 3.3.1.6).

The DEGs detected in this chapter were enriched into GO terms to identify putative
underlying mechanisms and pathways leading to the induction of lettuce tipburn under
the luxuriant growth conditions experienced. Unexpectedly, there were no significant
GO enrichment terms for cv. ‘Frank’ (Figure 5.4), possibly since there were fewer

DEGs in cv. ‘Frank’ than cv. ‘Sunstar’ (Figures 5.1, 5.2 and 5.3). In addition, this
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might also be attributed to limitations of the specific GO enrichment tool (GOseq)
utilised in the investigation, as different implementations and algorithms between GO
platforms may yield different results (Blake, 2013). GO annotations can help explain
the physiological meaning of different experimental conditions, based on the over-
representation of DEGs which are part of specific molecular or biological pathways
(Conesa et al., 2005). However, conclusions drawn from GO enrichment become less
useful as the investigations diverge from well-annotated model systems (Clark and
Greenwood, 2016) as in novel sequenced species (Kumar et al., 2013) such as lettuce.
Whilst web-based GO analysis toolkits focused on agricultural species exist, such as
AgriGO (Du et al., 2010), that may facilitate further GO investigations in the current
study, at the time of writing (April 2017) no methods are available to convert the
obtained data into a suitable format for further analysis via AgriGO. However,
following the recent publication of the lettuce genome (Reyes-Chin-Wo et al., 2017)
an additional round of functional annotations will be widely available to the scientific
community (Sebastian Reyes-Chin-Wo, personal communication). Furthermore, GO
annotations reflect the current state of knowledge and changes to improve their
accuracy are frequent (Gaudet and Dessimoz, 2017), although this does not imply that
previous annotations are incorrect (Huntley et al., 2014). Thus, future investigations
should explore ways to utilise the capabilities of agriGO, in addition to making use of

novel GO annotations.

In contrast to the GO results of cv. ‘Frank’, in cv. ‘Sunstar’ a large number of DEGs
were significantly enriched into different GO terms. The majority of GO terms that

were enriched were related to various aspects of photosynthesis, such as “oxidation-

L IN11

reduction process”, “photosynthesis
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photosynthetic membrane”, “photosystem” and
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“photosystem reaction center”. These findings were consistent with the higher
photosynthetic rates of cv. ‘Sunstar’ under stress compared to the control (Figure 3.12
and Table 3.1). Photosynthesis is a source of ROS in leaves (Foyer and Shigeoka,
2011) thus increased photosynthetic rates may also lead to higher oxidative stress
(Pieterse et al., 2014) and lipid peroxidation (Sharma et al., 2012), which agree with

the observed higher MDA levels in cv. ‘Sunstar’ under stress (Figure 4.4.B).

A commonly shared GO term in the molecular function categories was
“oxidoreductase activity” (Figure 5.4.B). Oxidoreductase proteins have been widely
reported to hold a crucial role in plant responses to oxidative stress (Jacquot, 2009).
Oxidoreductases catalyze reactions which can scavenge ROS, as in the case of CAT,
APX, POD, and SOD (Sharma et al., 2012) but may also generate ROS in cells. For
example, NADPH oxidase catalyses the transfer of electrons from cytoplasmic
NADPH to reduce molecular Oz to form O, (Gestelen et al., 1997). However, whilst
ROS over accumulation can cause oxidative damage to cells, they may also act as
signalling molecules, since cells can regulate rapid changes in ROS levels under
normal conditions (Mittler et al., 2011). In this context, the NADPH oxidase RbohD
had a central role in cell-to-cell communication and stress signalling in A. thaliana
plants, which were exposed to different abiotic stresses (high light, heat, wounding,
salt and cold stress) (Miller et al., 2009; Sewelam et al., 2016). Similarly, studies of
high light stress in A. thaliana demonstrated that RbohD was required for ROS signal
amplification which regulated expression of the cytosolic ascorbate peroxidase
(APX1) gene (Mullineaux et al., 2006). Thus, in cv. ‘Sunstar’ under stress, NADPH
oxidase activation may have enhanced ROS over accumulation and increased

presymptomatic levels of MDA (Figure 4.4.B). However, this may have also triggered
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a signalling cascade that enhanced APX activity under stress (Figure 4.7.B).
Interestingly, Carrassay et al. (2012) reported that foliar application of
diphenyleneiodonium chloride (DPI), which is a suicide inhibitor of the NADPH
oxidase and other apoplastic peroxidises, mitigated tipburn symptoms in salt-stressed
lettuce plants in comparison to untreated plants, suggesting that NADPH oxidase-
derived ROS contributes to lettuce tipburn induction. Thus, further research is
required to investigate the contributions of NADPH oxidase to lettuce tipburn
induction under luxuriant growth conditions, and to assess whether manipulating
NADPH oxidase activity, via DPI applications, could potentially ameliorate tipburn

symptoms.

Additional GO terms that were significantly enriched in the molecular function
categories in cv. ‘Sunstar’ were “tetrapyrrole binding”, “heme binding”, and the term
“iron ion binding” as well as other binding-related terms (*“cofactor binding” and
“coenzyme binding”). “Tetrapyrrole binding” and “iron ion binding”, as well as
“oxidoreductase activity”, have previously been reported to be significantly enriched
in A. thaliana under nine abiotic stress conditions (cold, osmotic stress, salt, drought,
genotoxic stress, ultraviolet light, oxidative stress, wounding, and high temperature)
(Swindell, 2006). This further indicates a general plant stress response to luxuriant
growth conditions which occurs prior to the induction of first visual tipburn

symptoms.

Following the GO investigation, KEGG enrichment analysis identified pathways that
play important roles to presymptomatic tipburn induction. Similarly to GO

annotations, there were more pathways enriched in cv. ‘Sunstar’ compared to cv.’
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Frank’. In cv. ‘Sunstar’ the “Photosynthesis—antenna proteins” pathway was
significantly enriched by upregulated DEGs indicating that stress induced protective
mechanisms against the effects of high PPFD via non photochemical quenching (Han
et al., 2016). Furthermore, upregulated DEGs were involved in metabolic pathways
related to carbon metabolism, such as “carbon metabolism”, “carbon fixation in
photosynthetic organisms”, and “glyoxylate and dicarboxylate metabolism”. The latter
refers to the glyoxylate or dicarboxylates involving reactions which function in the
biosynthesis of carbohydrates from lipids (Li et al., 2013). Interestingly, “glyoxylate
and dicarboxylate metabolism” was the most frequently detected KEGG pathway to
be enriched under drought stress in Paulownia australis (Dong et al., 2014), and in
Zea mays plants under heat stress (Shi et al., 2017). Taken together, this suggests
enhanced basic metabolic activity under stress (Li et al., 2016) possibly in response to
low carbohydrate and low energy situations, which have been linked to increased

oxidative stress (Serra et al., 2015).

“Brassinosteroids biosynthesis” represents the final pathway enriched in upregulated
DEGs in cv. ‘Sunstar’. Brassinosteroids are plant hormones that influence plant
growth and development (Arteca, 2013), but may also enhance plant tolerance to
abiotic stress (Bajguz and Hayat, 2009). Interestingly, foliar application of
brassinosteroids (0.2 uM and 0.1 uM of 24-epibrassinolide (24-EpiBL )) induced
transient increases in the transcript abundance of Respiratory burst oxidase homolog 1
(RbohD1), and thus in NADPH oxidase activity, leading to increased apoplastic H20-
accumulation (Xia et al., 2013, 2009). This was accompanied by the upregulation of
cytosolic ascorbate peroxidise (CAPX) and MDAR transcripts and increases in their

corresponding enzyme activity in Cucumis sativus (Xia et al., 2009). Furthermore,
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virus-induced gene silencing of the RbohD1 gene in tomato inhibited apoplastic H.O>
accumulation and reduced oxidative and heat stress tolerance (Nie et al., 2013). Thus,
the enrichment of the “brassinosteroids biosynthesis” KEGG pathway seemed linked
to the GO term “oxidoreductase activity” via a putative role of NADPH oxidase in
stress signalling in lettuce. These findings add further credence to the hypothesis of a

role of NADPH oxidase in plant stress responses occurring prior to tipburn apperance.

Arguably, the most striking finding in the KEGG pathway analysis was that
downregulated DEGs were enriched in the “flavonoids biosynthesis” pathway in both
cultivars. This was an unexpected finding as increasing light intensity enhances
flavonoid biosynthesis and concentration in several species (Agati et al., 2011; Zhang
et al., 2017). Conversely, shading of Vitis vinifera L. berries during berry development
reduced flavonoid content, and inhibited the transcription of flavonoid pathway genes
(Cortell and Kennedy, 2006; Fujita et al., 2006). Thus, plants under stress that
received higher PPFD than the control (Figure 3.7) would have been expected to have
exhibited upregulated transcriptomic responses in regards to “flavonoids
biosynthesis”. Flavonoids can inhibit the generation of ROS and reduce their levels
via direct scavenging (Chen Yuting et al., 1990; Pietta, 2000; Treml and Smejkal,
2016). Thus, to prevent light-induced oxidative damage they are localized close to
sites of ROS production, and can be found in vacuoles and cell walls of epidermal
cells, in the vacuoles of mesophyll cells, and in chloroplasts (Smirnoff, 2008; Agati
and Tattini, 2010). It is well documented that high temperatures inhibit flavonoids
biosynthesis and induce their degradation (Boo et al., 2006; Jaakola and Hohtola,
2010). In particular, they decrease anthocyanin concentrations by suppressing the

expression of the anthocyanin biosynthetic genes, and enhance anthocyanin
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degradation (Mori et al., 2007; Lin-Wang et al., 2011; Feng et al., 2013). In contrast,
growing lettuce under low ambient temperature (12/7°C (day/night) compared to
20/15°C (day/night)) significantly increased flavonoid content (Becker et al., 2014).
This indicates that the luxuriant growth conditions of the DFTS (Figure 3.9) may not
favour flavonoid accumulation, which can partly explain the downregulated DEGs
enriching the “flavonoid biosynthesis” pathway. Interestingly, red lettuce varieties
contain significantly higher content of phenolic compounds, anthocyanins (Llorach et
al., 2008) and flavonoids (Zivcak et al., 2017) compared to green lettuce within the
same growing conditions, and generally exhibit less tipburn symptoms than green

varieties (Carassay et al. 2012).

5.5 Conclusions

This RNAseq profiling produced a novel data set exploring transcriptomic changes in
lettuce plants grown under luxuriant growth conditions prior to the appearance of
visible tipburn symptoms. Hundreds of DEGs were identified, including some known
to be involved in plant stress responses such as upregulated brassinosteroid
biosynthesis (Bajguz and Hayat, 2009), enhanced carbon metabolism (Serra et al.,
2015) and photosynthetic activity (Pieterse et al., 2014). These findings are in good
agreement with observations of plants exhibiting photoinhibition (Chapter 3) and
oxidative stress (Chapter 4) presymptomatically to lettuce tipburn. DEGs involved in
flavonoid biosynthesis were downregulated, suggesting a putative link between
decreased flavonoid content and increased lipid peroxidation prior to the appearance
of visual tipburn symptoms. However, real-time quantitative polymerase chain

reaction (RT-gPCR) studies of expression profiles of DEGs related to flavonoid
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biosynthesis in lettuce and presymptomatic (to tipburn) biochemical analyses of

flavonoid concentration in the same tissues are required to test this hypothesis.
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6.1 Overview of thesis.

Vertical farming (VF) aims to increase productivity per unit area by extending crop
production into the vertical dimension (Utami and Jayadi, 2011; Sanyé-Mengual et al.,
2013; Despommier, 2013; Bergstrand and Hultin, 2013; Eigenbrod and Gruda, 2014;
Banerjee and Adenaeuer, 2014; Thomaier et al., 2015). To realise this potential, VF
must produce crops of high quality, and consequently of high marketability (Sago,
2016). This thesis investigated the crop productivity and quality of a prototype VFS

and the challenges and opportunities for exploiting this technology.

To date, conclusive evidence that extending plant cultivation into the vertical
dimension using VFS can actually increase yield per unit area has remained elusive.
Chapter 2 demonstrates unequivocally that column-type VFS can produce more crop
per unit area compared to horizontal hydroponic growing approaches (Table 2.1;
Touliatos et al., 2016). These VFS comprise an upright cylindrical column, and have
been widely utilized in research (Liu et al., 2004; Linsley-Noakes et al., 2006;
Ramirez-Gomez et al., 2012; Rius-Ruiz et al., 2014; Lee et al., 2015) and commercial
applications (www.towergarden.com; www.brightagrotech.com; www.vertigro.com).
Yield decreased from top to base within the VFS (Figures 2.9, 2.13 and 2.21) whilst
yield was consistent through the HHS (Figure 2.9). Vertical gradients in yield within
column-type VFS (Liu et al., 2004; Ramirez-Gomez et al., 2012) are likely due to
basipetal gradients of PPFD (Figures 2.10, 2.15 and 2.22), which were not ameliorated
by natural illumination within glasshouses (Figures 2.16). Interestingly, plants grown
within the top layers of the VFS were exposed to high PPFD and high temperature and

consistently exhibited tipburn symptoms (Figures 2.27 and 2.28). This is an
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irreversible physiological disorder (Frantz et al., 2004; Gilliham et al.,, 2011)
commonly observed in VFS-grown lettuce (Koyama et al., 2012; Zhang et al., 2015;
Sago, 2016). However, tipburn symptoms on lettuce heads can result in up to a 50%
reduction in marketable crop yields (De Swaef et al., 2015) raising important
questions about the potential impact of this disorder on the economic profitability of

VFS.

The underlying mechanisms of tipburn are not fully understood (Saure, 1998; Kerton
et al., 2009). However, localised Ca deficiencies have been implicated in causing the
disorder (Collier and Tibbitts, 1982, 1984; Barta and Tibbits, 2000; Frantz et al., 2004;
Gilliham et al., 2011). Chapter 3 employed a simplified, model growth system
mimicking the environmental conditions within the top and bottom layers of the VFS,
to elucidate further the underlying mechanisms. Using this system, tipburn symptoms
were consistently observed 16 days after plants were exposed to high PPFD and
temperature (Figures 3.13 and 3.14). These findings agree with other studies that show
enhanced tipburn symptoms with increasing PPFD (Gaudreau et al., 1994; Frantz et
al., 2004; Sago, 2016) and temperature (Yanagi et al., 1983; Jenni, 2005; Cancellier et
al.,, 2010; Lee et al., 2013). In addition, independent manipulation of PPFD and
temperature (Figures 3.16 and 3.17) revealed that simultaneously applying both
conditions is imperative to reproduce tipburn symptoms (Figure 3.20). Plants under
these conditions exhibited photoinhibition, determined from photosynthetic light
response curves, 15 days after the plants were exposed to high PPFD and temperature
(Figures 3.12 and 3.19, Tables 3.1 and 3.2). Since photoinhibition has been related to
ROS over-accumulation leading to oxidative stress (Nooden, 2003; Takahashi and

Murata, 2005; Triantaphylidés and Havaux, 2009), this suggests a role for enhanced
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oxidative stress in inducing lettuce tipburn symptoms.

The hypothesis that tipburn symptoms in lettuce are due, at least in part, to the
accumulation of ROS was investigated in Chapter 4 by examining presymptomatic
changes in lipid peroxidation, and in the activities of major ROS-scavenging enzymes
(SOD, CAT, APX and GR). These studies revealed that plants grown under high PPFD
and high temperature, which ultimately resulted in tipburn (Figure 4.1), exhibited
oxidative stress and activation of antioxidant machinery prior to the appearance of
visual symptoms (Figures 4.2 — 4.8 and Table 4.1). Foliar Ca concentration did not
significantly differ between the stress and control treatments (Figures 4.2.A and B)
suggesting, in contrast to the vast majority of studies (Collier and Tibbitts, 1982, 1984;
Barta and Tibbits, 2000; Frantz et al., 2004), that there were no presymptomatic links
between Ca concentration and tipburn symptoms. Only one previous study examined
the link between tipburn and oxidative stress in lettuce, showing that increasing ROS
and MDA concentrations significantly enhanced tipburn symptoms, whilst foliar
applications of ROS scavengers significantly ameliorated the symptoms (Carassay et
al., 2012). However, this study induced tipburn using salinity stress and
pharmacological approaches, whereas the results reported in this thesis provide the
first in-depth examination of an alternative to the Ca hypothesis, using a non-invasive

approach and within a (commercially) realistic growing environment.

To assess the wider significance of changes in the presymptomatic markers of
oxidative stress in the development of tipburn, Chapter 5 utilised RNA sequencing
analysis to investigate changes in the lettuce transcriptome prior to the onset of

tipburn symptoms. Samples were collected one day prior to the appearance of the first
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visual symptoms (Chapter 3), when significant stress-related events of lipid
peroxidation (Chapter 4) and photoinhibition (Chapter 3) coincided. The RNAseq
analysis confirmed the above mentioned stress-related events via the functional
enrichment of stress-related pathways (Figures 5.4 and 5.5), such as brassinosteroid
biosynthesis (Bajguz and Hayat, 2009), enhanced carbon metabolism (Serra et al.,
2015) and photosynthetic activity (Pieterse et al., 2014) further supporting the
hypothesis that presymptomatic oxidative stress induce tipburn in lettuce. Importantly,
the findings suggested that flavonoid biosynthesis was downregulated in both cultivars
under stress compared to the control, suggesting a putative presymptomatic to lettuce

tipburn link between decreased flavonoid content and increased lipid peroxidation.

6.2. Ameliorating tipburn by reducing oxidative stress.

While VFES can produce more crop per unit area compared to conventional horizontal
lettuce production, this achievement was significantly limited by the appearance of
tipburn symptoms affecting plants grown within the VFS. Since lettuce tipburn
appeared to be prompted by membrane lipid peroxidation rather than Ca deficiency,
further research is required in order to establish a causal relationship between ROS
and the appearance of tipburn symptoms. This raises the intriguing possibility that
reducing oxidative stress could ameliorate symptoms of tipburn in lettuce. There are
several potential options for the amelioration of lettuce tipburn via interventions in
plant antioxidant defences, including foliar applications of brassinosteroids (BRS)
(Arteca, 2013; Ramakrishna and Rao, 2014) and L-ascorbic acid (AsA) (Smirnoff and
Wheeler, 2000), and biofortification of lettuce plants via applying lodine (Blasco et
al., 2008; 2011; 2013) in the hydroponic nutrient solution. These not only provide an

opportunity to test causality within a fundamental plant science framework, but may
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also offer meaningful solutions to the effects of tipburn to the commercial sector in the

form of novel practices for mitigating the disorder, and reducing yield losses.

Foliar Ca applications have been utilized to ameliorate tipburn symptoms by
increasing foliar Ca concentration and thus reducing tipburn incidence (Kruger, 1966;
Thiobodeau and Minotti, 1969; Saleh, 2009) with often contradictory results (Dayod
et al, 2010; Jenni and Hayes, 2010; Corriveau et al., 2012). In contrast, the results
presented in this thesis suggest that foliar applications of compounds that would
increase the antioxidant capacity of the plants or scavenge ROS might ameliorate
tipburn symptoms by mitigating oxidative stress. Foliar applications of BRs have the
potential to act in this manner (Ramakrishna and Rao, 2014) since they interact with
ROS, inhibit membrane lipid peroxidation, and thus increase plant tolerance to various
abiotic stresses (Bajguz and Hayat, 2009). Furthermore, BRs can increase plant
tolerance to stress by enhancing the expression of antioxidant genes and thus

stimulating the activity of antioxidant enzymes (Liu et al., 2009; Xia et al., 2009).

Currently, approximately 60 naturally occurring BRs or related compounds have been
identified (Bishop and Koncz, 2002; Xia et al., 2009). Three bioactive BRs are mostly
used in physiological and experimental studies, brassinolide (BL), 28-
homobrassinolide (28-HomoBL) and 24-epibrassinolide (24-EpiBL) (Vardhini and
Anjum, 2015). Foliar applications of 28-HomoBL and 24-EpiBL (0.5, 1.0, or 2.0 uM)
reduced the levels of H>Oo, lipid peroxidation and electrolyte leakage and enhanced
the activities of CAT, APX, SOD and GR of Raphanus sativus plants grown under
Zn?* stress (Ramakrishna and Rao, 2014). Similarly, pre-soaking Brassica juncea

seeds in 24-EpiBL (107!, 10°® and 10® M) enhanced the activities in leaves of
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antioxidant enzymes (SOD, CAT, POD, GR, APX, MDHAR and DHAR) and
decreased the level of MDA content under Zn?* stress (Arora et al., 2010). In addition,
foliar applications of 0.01 uM of 28-HomoBL significantly increased CAT, SOD and
POD activities under cadmium stress (50, 100 or 150 uM) in the same species (Hayat
et al., 2007). Foliar applications of 0.01, 0.1, and 1.0 mg It 24-EpiBL decreased H20;
and MDA content and increased the activities of SOD, APX, CAT and POD
alleviating heat-induced photoinhibition on tomato under heat stress (40/30°C)

(Ogweno et al., 2008).

In lettuce plants, 3 uM foliar 24-EpiBL treatment alleviated the negative effects of
salinity (50 and 100 mM NaCl) by reducing leaf electrolyte leakage (Ekinci et al.,
2012). Therefore, foliar BRs applications could potentially ameliorate tipburn of
lettuce symptoms by reducing oxidative stress under luxuriant growth conditions.
Importantly, BRs have been reported to favour xylem development and consequently
Ca?* translocation, as Ca2* is mostly transported through the xylem by mass flow
(White and Broadley, 2003; de Freitas and Mitcham, 2012). Therefore, putative effects
of BRs application on tipburn development should be further dissected in regards to

the individual contributions of foliar Ca concentration versus oxidative stress.

The six carbon sugar AsA (Hancock and Viola, 2005) is a highly abundant metabolite
in all plant cells, often found in concentrations of over 20 mM in chloroplasts
(Smirnoff and Wheeler, 2000), and is a major contributor to the redox state of the cell
(Valpuesta and Botella, 2004). As such, it is another compound that could be sprayed

on lettuce plants within VFS to potentially ameliorate oxidative stress induced tipburn.
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AsA protects plant tissues against oxidative damage caused by ROS either through
direct scavenging or through enzyme catalysis (Noctor and Foyer, 1998) by being
oxidised by ROS to the MDHA radical, which disproportionates to form AsA and
DHA (Smirnoff, 2000). Interestingly, exogenous AsA application (0.5 mM) reduced
lipid peroxidation levels of tomato seedlings under salinity stress (300 mM NacCl)
(Shalata and Neumann, 2001). Furthermore, foliar AsA applications (0, 50, 100 and
150 ppm) decreased antioxidant enzymes activities (CAT, SOD, polyphenol oxidase
(PPO) and peroxidase (POX)) as well as MDA levels in drought-stressed Zea mays L.
(soil water potential: -1.3 MPa), indicating that AsA acted as a ROS scavenger thereby
reducing the need for enzymatic protection (Dolatabadian et al., 2009). Similar results
were obtained via foliar AsA application (25 mM) of canola (Brassica napus L.)
grown under salt stress (200 mM NaCl) (Dolatabadian et al., 2008). In contrast, foliar
AsA applications (0.5 mM) increased SOD, CAT and POD activities in potato plants
under salinity stress (120 mM NacCl) and significantly increased fresh/dry weight of
tubers compared to the non-salinised control (Sajid and Aftab, 2012). Upregulation of
the antioxidant machinery occurred following foliar AsA applications to mungbean

(Phaseolus aureus Roxb.) under heat stress (Kumar et al., 2011).

Taken together, these studies show that the effects of exogenous AsA applications are
both species and stress specific. Nevertheless, foliar AsA applications consistently
mitigated oxidative stress in a broad range of stresses and species either via direct
ROS scavenging or by enhancing antioxidant enzyme activities highlighting the

potential of this approach as a tool for ameliorating tipburn symptoms.

Supplying the rhizosphere with additional Ca, e.g. via fertigation, has proved
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ineffective in ameliorating the symptoms of tipburn (Hartz et al., 2007; Dayod et al.,
2010), since Ca deficiency occurs as a result of reduced transpiration and not of low
rhizospheric Ca availability (White and Broadley, 2003; Gilliham et al., 2011).
However, based on the findings of the present study, biofortification to increase the
antioxidant capacity of plants may also ameliorate tipburn in lettuce. Biofortification
is the application of mineral fertilizers to increase mineral concentrations of edible
crops (White and Broadley, 2009). Hydroponically grown lettuce responded positively
to iodine biofortification (0, 13, 39, 65, and 90 or 129 pug | * as 103~ or I") as
demonstrated by increases in foliar iodine content (~700 pg iodine kg total leaf fresh
weight) with no changes in crop biomass or quality (Moogt et al., 2010). Interestingly,
iodine biofortification (20, 40, 80 uM as 103" ) increased the activities of SOD, APX
and CAT, and AsA and GHS concentrations in lettuce plants (Blasco et al., 2011) but
did not change MDA concentration, indicating the absence of any phytotoxic effects
of iodine biofortification (Blasco et al., 2008). Furthermore, 103" biofortification (20,
40 and 80 uM) of lettuce plants under salinity stress (100 mM NaCl) significantly
increased the activity of antioxidant enzymes (SOD, APX, DHAR and GR) (Leyva et
al., 2011). Similarly, 103~ biofortification (20 and 40 uM) significantly increased
lettuce biomass and total phenols protecting the plants against the affects of salinity
stress (100 mM NaCl) (Blasco et al., 2013). These studies highlight the potential of
iodine biofortification, via the addition of 103 in the form of KIOs to the nutrient

solution, for ameliorating the symptoms of tipburn in VFS-grown lettuce.

6.3 Conclusions

This thesis combines fundamental and applied plant science investigations to

contribute to the successful establishment of VFS as commercially feasible means to
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increase crop productivity per area. Identification of tipburn of lettuce as a key
limitation to marketability in the VFS, precipitated fundamental plant physiology and
biochemistry investigations and transcriptomics studies of the mechanistic basis of
this disorder. The new mechanistic insights into the development of tipburn of lettuce,
and importantly the role of oxidative stress in the induction of the disorder, allow
recommendations for developing novel and commercially applicable methods to

remediate tipburn in VFS and hydroponics. The key findings of this PhD thesis are:
1. VFS can produce more crop per unit area compared to horizontal hydroponics.

2. Crop growth is limited by PPFD and not nutrient solution concentration gradients

within the VFS.
3. Tipburn of lettuce is a key limitation to the commercial exploitation of the VFS.

4. Both high PPFD and temperature are a prerequisite for tipburn development within

VFS.

5. Plants grown under luxuriant growth conditions (stress) exhibited photoinhibition

and oxidative stress prior to the appearance of visual tipburn symptoms.
6. Leaf Ca concentration was not related to tipburn induction.

7. Transcriptome changes related to flavonoid biosynthesis are potentially linked to

tipburn.

Taken together, this thesis provides both important information from a commercial
perspective, contributing to the emerging field of vertical farming and urban
agriculture, and also improves our fundamental understanding of lettuce tipburn,
providing a solid foundation to investigate novel aetiologies in the induction of the

disorder.
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