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Summary

Miscanthus genotypes exhibit key characteristics that make it an excellent sustainable source
of biomass. Miscanthus is perennial, requiring few inputs for growth and thus has a highly
favourable energy ratio and produces biomass yield for up to 20 years. Miscanthus is typically
propagated clonally via rhizome which is expensive, and it is difficult to scale up existingand
new varieties to plantlarge areas rapidly. Propagation by glasshouse raised plug plants from
seed is a new alternative but requires optimisation from growth in plugs to field
establishment and senescence. This study focussed on the optimisation of the first year of a
seeded Miscanthus stand, from germination and seedling phase to harvest the following
spring. Germinating seedlings under mulch film in the glasshouse improved seedling vigour
and germination rate, leading to larger plants at field planting, but the larger plants did not

reliably yield higher biomass production at harvest, leading to further experimentation for

the optimum seedling morphology and growth conditions.

Combinations of plug design and planting date were tested. Establishment success in field
was more likely in warmer, wetter conditions earlier in the season, as opposed todry, summer
conditions which increased therisk of plug desiccation, especially under mulch film. Planting
environment and post planting care had a significant effect on overall yield, whereas initial
plug morphology did not. Increasing glasshouse module sizes from 35cm?® of soil to 45cm?
improved plug plant development and planting time flexibility. Experimentation with
different seedling morphologies concluded that larger plants with strong root biomass were
more likely to survive plantinginto the field, but correlations with yield were less significant,
suggestingthat increased establishment percentage should be the first priority when growing
seeded Miscanthus. The study concluded that individual plant growth over the season is
extremely difficult and complex to predict or influence due to a multitude of interacting

environmentaland physiological factors.

Finally, plant growth regulators were investigated to encourage senescence in a hybrid that
had previously failed to successfully overwinter in the UK. Applications of exogenous
ethephon at 480g/L stock solution greatly altered leaf colouration in treated plants,
suggesting this approach has potential for commercial application; however, the

consequences of theinduced senescence need furtherinvestigation.
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Figure 4.15. Growth curves of Miscanthus seedlings germinated in soil media with (clear triangles) and without (black
triangles) endophyte SRS treatment. Top chart shows extension over first 6 weeks of growth of assessment, and the below
the amount of green leaves for the same growth period 1. N= 20, at each time point, per treatment........ccccceeecvvveeeeeennnnes 96
Figure 4.16. First harvest (10 weeks old) seedlings before biomass measurements. SRS treated plants are above the controls.
Visually, plants appear a deeper green than control plants. SRS polymer can be seen adhering to the roots ....................... 98
Figure 4.17 Harvest 2 (above two images - plants were approximately 14 weeks old), and harvest 3 (below two images —
plants were approximately 5 months old). Endophyte treated plants are very obviously greenerand larger than those grown
NN FrEE COMPOST AIONE. 1.iiiiieeeee ettt e e e e ettt e e e e e ettt e e e e e e s s s taeeeeeeeaaaseeeaaeeeeeaansssaneaeesaannssnnneaeeesssnnsnnseneeens 99
Figure 4.18 Growth parameters measured of control and SRS treated endophyte plants over three consecutive harvests,
taken at day 76, 110 & 147 after sowing respectively. Chart A — Whole plant dry biomass. Chart B — Root dry biomass. Chart
C — Length of tallest stem. SRS endophyte treated plants are shown in green. * Symbol indicates a significant difference
between the treatments. N = 10 PEI DA ...ciiii e e e e e e e e e e e e s s atteeeaeeeessnanaeeeaeeassssnssneeeeeeesnsnnnrens 100
Figure 4.19 Representative images of root tip segments taken from Miscanthus seedlings grown in low nutrient compost
without endophyte treatment (A), (B) and (C) or in low nutrient compost with endophyte (D), (E) and (F). Photographs were

taken at harvest one (Day 76). Images are taken from the tip of the roots and were magnified by the UVI 5X/0.12 objective

Figure 4.20. Average number of root hairs per mm?2 in the tips (A) (distal) and proximal (B) ends of roots of Miscanthus
seedlings treated with endophytesin growth media (green blocks) and control treatmentlacking endophyte (white blocks).

Roots were analysed over three harvests from 10 - 22 weeks old. No significant differences between treatments were found.

Figure 4.21 Elongation of the main stem of Miscanthus seedlings growing in low nutrient compost supplemented with
endophyte in SRS (blue circle) and without endophyte supplementation (orange circle). Plants were measured per tray over
the first 12 weeks of growth and 3 trays assessed per treatment (averages + standard error; n = 3 except endophyte -SRS
treatment at 8,10 & 12 weeks due to death where N = 2). The value of stem length from each tray comprised between 4-10
pseudoreps for SRS trays due to poor survival rates and 10 for all control trays. *** signifies a significance of p < 0.001. n.s -
(aTe ]Iy =411 o T o | A PP RPN PPPPUPPPRRRROPINY 105
Figure 4.22 Photograph of the SRS treated tray three with the highest seedling mortality. One seedling has survived infection
and is beginning to display good growth. Image taken after the harvest at approximately 7 weeks old..........cccoeeeeeeeennnnn. 106
Figure 4.23 Photographs of experimental reps before sacrificial harvest. Plants are approximately 6 weeks old. Control trays
1,2 & 3are the top three pictures from L-R. Endophyte trays 1,2 & 3are below (L-R).....c..uveeeeeerriiiiiireeeeeriieeeeeeeeeiinees 108
Figure 4.24. Harvest results of 2017 endophyte additions assessment on 6-week-old seedlings of Miscanthus genotype
GNT14. Chart A — stemlength, Chart B— Above ground biomass, Chart C — below ground biomass, Chart D — Root and shoot
ratio. Three reps of SRS endophyte treated plants are in green shades (E rep 1/2/3), and three reps of control are in yellow
shades (C rep 1/2/3), with an additional replicate of control (white bar) and SRS endophyte (grey bar) seedlings sent from
commercial nursery. N = 5 for each rep. Each replicate population taken from one tray of treated or control seedlings ... 109
Figure 4.25. Position of the field trial in experimental field plots (right). Treatment block design within the field trial (left).

Each individual replicate plot contains 50 plants ina 5 x 10 row and column MatriX ............eeevreeirerereeeeeeerrirerieeeeeee.... 111
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Figure 4.26. Planting of HCK 17 on 6th July. A = Plugs planted at equal spacing. B = Mxg plant grown in a pot prior to planting.
C = Pot grown plants planted in equally spaced rows in the foreground with mulch film covered plots in the background 111
Figure 4.27. Sampling regime for HCK 17. Each circle representsa plant within a treatment plot. The left block representsthe
phenotyping sampling plants from the centre of the plot. The right block shows the sampling regime. All yellow circles signify
plants harvested for biomass from each experimental plot in 2018 & 2019. In 2017, 12 plants were harvested and can be
=TT T 3 =] =T IR 1 1Y 2SSOSR 112
Figure 4.28 Germination assessments of seeded hybrids during first 3 weeks after sowing into SRS bacteria inoculated and
control plug trays. Images courtesy of Bells NUISEIIES LA .......uuuuuuuiuurriiiiiiiiiiiitiii e as 113
Figure 4.29. Average plant height and leaf counts for seeded hybrids, three weeks after sowing into SRS bacteria inoculated
and control plug trays. Images courtesy of Bells NUISEries LEd. .....coiiieiiieiieeiiiiiiiee et e e e e e e s 113
Figure 4.30. Establishment comparison in control and SRS treated GNT14 bacteria trays grown under controlled commercial
conditions. Control (left) have much fuller establishment than treated SRS (right). Photo taken when plants were
APProXimately L mMONTN Old. .....eeieiieee e et e e e s e st e e e e e e s sttt e e eeeeeaanssaneeeeeeannsnrneaaeeesennnnnrees 114
Figure 4.31 Field establishment of GNT 3, GNT 5, GNT 14 with and without Bacteria. Genotypes succeeded with B signify
treatment with bacterial SRS. Those succeeded with C signify controls. G signifies Mxg. B—SRS bacteria, PB — Potted bacteria,
GC— Mxg control, PC— potted control. Errorbars ShOW £ 156, N=3 .....ueiiiiiiiiiiiiiiie e e e e e e e e e e e nnnees 115
Figure 4.32. Phenotypingresults from M giganteus plots shoot height (chart A) and canopy height (Chart B) parameters over
the course of three years, from planting year (2016) to the most recent data at the time (2018). Four treatments are Bacteria
alone (dark green), controlalone (light yellow), bacteria potted plants (lighter green), and control potted plants (dark yellow).
Bacteria potted, and control alone are averages of three treatment plots, while control potted had only one treatment plot.
Within each plotn =81in 2016 & 2018. N= 100N 2017, ...uuuuuuuuunuiniiiniiiti e e e e e e e e e e e e s eeeeeeeasaaeaaaansnss 119
Figure 4.33. Phenotypingresults from M giganteus plots, A - Stem count over the course of three years, from planting year
(2016) to the most recent data at the time (2018). B - Die off height from 2018 alone. Four treatments are Bacteria alone
(dark green), control alone (light yellow), bacteria potted plants (lighter green), and control potted plants (dark yellow).
Bacteria potted, and control alone are averages of three treatment plots, while control potted had only one treatment plot.
Within each plotn =81in 2016 & 2018. N = 100N 2017, ceeeeeiiiiiiieeeeeeiiieeee e e e e sseerreeeeeessneeaeeaeesssasssaneeeeeessssssneeaeeesnnssnnnens 120
Figure 4.34. Harvest yield overthree consecutive years, starting at the first harvest afterthe first winter (2017) until the most
recent harvest (2019). Chart incorporates all genotypes and hybrids included in the trial and is measured in tonnes per
hectare. Actual T/ha values are displayed in black/black hashed. Gap correction values to model full sward yield had no
individual plants in each quadrat died, are displayed in light green/hashed green. Filled blocks signify treated with SRS plots,
hashed blocks are the equivalent control. Error bars show 1 se, n=3. Where no error bar exists, only one data point is
aVvailable fOr that trE@tMENT. .....eeeiieeiee e e e s e e e s et b e e e e eeeaeanbbareeeeeesnsnbneeeeeassannnrnes 122
Figure 5.1 Seeds of GNT14 hybrid. AUtNOIsS OWN IMAZE ....iiiiiiiiiiiiiiiiiiiiiceeeeeceeeeeeeeeee ettt e e e e aabsaabasssbaabbaaabsssbaaaaaaaaae, 134
Figure 5.2 Miscanthus plug plants growing in the 126A standard plug size tested in this experiment. Plants are nearing
planting readiness in the photograph. Image courtesy of Bell brothers Nurseries, Boston, LiNCS. ........ccceevvecviiieeeeensicnnnnns 135
Figure 5.3. Sample photographs of each of the four different module size trays as they look from above, with module
information and representative root ball for each module. Images taken in May 2017 after approximately 6 — 8 weeks in
modules. Image courtesy of Bells NUrseries, BOSTON LINCS. ......uiiiiiiiiciiiiiieeeeiiciiiieteeeeessiteeeeeeeessnenneeeesesessnnsaeeeeesssssnnnnees 142
Figure 5.4 Layout of Hackthorn field trials including sites for HCK 25, HCK 30, and HCK33 plug sizes trials. HCK 25 — earliest
planted (26t April) to the right of the field. HCK 30 — mid planting (16" May) to the mid — left of the field, and HCK 33 the

latest planting (14t JuNe) @t the far FIGNT). ...eeiii i e e e e e et e e e e e e eetbreeeeeeeeennbrreeeeeeeennnrees 142
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Figure 5.5 Field designfor Miscanthus trial of 4 plug designsand 3 sowing times. Each sowing time comprises three replicate
blocks for each plug type: Red — 126A, Green - 126B, Yellow — 144, Blue — 104, X represents one plant. HCK 25 the early
planting consists of 100 plants per plot, HCK 30 and 33 trials consist of 50 plants per plot. .........cccccvvveeieiriiiiieeeee e 144
Figure 5.6 Germination rate of one complete tray of each of the four different plug tray designs of different sizes and volumes.

Seeds(3-5) were sown in February 2017 and the presence of green shootsrecorded from each plug after approximately 10-

Figure 5.7 Height of Miscanthus from four different plug tray designs of different sizes and volumes growing in glasshouse
conditions. Black lines indicate the two smallest plug sizes (triangles = blue 126A tray, squares = black 126B tray). Grey lines
indicate the larger two trays (triangles = black 144 tray, and squares = 104 tray). In each case n = 10 based on individual
plants in one tray of each size. Error bars show + 1 se. Means were compared by one-way ANOVA at each time point (**
indicates where p<0.01, * iNdicates Where P<0.05) .....ccoiuiiiiiiieeeiiiee ettt ettt e e sttt e e siteeestbeeeesabteessabeeessaseeesssaeesssnseeesnne 146
Figure 5.8 Results of destructive harvest for aboveground (A) and belowground (B) biomass assessment of plants grown in
one of four different module sizes. Pale blue boxes show result for the 126A blue module (25cm3). Light grey show result for
the Black 126B (35cm3) module. Medium grey shows result for the 104 module, and darkest grey result for the 144 module.
Charts are divided into the results for May and results in June. Letters denote significant groupings by Tukey’s HSD. In May
N=10, AN TN JUNE NT20. .. eiiiiiiiieeeeeee et ee et e ettt e e et e e e et e e et e e e s ee s s eesaaa e e s s e e e aan e s san e ssaasssaneessanesssnneessneessrneernrnns 147
Figure 5.9. Representative image of the typical intact root system taken from one Miscanthus plant growing in each of 4
different plug module designs in June 2017. Plants were approximately 5 months old. Image courtesy of the Miscanthus
Upscaling project and commercial partner Bells Nurseries, BOSTtON LINCS. .....ooouiiiiieeeiiiiiiieieee e eeriiieeee e e e e s 148
Figure 5.10 Establishmentrate of Miscanthus plants grown in 4 different plug designs before transfer to the field. Percentages
were calculated from a count of live plants in Autumn 2018 following the first growth season from three replicate plots for
each module size. Plots were planted at 3 dates; early, mid and late season. Black bars = blue 126A module. Dark grey = black
126B module. Light grey = 144 module, and hashed = 104 module. Capital letters above chart show Tukey’s HSD analysis of
survival between 3 planting times. Lower case letters denote Tukey’s HSD analysis of module size within individual planting
AteS. ErTOr DArS SNOW £ 1S ...uiiiiiiiiiiiiie ettt ettt ettt e et e e sttt e e e bttt e s bttt e s bt e e e eabeeeeaabb e e e e anbeeeeambbeesanbeeeennbeeeesnreeenas 149
Figure 5.11 Establishmentrate of Miscanthus plants grown in 4 different plug designs before transferto the field. Percentages
were calculated from a count of live plants in Autumn 2019 following two growth seasons from three replicate plots for each
module size. Plots were planted at 3 dates; early, mid and late season. Black bars = blue 126A module. Dark grey = black
126B module. Light grey = 144 module, and hashed = 104 module. Capital letters above chart show Tukey’s HSD analysis of
survival between 3 planting times. Lower case letters denote Tukey’s HSD analysis of module size within individual planting
ates. ErTOr Dars SNHOW £ 1S ...uiiiiiiiiiiiiie ittt ettt s bttt e s bt e e s b b et e s bbb e e s aab e e e sbbbeesaabeeeennbteessnreeenas 150
Figure 5.12 Meteorological data at Hackthorn, UK in 2017 across the planting times of Miscanthus growing in 4 different
designs of plug tray. Three planting dates are indicated by arrows along with associated trial names along with air
temperature (black line) and rain fall (DU DArS). .......eeiieiii e e e e e e e e e e e e e e sanaeaeeeeeeennes 151
Figure 5.13 Photographs of the dried below-ground harvested material of one Miscanthus plant dug from each replicate plot,
of four module sizes for each of the three planting dates. Plants were harvested in March 2018, almost 12 months after
growth in 4 different module Sizes (SHOWN @t IEF).....uuuuuuuniiii e e e e e e e e 156
Figure 5.14 Aboveground (A) and belowground (B) dry biomass harvested in March 2018 from plots planted with variable
module sizes and at three planting dates. HCK 25 — early planting (26t April 2017), HCK 30 — mid-season planting (17t May
2017) and HCK 33 — late season planting (14t June 2017). Black bars denote smallest plug size 126A. Dark grey denotes

module size 126B, pale grey denotes module size 144, and hashed bars show largest module size — 104. Means are of one
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plant per replicate plot + s.e., n = 3. Letters above indicate significant groups by Tukeys HSD comparison for planting date.

Figure 5.15 Correlation of above and below ground biomass for all plants dug from experimental plots in March 2018, for all
module sizes and planting dates combined. Upwards pointing triangles signify planting 1. Downwards facing triangles signify
planting 2. Circles signify planting 3. Red — 126A module. Green — 126B. Yellow — 144. Blue — 104. ..........vvvvvvvvvvvvvvvvvnnnnnn 158
Figure 5.16 Estimated biomass yield of Miscanthus from plots planted with different module sizes, and at three planting
dates. HCK 25 — early planting (26t April 2017). HCK 30 — mid-season planting (17" May 2017), and HCK 33 — late season
planting (14t June 2017). Black bars denote smallest plug size 126A. Dark grey denotes module size 126B, pale grey denotes
module size 144, and hashed bars show largest module size — 104. Harvests were in spring 2018 after the 15t (1) growth year
and spring 2019 (2). Values are means * s.e. n = 3. Tukeys HSD identified significant groups denoted by Upper case letters
for groups comparing between planting dates and lower case letters for groups comparing the effect of different module
SIZES WIthiN PlanTiNg GatS. .ceceeiiiiiiieeeeeete et e e e e et e e e e e e st aeeeeeeeasntteeaeeeeeeaannssanaeeeeessssssnnaaeeessnnnnnrens 160
Figure 5.17 Estimated moisture content of biomass from Miscanthus plots planted with different module sizes, and at three
planting dates. HCK 25 — early planting (26t April 2017). HCK 30 — mid-season planting (17t May 2017), and HCK 33 — late
season planting (14t June 2017). Black bars denote smallest plug size 126A. Dark grey denotes module size 126B, pale grey
denotes module size 144, and hashed bars show largest module size — 104. Harvests were in spring 2018 after the 15t (1)
growth year and spring 2019 (2). Values are means * s.e. n = 3. Tukeys HSD identified significant groups denoted by Upper
case letters for groups comparing between planting dates and lower case letters for groups comparing the effect of different
module sizes Within Planting dates. .......eeeiiiieiee e e e e e s e e e e e e e e s e e e e e e e nnnrees 161
Figure 6.1 Plants in trays in blue light Conviron cabinet, and red light Fitotron cabinet. Plants received no other light source
except when cabinet was opened for Watering Or MEASUIING. .........uuuuuuuuuuiiiiiiiiiiti e e e e e e e e e e e eeeeeeeeens 180
Figure 6.2 Average spectra of red and blue LEDs used to treat Miscanthus seedlings before transfer to field trials. Red light
was provided by inbuilt lighting in Fitotron growth cabinet by Weiss Technik UK. Blue light was provided by heliospectra
lamps built into Conviron growth cabinet (ConViron EUrope LEd). ....c..uvveeeiiiiiiiiiiiee e eccccireee e e et e e e e e e eanrra e e e e e e e eennrees 181
Figure 6.3 Position of field trials within the UK. Aberystwyth site contains a 1000 plant nursery of 100 plants grown under 10
glasshouse treatments designed to encourage morphological differences in seedlings (trial name - ABR 71). Hackthorn site
contains identical nursery at a differentlocation (trial name - HCK 35) to test plant vigour under differenttemperature and
rainfall conditions. Image taken from GOOgIe Earth...........ooooiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee et eaaraaaaaa e 183
Figure 6.4. Aerial view of exact locations used to test two identical 1000 plant trials, comprised of 100 plants grown in 10
different glasshouse treatments designed to encourage morphological variation within the same genotype, at two sites in
the UK for additional assessmentof plant performance under variable climatic conditions. White squares show the location
and approximate size of the plots in relation to other trials A — Aberystwyth IBERS field site. B — Hackthorn Terravesta trial
FIEIAS TN LINCOIN .ttt e bbbt st et e st bt e s bbb e e s sbbe e e sbb e e e s bbeeesbbeees 183
Figure 6.5 A section of the completely randomised design showing the corner of one of the field plans, surrounded by a
double row of edge (barrier) plants. Firstly, plans are randomized into treatments (A-J) and each treatment colour co-
ordinated to aid in differentiating seedlings for measurements and planting. Complete field plans are in the appendix... 184
Figure 6.6. Colour coded field plan for each trial randomisation divided into trays to simulate the design in the field. Left
figure shows the Aberystwyth field plan with each treatment colour coded, with an outline of trays. Right picture is the plug
trays being given a sticker per well to match the plan, to make placing the plugs into the randomisation easier............... 185
Figure 6.7 Lighting and photography set up within a light restricted growth chamber. Image A — camera mounted on stand

with two hooded lights to reduce shadowing. B — Plant with QR code labelin the set up. ....cccooeeiiiiiiieiiiiiiiiicceeeeeeeeeeeee, 186
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Figure 6.8. Progression of field plan overfirst 2 months. A - Film layer being applied on day of planting, B - Film layer beginning
to degrade and weeds becoming prevalent, C - Film layer mainly gone, and weeding being done between rows.............. 188
Figure 6.9 Harvesting of the Hackthorn field trial October 2018. A - Senesced entire trial prior to harvest. B - Buckets being
used for the whole plant weight. C - Representative subsample taken from each plant...............oevvvviiiiiiiiiiiiiiiiiiiniiiiiinnnn, 189
Figure 6.10 Survival of each population as a percentage of the plant number for each population required to fill two 100
plant field trials, and have 16 plants left over for representative harvesting and biomass analysis. Colours are used to
represent each treatment in the field plans so have been added here. .........cccuviiiiii i 190
Figure 6.11 Representative plant morphology produced from each of the ten environmental variations, prior to field planting.
Images are annotated with the treatment and the corresponding field plan colour ..............oovviiiiiiiiiiiiiiiiiiii, 191
Figure 6.12 Total biomass from destructively harvested Miscanthus plantlets sampled from 10 treatments that were usedto
create a highly variable population for field planting. N =5 — 16 plants depending on survival rate. Letter groupings denote
the homogenous subsets for each growth parameter. Data was analysed using ANOVA in SPSS, and homogenous groupings
mMade USING TUKEY - B POST NOC TESTING. ...vvviieeieiiiiiiiieee e e ettt e e st e e e e et e e e e e essattaeeeeeeessnataeeaeeeesssnssnneeeessnnnnnrees 193
Figure 6.13 Total above (A) and below (B)ground biomass from destructively harvested Miscanthus plantlets sampled from
10 treatments that were used to create a highly variable population forfield planting. N=5—16 plants dependingon survival
rate. Letter groupings denote the homogenous subsets for each growth parameter. Data was analysed using ANOVA in SPSS,
and homogenous groupings made using Tukey - B pOSt hOCTESTING. .....uuuuuiiuiiiiiiiiiiiiiiiiii e 194
Figure 6.14 Leaf number (A), and greenness (SPAD) (B) of the destructively harvested representative sample of each
population. N =5 —16 plants dependingon survival rate. Letter groupings denote the homogenous subsets for each growth
parameter. Box plots were made using SPSS GGplot. Data was analysed using ANOVA in SPSS, and homogenous groupings
made using Tukey —B POST NOCTESTING. ...ooiiiiiiiiii ettt e e e e e e e eeeeeeesaaaasaaaaeaaassaaaaaaraees 196
Figure 6.15 Length of longest stem (A), and stem number (B) of the destructively harvested representative sample of each
population. N =5 —16 plants dependingon survival rate. Letter groupings denote the homogenous subsets for each growth
parameter. Box plots were made using SPSS GGplot. Circles identify outliers. Asterisks identify extreme o utliers. Data was
analysed using ANOVA in SPSS, and homogenous groupings made using Tukey —B post hoc testing. ..........ccccveveeeericunnnns 197
Figure 6.16. Above to below ground biomass and the root: shoot ratio for each population. Data is based on the destructively
harvested populations for each treatment.. N = 5-16 depending on survival rates within populations. Error bars use StdE
mean foreach parameter. Brown bars show average below ground dry biomass, and green bars show average above ground
dry biomass for each treatment. Red points shows the average root: shoot ratio seen for that treatment........................ 198
Figure 6.17 Correlations between Miscanthus seedling characteristics from destructively harvested subsamples in May, to
assess the relationship between plant biomass and 3 growth characteristics leaf number (A), longest stem length (B) and
stem number (C). Correlations use population means from 10 seedling treatments, the colours refer to treatment (See
appendix for COlOUr COAE fOr trEATMENTS). ..uvviiiieiiiiiieeee ettt e e e ettt e e e e s srrr e e e e e e e e s ttbbaeeeeeesssssaaeeeeeaassnnssreeeeeseesnsrens 199
Figure 6.18 Phenotyping results of all plants pre-planting in May that were planted in the trials. Picture A measurement of
tallest stem for each plant. Picture B — the stem number of each plant. N = 198 - 200 for treatmentsA,B,C,D,E,F+1. N=124-
161 for treatments G,H+J depending on survival. Homogenous subsets are labelled a — e. Circles denote SPSS considered
outliers. Asterisks denote @XTremME OULIEIS. ....ccovuiiiiiiiii i 201
Figure 6.19 Average tallest stem height (A) and average stem number (B) of destructively harvested smaller sample,
correlated with whole population results on a per treatment basis. Results are pre — field-planting phenotyping assessments
conducted on all plants of ten different treatments in May 2018. Colours are used to match the treatment colour code in the
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Figure 6.20 Meteorological data from April 2018 — April 2019 for both trials. A — Aberystwyth. B — Hackthorn data.
Aberystwyth data only until 20t January 2019, as data was unreliable following this point. Daily rainfall can be seen as blue
bars. Maximum air temperature is shown as a black line, and the minimum air temperature shown as a grey line. Aberystwyth
planting date is shown on the 18t May 2018. Hackthorn planting date is shown on the 30t May 2019..........cccccoeevveeennes 204
Figure 6.21 Length of tallest stem from all plants per treatmentsite (A), and number of stems (B) at the Aberystwythsite in
Autumn 2018. N variable dependingon survival (See table Table 6.2 for exact survival). Homogenous subsets determined by
Tukeys post NOC tESt (IOWET CASE IETLEIS). ..uuurriieeeeeiiiiiiee e e e e ettt e e e e e e e e e e e s re e e aeeesasssaaeaaeeeasassssneaaeeesesnnsssnnaeeesannns 206
Figure 6.22 Length of tallest stem from all plants per treatment site (A), and number of stems (B) at the Hackthorn site in
Autumn 2018. N variable dependingon survival (See table Table 6.2 for exact survival). Homogenous subsets determined by
Tukeys POSt NOC LESE (IOWET CASE IETEETS) ..eeieiiiiieiiiee ettt ettt ettt ettt e e st e s st e e s ittt e sttt e e sabaeeesnbaeessabaeesanbeeas 207
Figure 6.23 Average total plant dry biomass for each population harvested in April 2019. Aberystwyth trial results (A), and
Hackthorn results (B). Y-axis scale differs between charts due to large differences in average biomass range between sites.
Error bars show * 1 se with variable N. N perpopulation can be seen at the base of each bar and depicts the amount of plants
that were of harvestable size and/or alive at harvestin March 2019. Tukeys HSD homogenous subset allocation is at the top
OF @ACH ChaIt. o et e e e st e e st e e e e e 211
Figure 6.24 Correlations at the population levelfor survival per field plot. Figures A & B are correlations based on the ove rall
survival percentage for each population at the end of the glasshouse phase against the known average whole plant biomass
for that population taken from the representative harvest pre-planting. Figures C & D show correlation of the survival at the
end of the first growth season per population, against the known average whole plant biomass for that population taken
from the representative harvest pre-planting. Figures E & F show correlation between each population survival and biomass
at the after winter against the known average whole plant biomass for that population taken from the representative harvest
pre-planting. Colours represent the colour codes for each treatment in the original field plan. ...........ccccccvvvviiiiiiiiieinnnnnnn. 214
Figure 6.25 Correlations at the population level for growth parameters measured on sacrificed representative plants
compared against the same population final harvest biomass. Figures A&B are correlations based on the seedlingleaf number
for each population, against average whole plant biomass at the end of the first growth year. Figures C & D show leaf dry
mass at the seedling stage for each population, against the average biomass at the end of the first growth year. Figures E &
F show correlation between average root biomass at the seedling stage and average biomass at the end of the first growth
year. Colours represent the colour codes for each treatment in the original field plan. ......ccooooeieiiiiiiiiiiiiiiiiieeeeeeeeeee, 217
Figure 6.26 Model of importance of four factors affecting the performance of newly transplanted seedlings. Image courtesy
OF SOULN (2000) ...ttt ettt en e ene s en et ene st eneeeet s eseseeee e eseeaeseseesasee s s st s esn s snes s e 228
Figure 7.1 The Miscanthus annual cycle. Circled is the area of the cycle that will form the focus of this chapter ............... 230
Figure 7.2 Polytunnel experimental design for Mx2468 plants in 2017. Six replicate blocks with 9 plants arranged randomly
in 3 x 3 grid. Each of the 9 plants was assigned one of the 9 treatments of Ethephon or Methyl Jasmonate (including control
treatment with solution lacking active INGIEIENTS).......uueiiiiiiiiiiiiie et e e e e e e e e e e serrae e e e e e e e nnnanaeeeeeeennes 238
Figure 7.3 Grading of Miscanthus leaf senescence stage 1 — 4 shown visually from L —R. Representative leaves for each grade.
1=0-10% senesced. 2=11 —50% senesced. 3 =51 —90% senesced. 4= 91% + SENESCE. .......eeerrrrrierririeerniiieeiriieeenne 239
Figure 7.4 Percent of completely senesced leaves over time (labelled as grade 4) for Ethephon (A) and Methyl jasmonate
(MelJa) (B). Ethephon applications are labelled 1 — 4 from lowest concentration to highest (250mg/L, 500mg/L, 1000mg/L and
2000mg/L). Methyljasmonate applications 1 — 4 are from lowest concentration to highest (25uM, 50uM, 100uM and 200uM
Methyl jasmonate solution). Lowest concentration for each hormone is shown in grey with grey triangles. Second lowest

shownin darker grey with grey squares. Second highest is black with black squares. Highest concentration is black with black
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triangles. Control is black with opentriangles and is the same group for both solutions. Spraying time is shown on all charts,
and was done 25t Oct 2017 (day of year 298). For all time points N=6, With StAE. ..........ccccecviieeiiiiieiiiiee e 241
Figure 7.5 Height increase from summer to winter of a selected stem for Ethephon (A) and Methyl jasmonate (B), Average
SPAD score over the same time scale for Ethephon (C) and Methyl jasmonate (D). Ethephon applications are labelled 1 — 4
from lowest concentration to highest (250mg/L, 500mg/L, 1000mg/L and 2000mg/L). Methyl jasmonate applications 1 —4
are from lowest concentration to highest (25uM, 50uM, 100uM and 200uM Methyl jasmonate solution. Lowest
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1. Introduction

1.1 Global bioenergy requirements
The alarming rate of climate change and the magnitude of its effects are becoming
increasingly apparent and worrying. As stated in a recent publication by Bradshaw and Brook
(2014) ‘The planet’s large, growing and overconsuming human population, especially the
increasing affluent component is rapidly eroding many of the Earth’s natural ecosystems’. The
current atmospheric concentration of carbon dioxide is expected to increase by almost 50%
over the first half of this century (Heaton et al., 2004). In addition to this, the IPCC predicts
that cumulative anthropogenicgreenhouse gas emissions (GHG) have led to climate warming
and extremes of temperature and precipitation levels (IPCC, 2018). It is possible that without
additional mitigation methods and intervention, the increase in climate temperature will
likely exceed 4 °C by 2100. The resulting climate changes from these extremes will lead to
extensive species extinctions, global food insecurity, and constraints on human activities
(McCalmont et al., 2015). A major cause of these climate concerns is the continuing
combustion of fossil fuels (coal, petroleum and natural gas) which can be attributed to
approximately 61.4% of world GHG emissions (Herzog, 2009). Global economic and
population growth continue to be the most important drivers of increases in CO; emissions
from fossil fuel combustion (Pachauri et al., 2014). With the global population expected to
reach 10.9 billion by 2100 (Jones and Warner, 2016) we need to provide sufficient food, fuel,
shelter and resources to accommodate the increasing lifestyle expectations, whilst
simultaneously mitigating climate damage as a result (Valentine et al., 2012). The answer to
producing these, with as little cost to the environment as possible, lies partly in the area of
sustainable biomass production. The Energy Technologies Institute (Colchin, 2015) suggest
that the biomass suppliedin combination with carbon capture and storage is the only credible
route to achieving negative emissions, in conjunction with other renewable technologies
which will be necessary to meet the UKs 2050 GHG emission targets. Biomass production
provides a storable and flexible use of fuel which can be readily converted to heat, electricity
or liquid transport fuel, and has the potential to remove atmosphericcarbon by capture and

storage (Colchin, 2015).

Policy makers within the sectors of climate change, are now looking to the agricultural and

forestry sectors in order to make best use of underutilized marginal lands on which to grow
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biomass and sequester carbon (Clifton-Brown et al., 2019). Renewable energy use in the UK
increased by 30% from 2012-2013, supplying 14.9% of UK electricity, of which plant biomass
supplied 21.6% (McCalmont et al., 2017). More recent figures suggest bioenergy produced
8.76TWh electricity generation in 2019, a 13.3% increase on the previous year (Figure 1.1).
Otherforms of renewable energy such as wind, tidal and solar also contribute, but can be less
reliable and often require energy storage or back up. Bioenergy has the potential to deliver
many forms of energy, leading to more sustainable equivalents of fossil fuels. Energy from
biomass growth also has the advantage of having the potential to decarbonize industries
which would be difficult to maintain using the other forms of renewable energy, such as
transport fuels and manufacturing (Reid et al., 2020). Using Miscanthus on lands that are
more marginal has the added benefits of potential phyto-remediation in contaminated soils

(Krzyzak et al., 2017), soil stabilisation and flood mitigation (Kam et al., 2020), as well as the

potential fora new rural business (Clifton-Brown et al., 2019).

— Tidal

Solar PV

[
Hydro
| | I I -

2019 Q1 Percentage change on a
TWh year earlier

Renewable electricity generation
Onshore wind 9.84 +4.8
Offshore wind 8.56 +7.3
Hydro 1.81 +14.6
Solar PV 212 +18.7
Bioenergy 8.76 +13.3
All renewables 31.09 +9.2

Figure 1.1 Breakdown of renewable energy generation in the first quarter of 2019. Bioenergy
generation has increased by 13.3% from the previous year, largely due to higher uptake from
energy plants. Source: Press notice from department of Business, Energy & Industrial Strategy,
2019 (BEIS, 2019)
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1.2 Theinnovation of the biomass fuel crop
Heaton etal. (2004) describe the ideal fuel crop as having “sustained capacity to capture and
convert the available solar energy into harvestable biomass with maximal efficiency and with
minimal inputs and environmental impacts”. Therefore, it would be vital for crops grown for
this purpose to have favourable energy balance; low energy input and high output. They
should also have maximum efficiency of light, water and nutrient use, minimal need for
cultivation, land use change and pest control, and ideally be a non-invasive species to avoid
spread to natural ecosystems nearby (Heaton et al., 2004). There is also a necessity for
production of next generation biomass crops to not compromise food security by competing
for arableland availability, as well as perform well under a wide range of climaticconditions.
One of the largest areas of criticism for the growth of energy cropsis their risk of taking over
vital arable land and displacing food crops, causing an increased pressure on an already

stretched system (Jones et al., 2015).

The genus Miscanthus contains species which match the criteria explained above and are
valued for their high biomass potential (Clifton-Brown et al., 2008). These perennial crops can
grow well with little maintenance on lesser-valued arable land; avoiding competition with
food crops, and have high temperature tolerance; growing well in a wide range of climates
and soils. It has also been suggested that Miscanthus can convert solar energy into biomass
energy with up to 30% more efficiency than other crops as a result of its C4 photosynthetic
pathway (Zhu et al., 2008). C4 photosynthetic pathway, is more energy efficient than the
typically occurring C3 pathway, seen in approximately 85% of known plants, as it produces a
higher concentration of carbon, making C4 organisms more adept at managingin low light or
low water environments (Campbell et al., 2012). Miscanthus plants can remain in the soil
producing viable yields each year for up 15 years (Atkinson, 2009). The current leading
genotype for use as a biofuel, dueto the large yield it can produce is Miscanthus x giganteus
(Mxg). This genotype is a triploid sterile hybrid of Miscanthus sinensis and Miscanthus
sacchariflorus. Trials undertaken using Mxg have shown potential forincreasingtheyield and
quality of the species using selection of genotypes. Miscanthus breeders at Aberystwyth
University are now using this information to guide crosses in a breeding programme to
generate high yieldingand high quality new genotypes (Clifton-Brown et al., 2008). At present

Miscanthus is still a relatively new crop in the field of agronomy in comparison to major grain
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species, and as such still has a large scope available for domestication and improve ment.
Propagation costs and patchy establishment combine to make Miscanthus an expensive
choice for some farmers (Xue et al., 2015). An economic review conducted in 2016
surroundingthe area of Miscanthus production, highlighted the major barrierto Miscanthus
cultivation as being the uncertainty that farmers face when considering any profitability
involved with investing in this new crop (Witzel and Finger, 2016). Additional issues include
the large variability in yield seen across Miscanthus plantations. This unpredictable
discrepancy between the expected or potential yield and the actual annual yield, which can
vary as a result of weather events, plant survival, and plant growth, further decreases the
likelihood of uptake of Miscanthus within the farming community. Remedying this requires
high density planting using homogenous, uniform crops of the best type of germplasm
available (Atkinson, 2009). It is also vitally important that farmers can access support
throughout the process from decidingif Miscanthus could be a suitable choice for their land,
to the logistics of plantingand growing, and through to the infrastructure required to sell the
final product. Companies such as Terravesta are invaluablefor this area, as their goal is to get
farmers on board with the crop, and to provide knowledgeable on farm support, machinery
and skills, before ultimately purchasing the harvested product, posing as a mediator between
farmer and end user. Power stations such as Brigg renewable energy plantin Lincolnshire are
committed to the cause, and it ishoped more green energy plants will be coming on board in

the nearfuture.

Of course, increases in the demand for the product requiresincreasingland being turned over
to Miscanthus. Establishment of such scale will require the technology and germplasm to
mass-produce large numbers of the plants. Therefore a key area for improvement is
minimization of costs of the initial plant material, whilst ensuring a potential to establish a
high number of plants at the optimum time (Atkinson, 2009). In order for Miscanthus to be
considered a viable business option for farmers and growers, it is necessary to come up with
more innovations to improve vital agronomic traits such as establishmenttime and costs.
Being able to produce a wider genetic base of varieties which can withstand the varying
abiotic and biotic stresses which plants may encounter in the field would also be beneficial.
Due to the longevity of the life of the crop stand (up to 15 years), the land must be committed

long term, and unlike annual species, a farmer cannot maximize farm profits by changing
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species regularly, to follow market prices (Hastings et al., 2017a). The ultimate goal for
Miscanthus researchers therefore is the development of high yielding genotypes with great
resilience that are also both economically viable both temporally and monetarily; supporting
the transition from a relatively unknown crop into a practical and large-scale business and

environment opportunity.

1.3 Miscanthus propagation and the seeds of change
Over the past 25 years, field trials over Europe have shownthathybrid genotypes such as Mxg
exhibit the combination of both high yield potential and minimal inputs in a wide range of
soils and climates(Clifton-Brown et al., 2017). To establish a biomass supply and planting
density large enough to come close to meeting the government’s target for biomass action
plan,thereisa great need to develop anintensive and high throughputplantproductionline.
A number of different propagation methods are available for Miscanthus (see Table 1.1), but
any attempts to optimise the system will only be of use if the new system outperforms the
tried and tested (Boersma, 2013). Most widely used and reliable at the present time for
growth of new Miscanthus plantsis the rhizome production system. The popular hybrid Mxg
is a sterileclone and as such the only propagation optionis vegetative and clonal, leading to
high establishment costs and lower multiplication rates than would be ideal(Clifton-Brown et
al., 2017). Clonal varieties have long been the staple system of Miscanthus production due to
a number of factors, including; the formation of suitably uniform and homogenous
plantations, good establishment in the field due to the nutrients available in the rhizome
section for the developing plantlet. Additionally, this method affords better control to the
farmer, who can also use their own farm equipment. However, in order to upscale production
to the levels necessary for use as a staple biofuel, the clonal system of reproduction is no
longer viable with higher than ideal costs, low multiplication rates and intensive labour
requirements (see Table 1.1). As such, steps have been taken over the past ten years in
Aberystwyth University, with the help of other leadinginstitutionsin the field, to attempt to
develop a more rapidly multiplied system with lower production costs, using hybrids capable
of seeded reproduction. The crucial advances that have been made and methodology behind
them can be found in a review, the primary author of which being prominent Miscanthus
researcher Professor John Clifton-Brown (Clifton-Brown et al., 2017). The review outlines the

vital advantages that could be attained by using seeded cultivars of Miscanthus. These include
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the aforementioned high multiplication factors in comparison to current methods and the
simpler logistics of transportation and storage. Additionally, this method could lead to the
fasterintroduction of newer cultivars exhibiting a higher level of resilience to abiotic stresses
and improved biomass traits, as breeding plays a key role in development of new and
enhanced cultivars. New hybrid seed production significantly reduces establishment cost to

below £900 a hectare for direct sowing innovations (Hastings et al., 2017a).
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Table 1.1. Summary of various Miscanthus propagation methods and their relative merits and drawbacks

Propagation method

Rhizome planting

Rhizome propagation in
plugs

Micropropagation

Direct seed sowing

Growing seed in modular plug traysina
glasshouse environment until plantlets .
are large enough to withstand field .

Seed derived plugs

controlled conditions to produce new

Description Advantages

Widely available and commercially
mature method
Good establishment and winter success
(>90%)
Farmer can use own propagated material
for future establishment

Manualsplitting and dividing of
harvested Miscanthus rhizome nodes to
establish multiple new clones derived
from one parent.

Effective at producing uniform plants
« More easily managed due to clonal
development
+ Better establishment than direct field
planting

Using rhizome nodal sections to
produce plantlets in trays

In viti ti i I ) .
i rolplropaga on usmg.sm.a * Disease free plant production
quantities of plant material in )
* Germplasm conservation

: + Fast production of high number of clones
clonal plantlets using callus culture

+  Very high multiplication
+  Cost effective
Newer varieties can be bred
Current equipment can be used
effectively
» Lower risk of invasion if planting non-
seeded hybrids

Applying seed directly to field via .
drilling or basic sowing .

+ Allows all the advantages of direct seed +
sowing

Increased germination

Better establishment

planting + Less plantloss in the field

Disadvantages

+ Clonal—low genetic variability
+ Labour intensive

» Rhizome easily spoiled during harvest
and storage

+ Risk of disease spread from infected
mother plant

+ Low multiplication rate compared to

demand

division

Clonal material more vulnerable to
pathogens
Monoculture —lacks genetic diversity as
with rhizome
More labour and materials intensive

Low—1:30

+ Most expensive method

+ Clonal material as above
Requirement of good care for
acceptable field establishment

Very high - 1:960

Need great care in the field before and
after sowing for good establishment
+ Seed production restricted to high
temperature regions
«  Very low field germination (<10%)
+ High risk of weed competition

Very high—-1:1172

*  More labour and cost intensive
Requires a large scale glasshouse phase
Glasshouse energy inputs detract from
net energy gain from yield
* Often 20-40% of plugs without
seedlings unless good attention to
detail

Very high—1:1172
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Multiplication rate

Low - 1:10 parental plant

Average cost

(€/ha)

Reference

Xue et al., (2015)
Atkinson (2009)
Clifton-Brown et al.,
(2016)

Medium - 1,500-
3,375€/ha

Atkinson (2009)
Clifton-Brown et al.,

High - 4300 €/ha (2016)

High - 6320 €/ha Xue et al.,(2015)

Xue et al., (2015)

Lowest — Clifton-Brown et al.,
1,508 €£/ha (2016)
Medium - 2100 Clwﬂon(fs.[r]ci\g)n etal,
€/ha



Seeded reproduction is well established in many crop varieties and the method of direct
sowing is inexpensive and widely used across other agricultural grasses and cereals (Clifton-
Brown et al., 2011). Attempts at seeded Miscanthus propagation can be seen in an
experiment by Christian et al. (2005b) using the fertile genotype Miscanthus sinensis. The
varying methods included pelleted and unpelleted seed for seed treatment, and drilling or
broadcastingas the two different ways of sowing. Results from this study indicate thatdrilling
and unpelleted natural seed was significantly more successful than the coated seeds sown by
broadcastingon the soil surface. Overall establishment was reported as low however, and it
was concluded that this could not be a viable alternative to clonal propagation until further

agriculturalimprovementshad been established.

A vital factor associated with ability of Miscanthus to set productive or viable seed and
germinateis the climate under which the plantis grown. Miscanthus originated in the tropical
and subtropical climates of East Asia with a wide climatic range, allowingit to be suitable for
establishment further afield in Europe and North America (Lewandowski et al., 2000). Varying
Miscanthus genotypes perform better under differing environmental conditions and as such
work has been undertaken to develop new genotypes suitable for varying uses and
environments (Clifton-Brown et al., 2017). In light of the poorresults seen in previous sowing
experiments, a study was undertaken on the thermal requirements necessary for good
germination over a wide range of Miscanthus accessions, in a comparative study with other
directly seeded crops including switchgrass (Panicum virgatum), reed canary grass (Phalaris
arundinacea), maize (Zea mays) and perennial ryegrass (Lolium perenne) (Clifton-Brown etal.,
2011). Results of these trials showed thatin comparison to the other species, the number of
seeds germinating at the lower temperatures of 5-10 °C was greatly reduced in Miscanthus.
Lag time to 50% germination increased in Miscanthus as the temperature decreased,
indicating a great sensitivity to lower temperature. In a studyin Chinait was discovered that
seeds of Miscanthus genotype Miscanthus lutarioriparius germinated best at temperatures
between 30 — 35 °C (Xiang et al., 2018). This leads overwhelmingly to the conclusion that
seeded Miscanthus germination in the field would likely only be successful in more Southern
latitudes. Low temperatures seen in the field during spring times may be a highly limiting
factor using current genotypes in Northern Europe. This is not the only limiting factor; as

issues such as soil moisture content and seed to soil contact will also play a role, it is one
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barrier that requires urgent attention. Clifton-Brown et al. (2011) stated that if accessions
could be found with lower temperature requirements, then exploitation of this trait via
breeding would be an important long-term objective. In the shorter term they state that
changes to crop agronomy and practice could be used to great effect, using materials such as

fleeces or films laid on top of the soil after sowing.

Work on both the short and long term objectives has progressed rapidly since 2011 due
largely to the collaborative project ‘GIANT LINK’, undertaken by partners in the UK, US, and
Europe (Clifton-Brown et al., 2015). The project ended in early 2016, culminating in the
achievement of many of its goals including the exploitation of the genetic diversity of
Miscanthus by way of thousands of paired crosses in order to produce more temperate-hardy
genotypes. Other achievements include the establishment of large scale seed production
methods, the ability to produce large stands of Miscanthus by way of seeded plug plant
propagation,and the overcoming of many othertechnical barriers that made Miscanthus an
unpopular choice for many growers (Clifton-Brown et al., 2017). Out of the many accessions
produced during the project, three of the best performing types are currently undergoing
field trials across Europe. These three seed-based genotypes are chosen as a result of growth
performance and yield in relation to the widely used clonal Mxg as a benchmark for good
performance. All recent studies related to seeded varieties conclude that there is still a
considerable amount of improvement needed for successful field growth. Of particular
interestis the establishment and germination rates in fields in the more temperate climates,
as the cheaper option of direct seeding is still considered impossible for much of Northern
Europe (Anderson et al., 2015, Ashman et al., 2018). For the seeded varieties to meet the
criteria of being the cheaper option for propagation, it is essential that this financial saving
gained is not then negated by the logistics necessary to encourage good establishment e.g.

irrigation and/or glasshouse costs

1.4 Acceleration of establishment to revenue
As mentioned previously, Miscanthus plants are able to remain in the ground for many years,
annually producingyields. While this promise of annual, profitable yield would soundideal to
a potential grower, a review by Witzel and Finger (2016) highlights the drawbacks of what
they call the ‘establishmentto revenue period’. This can be a period of up tofour years, during

which time yield will be highly limited as the plantation grows into full yield capacity, at which
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point it will reach a regular level of high productivity (Sherrington et al., 2008). For this period
the costs of establishment; which include initial planting costs, maintenance of crops, and
costs of initial harvests, will not be mitigated by the revenue generated by theyields and the
farmers’ income will suffer. Miscanthus is a highly front loaded crop with the majority of costs
occurring in the establishment year (Hastings et al., 2017a). The aims of this project will
include the manipulation of establishment time for young Miscanthus plants. This will include
working alongside the Aberystwyth University Miscanthus breeding team to attempt to
extend the time the plants spend growing by way of earlier establishment in glassho uses.
There are currently unanswered questions related to the extended growth potential of
Miscanthus seedlings which could hold the key to reducing the amount of time until a first
harvestable yield by as much as a year. A primary aim of the Miscanthus breeding efforts s to
achieve economical yield by the end of the second growth season, as opposed to the third or
fourth, allowing a faster return on investment for growers. In order to facilitate this change
from the standard establishment time frame of April/May and alterit to an earlier January or
February start, one part of this project will analyse the extent to which the plants growth is

determined by the environment.

Yield in Miscanthus is a very complicated trait, but one which has potential to be improved
by knowledge of the best agronomy methods and genotype breeding. The amount of time
spent growing and the longevity of canopy duration can be a major determinant of yield; as
the amount of light captured increases, so do subsequent rates of photosynthesis. Increasing
yield is of great importance for the success of this crop, as it has the potential for greater
profitability and higher rates of carbon mitigation (Robson et al., 2013b). There are currently
large gaps in the knowledge base for creating a protocol of best practice to produce an early
crop. Research is now being done at Aberystwyth University testingthe performance of plug
plant seeded varieties when sown and planted at different times early in the year. The aimis
to conclude whether planting earlier will allow for an economical yield from harvest by the
end of the second year, or if the earlier planting has a negative effect on plant performance.
The hypothesis being that extending the time in field will increase the physical space,
nutrients and degree days available for each plant, allowing maximal growth efficiency from
an earlier time point, and therefore resultingin enhanced relative growth rate, and plants

reachingtheir maximum potential by the end of the season.
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Much work on Miscanthus to date has involved the use of vegetative propagation and the
genotypes that reproduce this way. Due to the recent innovations seen at IBERs, the move to
a seeded plug plant-based propagation method is yet stillinitsinfancy and there is therefore
little literature based on the subject. Much of the agricultural knowledge required to create
these protocols will be taken from other varying forms of Miscanthus growing, and methods
which have been shown to be effective on species similar to Miscanthus. There is currently
much interest in the use of mulch films when young plants are planted into the field (Ashman
etal.,, 2018). A recent paper from Ireland also suggests that the current timespan of three
years plus for the crop to reach full potential is an economicbarrier to overcome (O'Loughlin
et al., 2017). O'Loughlin et al. (2017) based their research on the planting of rhizomes as
opposed to seeded plugs, but the aim was still the same; to accelerate growth of first year
accessions. The use of mulch film increased the establishment rates, average heights, stem
numbers and biomass yield in the first growth season, with residual effects carrying on into
the second. The film works by increasing the surface temperature of the soil beneath it,
creating an improved climate for the plants to thrive in and help protect from spring frosts.
Strategies to speed up maturation and development in crop plants have been well developed
in many other species using similar techniquesto those currently beingtrialledin Miscanthus
plugplants. Easson and Fearnehough (2000) released a paper discussing the effects of plastic
mulch films (Samco, 2014) and the effects of sowing dates and cultivar on the yields and
maturity in maize in Northern Ireland. Amongst many crop species, there is a goal to grow
efficiently on not just the favourable land butalso the marginal land, and the development of
earlier maturingcultivars within maize plants has allowed growing area in Ireland to expand
significantly (Easson and Fearnehough, 2000). A vital factorin determiningthe potential of an
area of land is the amount of Ontario heat units (OU) the land receives over a year. Higher
yields can be achieved under more favourable weather conditions for the majority of species;
however, there will often be seasons under which the cooler temperatures can have a
negative impact on the subsequentgrowth andyield of a specific crop. Despite this, there is
still a requirement for good economical yield in a timely manner for these crops, and as such
gaining an understanding of measures which could be put in place to mitigate for climatic
fluctuations is of utmost importance. Low spring temperatures can have a highly negative
effect on the survival and growth of young plants in particular. When attempting to extend

the growing season to allow for greater or earlier yields, the strategy of earlier planting can
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be extremely effective. In doing so, however, there is a greater risk of exposing immature
plants to colder climatic conditions (Easson and Fearnehough, 2000) to which they may be
less capable of surviving. Therefore, strategies such as the use of mulch films are very popular
throughout agriculturefor helping maintain warmer temperatures beneaththe film. In order
to achieve the best results, work is required to devise best practice protocols regarding
optimum times of planting, film laying, type of films, and crucially the timing of film removal.
It is the development of this agronomy and knowhow which will help pave the way for the
next steps in Miscanthus plug trials (Clifton-Brown et al., 2017). In the paper by Easson and
Fearnehough (2000) they trialled two different film types on varying cultivars which were
planted a couple of weeks apartin April. Their conclusionsdiscovered that the use of ‘floating
plastic’ was more effective then punched holes plastic. There was also a difference between
cultivars and the earlier sowing, which allowed the plants to receive higher OU at the crucial
time of development. This information is not currently reliable for the new Miscanthus hybrid

cultivarsdue to the aforementioned infancy in usingthe crop as a staple agricultural venture.

1.5 Manipulating growth
Plantinteractions with the environment can have strong effects both positively and negatively
on the growth and vigour of individuals or populations. In addition to accelerating and
improving Miscanthus yield by way of extending the growth season and achieving the most
effective thermal cycle, other options are available to enhance the viability of the plants.
Much progress has already occurred within the Miscanthus programme to select the best
yielding genotypes from thousands of experimental crosses. The focus now will be on
enhancingthe establishment phase of the hybrids of interest, by utilisingthe potential of the

environment aroundthem to promote strong, healthy growth.

Major issues currently facing the seed-based future of Miscanthus growing are the high
mortality rates and small weak plants often seen developing from seeds compared to
rhizomal propagation. When plants are grown from rhizome, they have access to a reservoir
of nutrients already stored in the roots, to help bolster young plants and carry them through
their first year. Miscanthus seeds contain only a very small amount of nutrient supply for a
growing plantlet. As a result, this project will aimto test varying non-temporal factors for their
potential to enhance plant growth, allowing for more successful plantsin thefield and fewer

losses. The overall goal for a successful plug plant venture in Miscanthus is the growth of a
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homogenous population of strong plugs, which continue to perform well when planted out in
thefield (Clifton-Brown et al., 2017). More certainty in crop establishment is highly important
as it reduces unwanted planting gaps, and patchiness and yield loss which will then remain

for the lifetime of the crop (Hastings et al., 2017a).

In order to achieve a high yielding field plantation from plug plants, it is vital to identify the
traits in young plantlets which indicate strong growth and vigour later on. In this way, it is
then possible to select for growth treatments which enhance this trait at the young stage. Zub
etal. (2012) explain that throughout the fields of agronomy and plant breeding, models exist
for predictions of crop yields based on meteorological data and models for assessments of
growth characteristics. In Miscanthus models such as these include MISCANFOR and
MISCANMOD (Hastings et al., 2009, Clifton-Brown et al., 2000) which have been used
primarily on Mxg to model the likely yield against meteorological data. However there is
currently no strong model for Miscanthus to characterize new seeded hybrid trait variabilities
and growth dynamics (Zub etal., 2012). Due to the infancy of the plug-based hybrids, it is still
unclear which early traits are strongly correlated with high above-ground biomass. In previous
studies using clonal reproduction, a stable trait for comparison has been canopy height,
largely due to the relative ease of measurement and a strong positive correlation with yield
(Zub et al., 2012). There are various phenotypic traits which could be indicators of strong
growth besides plant height, however. These include leaf number, stem thickness, nodal
number, tiller number and crucially, root biomass. Environmental conditions that could
promote large root biomass are currently a topicof much interest and are being trialled using
endophytic bacteria within the rhizosphere to aid root uptake of vital nutrients. Large root
systems have multiple benefits including a higher drought resilience, better anchorage,
increased sequestration potential of ground water and nutrients, and ultimately encourage

larger above ground growth.

When considering manipulation of environmental conditions, multiple possible variables and
their interactions present themselves. They include, but are not limited to; soil nutrient
content, climate temperature, water availability, beneficial bacteria, light concentration and
pot size. This project will focus on many of these variables in order to produce best practice

protocols for growing strong, healthy plugs. How the plants interact with these environmental
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variables will allow more definitive answers to the questions of what indicates a strong plug

plant,and what conditions are best to enhance this trait.
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1.6 Manipulating senescence
Plant development overall is driven by cell division and cell differentiation, combiningto form
the obvious structures seen in plants; the vegetative growth and formation of
photosynthetically active leaves and other above-ground parts. This development does not
stop at the formation stage however, but continues into the degradation and death of cells,
tissues and larger organs using apoptosis, or the biologically coined term ‘programmed cell
death’ (Ay et al., 2014). Senescence then, in the botanical sense can be described as the
termination of active plant growth for that season, leading to the initiation of cell death in the
plant. It is the final developmental stage of plant cells, tissues, organs, or in the case of
monocarpic plants; the entire plant (Distelfeld et al., 2014). Ultimately, senescence is the
process which can determine the level of photosynthesis, ranging from individual
photosyntheticorgansto a whole plant basis. The overall function of senescenceis therefore
to maintain the optimal conditions for plant photosynthesis and survival by way of nutrient
use efficiency (Robson et al., 2012). It will achieve this by removing the nutrients given to
leaves deemed no longer of photosynthetic benefit, and re-assimilating the nutrients to
leaves more likely to achieve good net productivity, for example leaves higher up the canopy
(Robson et al., 2012). Once senescence has been initiated the next stage will be a mass

remobilization of nutrients from the senescing parts to the developing sinks, such as seeds,

grains or plantrhizome (Distelfeld et al., 2014).

As a perennial crop plant, Miscanthus dries down duringthe winter months before regrowth
occurs the following spring. The key organ for this in Miscanthus plants is the below ground
rhizome which is essentially a Miscanthus plant’s life source. The rhizome is primarily involved
in the economic translocation of nutrients, and is the organ the plant uses to survive the
winter (Clifton-Brown and Lewandowski, 2000). At the end of the growing season the plant
will start to senesce, transferringall its available nutrients to the rhizome to be available for
next spring (Clifton-Brown and Lewandowski, 2000). The timing of this process can have a
significant effect on the quality and quantity of harvestable yield in Miscanthus plantations;
if senescence occurs too early then there is a risk that harvestableyield is lessened, dueto a
reduction in the duration of canopy expansion. If senescence occurs too late the crop will not

have had a chance to ripen sufficiently or remobilize enough nutrients to the rhizome,
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resultingin reduced biomass quality, and crucially, a reduction in the plants ability to survive

the colder winter temperatures and flourish the following spring (Robson et al., 2011)

Currently Miscanthus has exhibited poor senescence and overwintering in the UK due to its
more tropicalized and warmer climate tolerant life cycle. Field trials have shown that the first
winter following planting holds the greatest survival risk for a plant due to shallow and less
developed rhizome than in subsequent years (Clifton-Brown and Lewandowski, 2000). In
more Northerly regions overwinteringlosses have translated to high financial losses, further
addingtothe barriers faced in upscaling the crop to economically viable levels (Clifton-Brown
and Lewandowski, 2000). Understandingthe triggers of senescence will allow slow senescing
genotypes to be artificiallyinduced into starting the process at an earlier date. This will ensure
good re-growth in following years when plants should be hardy enough to survive winter with
minimal help. Dormancy (and therefore winter survival)is of great importancein a perennial
crop such as Miscanthus, and in areas where autumn and winter climatesiillicit temperatures

below what the plants can cope with, it is especially prevalent.

Similaraims are evidentin literature across a variety of crop plants over the last few decades,
with the primary goal beingto harnessthe timing of plant senescence, whether to encourage
itor delay the process, depending on the species and the desired result. Thomasand Ougham
(2014) review a more recently coined term known as the ‘stay green trait’, which can be used
to describe heritable delayed senescence in some model and crop species. They explain that
functional stay green is considered a valuable trait for improving crop stress tolerance and
can be associated with cereal crop domestication. The stay green types are often a result of
alterationsin plant hormonesand signalling, focussing particularly on the networks involving
ethylene and cytokinins (Thomas and Ougham, 2014). While extending the duration of
greenness has improved the productivity in many crops, for other plants a stay green trait
would have a more negative impact. It stands to reason thatif planthormone and signalling
pathways can be altered to extend the green season, that the same idea can be reverse

engineered to reduce it where necessary.

Senescence can be controlled or triggered in a variety of ways, primarily induced by
environmental conditions and the result of signalling pathways, triggered by biotic or abiotic
stress. It is widely accepted that phytohormones play an incredibly important role as

senescence regulators, in what is a highly complex network primarily aiming to protect the
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plant from stress and to optimise development (Ay et al., 2014). A particularly efficacious
phytohormone involved heavily in plant regulatory networks is ethylene, probably best
known for its fruit ripening characteristics. However ethylene is a gaseous plant hormone,
and as such can be inconvenient to use for many plant laboratories, therefore there are
several chemicals which can be used as replacements, including ACC and ethephon (Zhang
and Wen, 2010). Other chemicals and phytohormones which have been proven to induce
senescence in leaves or whole plantinclude Salicylicacid (SA), Methyl Jasmonate (Mela), and
Abscisic acid (ABA) (Sarwat et al., 2013, Ananieva et al., 2007, Milborrow, 1974). In addition
to endogenous factors such as the phytohormones, plant age, and reproductive phase,
senescence can also be initiated by environmental variables. These include the length of the
photoperiod, nutrient availability, temperature, water availability and salinity (Sarwat et al.,

2013).

All of the factors mentioned above play a crucial role in encouraging or delaying plant
senescence in varying forms and concentrations. Together they produce a network of
regulatory pathways whereby senescence associated genes (SAGs) can be up- or down-
regulated dependingon the fine balance. Through experimentation with different chemicals
and, where practical, different environmental conditions, it should be possible to aid first year
Miscanthus plants in senescingin a timelier fashion and in doing so ensure the re-growth of

strongsecond year plants the following Spring.

1.7 Projectoverview
This project will be completed in collaboration with the industrial partner Terravesta.
Terravesta are a Lincoln-based company, leading the way in Miscanthus utilisation as a
significant biomass crop in the UK. Chairman of the company William Cracroft-Eley began
planting Miscanthus in 2006, and upon realisingits potentialas a viable business crop on the
less favoured land, set up Terravesta in 2012 as a new market for Miscanthus growers after
the liquidation of Bical in 2010/11. The overarching priority for the company is to ensure
Miscanthus becomes an established homegrown biomass resource. It is hoped this project
will playanimportant partin helping secure the future of Miscanthus as an agricultural staple
crop. Improvements to Miscanthus are required across the entire supply chain and this PhD
will be one part of a multidisciplinary team working to achieve this. Despite the

improvements already in place, there is a need to further optimise and improve the hybrids
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to best match the growing conditions and required end uses in order to get potential growers
on board. Uptake of Miscanthus growing by farmers has been slow due to a series of barriers
alongthe development chain (Clifton-Brown et al., 2017). By focusing on the current shortfalls
of the species this project has the potential to improve the establishment phase of
Miscanthus leading to less initial loss, cheaper seeded options of propagation, earlier

establishment, better overwinteringand ultimately a faster return on grower’s investments.

The ultimate aim of this projectisto aid the progressionin domestication of one of the leading
crops available to utilise for biomass fuel and renewable energy. This introduction reviews
recent advances in early Miscanthus growth, what still needs to be done and where these
experiments impact wider Miscanthus research aimed at increasing biomass supply. This
project will not include work based on the chemical composition of plants, conversion

technology, bio-refining or power station end of the supply chain.

1.8 Aimsand objectives

The project can be broadly broken down into three sections of research, which will ultimately

linkinto each otherfor an overall improved Miscanthus agronomy.

1) Early season planting of plugs of seeded varieties to extend the length of the first
growing season enhancing establishment growth with impacts on yield maturation

2) Enhancingseed plug growth and development by manipulating growth conditions

3) Insightand understanding of the signals and triggers of senescence and improvement

of overwinteringability in the first winter following planting.
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2 Shared Methods

2.1 Germination scores
Germinationscoring can be difficult to accurately assess due to the small size of Miscanthus
seed, and occasional loss of the seed into soil gaps in the growth medium. Typically,
germination was scored when at least 2mm of radicle emergence could be seen protruding
from the seed husk, and more confidently so, when any amount of green shoot could be seen
breaking through. Where germination score was a measurement factor, seeds were sown
individually into each plug cell well. Germination percentage could then be scored by counting
the number of cells at set amount of times post sowing, that contained any amount of green

shoot.

2.2 Seeded hybrids used
The seeded hybrids used most commonly in this project are GNT 3, 5, & 14 as key hybrids with
the best performance of key traits chosen from thousands of crosses in previous funded
project ‘GiantLINK’, concludingin 2016. The majority of individual trials reported used GNT14
as the main seed of choice, due to high commercial interest in the hybrid at the time. Year
produced varied as earlier experiments used 2015 threshed material, and later on used 2016
threshed material. Due to issues surrounding germination percentage, crossing compatibility
and seed collectionissues, and mould in the resulting seed lots, GNT14 is of less interest now,
than at the start of the project, however as trials began using that hybrid, it was practical to
keep usingit throughout the timeframe. Multihybrid trials reported here, typically used all
three of the key seeded hybrids (GNT 3, 5 & 14). For assessments of plugvariation within one
genotype, it was necessary to find a high performing hybrid, with good germination,
homogenous field growth and excess available seed, due to the quantities needed. The seed
batch of choice was GNT 27, a hybrid used in chapter 6 only. Senescence assessmentsin 2017
used hybrid GNT 13, a cross that had failed senescence testing in multi hybrid trialsdue to a
tendency to stay green over the first winter. Later senescence testingused GNT14 as this had

also exhibited reluctance to senesce under temperate climates.
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Table 2.1 Genetic information of hybrids used throughout this study

Common Mx Cross type Female Male parent Location Chapter
seed number parent produced used
name

Mx Interspecific  Miscanthus Miscanthus  Ceres Inc.
GNT5 3&4
3539 hybrid sacchariflorus sinensis Texas
Mx Interspecific  Miscanthus Miscanthus  Ceres Inc.
GNT 3 4
3536 hybrid sacchariflorus sinensis Texas
Mx Interspecific  Miscanthus Miscanthus
GNT14 . ‘ Catania 4,5&7
2779 hybrid sinensis sacchariflorus
Mx Interspecific ~ Miscanthus Miscanthus  Ceres Inc.
GNT 27 6
3522 hybrid sinensis lutarioriparius Texas
Mx Interspecific ~ Miscanthus Miscanthus  Ceres Inc.
GNT13 7
2468 hybrid floridulus sinensis Texas

2.3 Seedling measurements

2.3a Extension

Seedling extension also known as shoot or stem height, typically was undertaken on the
tallest stem or main stem of a seedling, or when necessary, all stems. This is a measurement
of length between the base of the plant at soil level and the ligule of the newest fully
expanded leaf. This is the most standard measure of height in a plant, as measurements of

height based on to the end of the longest leaf can be confounded by differences in the leaf

area and growth, which is a separate assessment to plant height.
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2.3b Leafnumber

Leaf number was typically scored as the amount of green leaves present on either a single
stem, or more commonly the whole seedling. A green leaf was chosen as any leaf that still
had >10% green pigment remaining. Brown senesced leaves are difficult to count and
distinguish from each other and the stem, so were typically removed from analysis. Any

emerging leaf over the length of approximately 4mm was counted in the analysis.

2.3¢c Stem number

The number of stems, also described in some places as tiller number, was a measure of the

total number of stems over the length of approximately 1cm, and forming a leaf, on a single

plant. Tiller number was done here on an individual plant basis, not as a sward or cluster.

2.3d Aboveground biomass
Total above ground biomass of a seedling was the overall total of the individual leaf, and stem
biomass from an individual plant. Leaves were stripped from the stem with scissors, at the
point where the ligule meets the stem. For brown senesced leaves it was difficult to assess a
starting point as leaves were typically dead, flaccid and had no obvious ligule. For these
leaves, the easiest method of removal was to peel them away from the stem. All leaf material
was weighed collectively. Stems were cut away from the roots just above the main root mass
and weighed collectively. Results could then be added together to produce total fresh above
ground biomass. Samples were then placed in labelled paper bags to be oven dried, at
between 60 — 105°C depending on the oven available, and other material inside. Once a

constant weight was reached, dry biomass was assessed for stems, and for leaves.

2.3e Rootbiomass

Root biomass analysis was undertaken by removing the below ground biomass from the
above ground, cutting at the base of the stem just above the bulk of the root and young
rhizome. Roots were washed carefully, ensuring as little loss of fine root structure as possible.
After washing, roots were patted with blue roll to remove excess moisture, before being
weighed on a 4-figure balance, due to low weights of many samples. Samples were then
placedinlabelled paper bagsto be ovendried, at between 60 — 105°C dependingon the oven
available, and other material inside. Once a constant weight was reached, dry biomass was

assessed for root mass.
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2.4 Field planting
Once soil was prepared, site perimeter, based on assessment of planting density and trial
area, was measured out and lines staked using a measuring tape, strong stakes and strong
twine. Plug spacing was measured out using one line of twine, a measuringtape, and cable
ties tied at individual plug spacing. This line was then moved across the whole plot during

plantingforaccurate hand plantingat the required spacing.

2.4a Planting
Planting took place in April or May for most assessments, with the exception of one June
plantingin chapter (X). Plugs were removed from trays, placed in a pre — dug smallindentin
the soil, covered back over and all watered at the end. Plugs were also sprayed with a pre-
emergence herbicide to attempt to control weed growth, before being covered with a layer
of porous Samco mulch film (Samco reference). A starch-based product, the film typically
breaks down under UV exposure, but often leaves plasticresidue in the soil. As such, new
trials are beingundertaken using other film types, but for this project the Samco film was still

used.

2.5 Field assessments

2.5a Establishment
Establishment assessment, also known as survival measurements, are typically (unless stated
otherwise) undertaken in the autumn following planting, and again at harvest following the
first winter, to give two measurements of a) growth season survival and b) over wintering

survival. Survival counts involve a complete count of all surviving plantsin a plot.

2.6 Autumn phenotyping

2.6a Stem number
Assessment of stem number in field conditions usually involves a complete count of all
growing stems on anindividual plant. The height at which a new base node becomes a stem
is subject to the individual researcher and the size of the plant but generally any stem that
has formed its own leaf will be counted. Where Miscanthus plant basal diameter is wide or
contains creepers, with a large number of stems, a half stem count will often be taken and

then doubled, to give a good estimate of the total.
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2.6b Canopy height
Canopy height assessment can be variable between individuals takingthe measurements, as
it is not an exact measurement. The height of canopy is the approximate region of the leaf
canopy where maximum light interception can occur, and typically, when the leaves begin to

bend downwards.

2.6¢c Shoot height

Shoot height, or often known as stem height, and is an exact measurement of the length of
the tallest stem from the base of the plant, until the ligule of the newest fully expanded leaf.

Where the tallest stem is difficult to determine, an approximately tallest stemis sufficient.

2.6d Die off height

The assessment of die off height is difficult to standardize but is generally measured as the
height at which senescent brown plant material has reached from the base up to the canopy.
Die off height can give a good early indication of senescent speedin an individual plant orin

a sward of Miscanthus.

2.7 Post-winter harvesting
Total plant biomass assessmentis typically done the spring following winter die back to allow
as much time as possible for nutrient remobilization and dryingdown of the senesced above
ground material. In an experimental plot design the plants in the middle of the plot will
generally be harvested, the total of which is dependent on the plot size and will be described
forindividual field trials in more detail in chapter methods. Anassessment of the total number
of plants within the selected area will be taken, followed by an actual plant count, and
assessment of quadrat area, for later assessment. The selected plants are cut from the base,
with either hedge strimmer or secateurs, weighed collectively and representative subsamples
of leaf and stem taken for fresh and dry weights, to gauge average moisture content of the
entire plot. In earlier years, typically a single subsample was taken from each plot, however
in later years methods have improved to include three separate subsamples, to allow an
average for moisture content. Subsamples are oven dried at varyingtemperatures depending
on the assessment requirements following drying. For simple dry weight, subsamples are
usually dried at 105°C. If compositional and carbohydrate analysis is required after drying,

then temperatureis generally reduced to 60°C. Once dry weight and moisture content of the
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entire plotis known, it is then possible to use potential and actual plant count of a known
area to predict the total biomass that could be gained from a hectare of plants grown under

that specific experimental condition.
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3 Effects of application of mulch film covering on germinating

Miscanthus seedlings, on subsequent glasshouse growthand field

performance

3 - January/Feb
Sowing seed into modules, and
growing the plants in variable

experimental environments
under glasshouse conditions

4 - February — April
Assessment of growth
and development in the
glasshouse environments

via In situ measurements
| and destructive harvests

2 - December/January
Threshing and cleaning
seed ready for
germination tests, and

final sowing

The circle of life
The optimisation of
Miscanthus seeded

hybrids over the

first year

5 - April = June
Planting of the resultant
population into prepared
field plots, and covering

with mulch films

1 - October/November
Collection of seeds
from parent panicles
(Catania)

6 — September - November
Phenotypic measurements
and survival assessments,
to evaluate establishment

and growth over the season

8 — March/April
Plot harvests and
establishment counts for
all experimental field
plots

7 — November — March
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Figure 3.1 The lifecycle of the first year of a Miscanthus seedling trial. The red highlighted area
indicates where the key period of treatment and intervention took place, for the experimental
treatments being presented in this chapter.
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3.1 Introduction
Theinnovation of Miscanthus produced from seeds, as opposed torhizome propagatedis one
of the most important advances in the Miscanthus programme at Aberystwyth University.
Propagating Miscanthus from seeds, as opposed to the standard rhizome splitting method,
has the benefits of producing progeny at a much higher rate of multiplication, reducing the
risk of disease and total crop lossassociated with clonal plantations. Additionally, this method

would have the benefit of reduced labour and transport costs (Ashman et al., 2018).

For the new seeded varieties currently undergoing testing, it is important that they meet a
list of growth and performance criteria and perform equal to, or better than, the current
commercial standard Mxg (Clifton-Brown et al., 2017). For this reason, the current hybrids at
Aberystwyth University have been selected for high quality performance across a range of
tests. Of thousands of paired crosses undertaken in previous projects, a handful of best
performing hybrids have been chosen to partake in Innovate UK project called Miscanthus
Upscaling Technology (MUST). This project was designed specifically for commercial partners
and researchers to improve the seeded Miscanthus supply chain from seed crossing and

collection, to germination, growth andyield, and finally potential end uses.

While seeded varieties have much potential and benefit, there are also drawbacks to using
this system. Clonal propagationrelies on the splitting of rhizome into individual pieces which
can then facilitate the growth of a new plant from a reservoir of essential nutrients including
N, P, K and available sugars. In contrast, seeded plants do not have this substantial resource
to draw from (Atkinson, 2009). Miscanthus seeds are small (2-3mm) and easily damaged or
compromised (Awty-Carroll et al., 2018, Lewandowski et al., 2000). Germination is highly
variable between hybridsand years; a trait of considerable interest within the testing criteria.
Once germinated, seedlings are highly sensitive with little reserves, and can easily be lost to
desiccation, frost damage, flood or low seed to soil contact. In addition to this, the non-clonal
nature of the seeds reduces the homogeneity in the progeny, making heterogeneous
establishment more likely duringthe first year (Christian et al., 2005a). First year growth is a
crucial time for determiningthe growth and yield of plantations in subsequent years (Robson
etal., 2013a). First year yields are typically low due to plantimmaturity, but if plants are able

to grow substantially, from as earlyin the season as possible, and senesce effectively over the
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winter months then economically-harvestable yields are more likely to be achieved in the

second and third year (Clifton-Brown and Lewandowski, 2000).

Seeds cannot be effectively direct sown at present, without considerable gaps within the field
plots due to non-emergence and/or death of seedlings (Ashman et al., 2018). As such the
current widely accepted method for planting seeded Miscanthus hybrids, is based on a system
of multisowing seedsinto small cells of plugtrays and growing the plantlets under glasshouse
conditions (Clifton-Brown et al., 2017). After 8-12 weeks growth under more controlled
conditions, the resulting plants are more likely to survive field conditions. This can be further
improved by covering field-planted seedlings with a layer of mulch film, designed to retain
heat and moisture (Ashman et al., 2018). Mulch films additionat plantinghave been proved
to improve establishment rate, average height, stem number and yield in the first year, with
some improvements still visible after the third growth year, making thisa highly economical

agronomic practice (O'Loughlinet al., 2017).

While genetic differences account for a large percentage of plant characteristics and yield
potential, plant treatment and the growth environment cannot be underestimated in terms
of overall establishment, growth, and crucially yield (Boyer, 1982, Lewandowski et al., 2000).
The aim of this experiment was to attempt to apply simple agronomic methods to glasshouse

grown plantsto try to maximise growth before plantingin the field.

The time seedlings spend in the glasshouse can be utilized to affect establishment and
improve above and below ground growth (Ghosh et al., 2018). Glasshouse time is costly,
financially and energetically, and reducing costs and energy expenditure where possible is
important to the net financial and carbon balance. Experimentation to determine the ideal
establishment growth conditions and optimum time spent growing for sowing and planting

was a large part of this PhD project and the MUST project.

The first assessment undertaken duringthe project was experimentation on the use of clear
filmin the emergence phase under glasshouse conditions. The aim of the experiment was to
assess seed germination and establishmentfor potential improvedyield and homogeneity in
the field, in the new Miscanthus hybrid ‘GNT5’. Growth conditions were altered using the
standard agronomic practice of using clear film over the plug trays after sowing for

approximately 1 month. This was hypothesisedto provide a more optimal condition without

49



requiring significant energy input to the environment surrounding the emerging seed. This

assessment was at Aberystwyth Universityina “Venlo”-type glasshouse.
The hypotheses tested in the experiment were as follows:

1) Increased temperature and humidity under film will lead to higher rates of

germination

2) Higherrates of germination under film will produce more homogenous growth at the

seedling stage

3) Plants germinated under film will perform better, with higher survival and growth

rates after transfer to field conditions
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3.2 Methodology

3.2a Glasshouse phase —plant material and experimental set up
Four commercial Miscanthus ‘126’ plugtrays of approximately 25cm? soil volume per module
were filled with approximately 8.5g of John Innes compost No.2. Seeds of Miscanthus hybrid
GNT5 were sown in early January 2016. One seed per plug was added to each tray and finally
the whole tray given a light sprinkling of vermiculite to cover approximately 50% of soil
surface, and then watered. Once sown, all trays were covered with silver foil and placedin a
glasshouse compartment. The compartment was set to a 16 h day length with supplemental
light provided by SonT lights and temperature set to 18/25°C (night/day respectively), with

some variation dependenton outside conditions.

Seeds were monitored daily for signs of radicle emergence through the seed coat. Once
radicles had emerged all silver foil was removed, and the trays split randomly between two
treatments. Treatment 1 was to cover trays with clear film after germination (Trays A & B)
and treatment 2 was left uncovered (Trays C & D). Emergence data was collected every two
days over thefirst 3 weeks, beginningon day 7 post-sowing, by countingthe number of plugs

that had chlorophyllous shoots.

After germination, 15 plants per tray were selected at random. In the selected plants
extension growth and leaf number were measured on a weekly basis for two months (Figure
3.2). Extension growth was the height of the tallest stem from soil level up to the youngest
leaf ligule. Leaf number was the total number of green leaves visible on the plant. The film
was suspended using plant labels to produce a mini greenhouse, and the film was removed
from the trays after one month. Trays were watered daily, and regularly moved around the

glasshouse to minimize the impact of environmental heterogeneity.

Three weeks before planting, all trays were removed from the glasshouse and placed in a
polytunnel to begin the process of acclimatisation to outside temperatures and light

fluctuations. Plants were not measured duringthis time.
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Figure 3.2 Treated trays A & B (photo A) and control trays C & D (photo B) at approximately 7

weeks old, under SonT supplemental lighting in February 2016. Labels show the randomly selected

plants measured in each tray.

3.2b Field planting of all seedlings into experimental plots in Hackthorn,
Lincolnshire

All plants from the four treatment trays were hand plantedin a field site close to Hackthorn

(Lincoln) at the end of April 2016 (see appendix 1 & 2). Treated trays A and B were planted

together, treatment block 1, and control trays C and D on treatment block 2. All surviving

plants had a Unique identifier (UID) number and selected plants were positioned randomly

within the blocks and labelled on a field plan for subsequentmeasurement (

Figure 3.3). Immediately before being planted the selected plants were measured for
extension growth, leaf number and stem count. Plants were spaced approximately 68cm

between columns, and 75cm between rows (Figure 3.4A). To help establish the plugs all plants
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were watered, sprayed with a pre-emergent herbicide and covered in Mulch film (Figure

3.4B). Plants were then left to grow through the mulch film and were hand weeded if

necessary.

X500

w L* Al x4poh A RE i u-;‘alv (RN RSN RENR R ) RO RE RN RE 00 R R B EE B B - S ) R R0 R ARA) RE S RO ) LR RE Y I AN N

A E T ] o LI o0 PO R 0 o T s SRLUILREN L

o 00 Lo | S o o do s o i on on e ok L
W o | i | oerr | e | a0 ”

oy | s ne (25

& - X ! x o u e
Lo R N N KIN § e | O K W
N ETR L O s B | N ] LT L N e I SO | B 0 | e D00 | 1IN
L2 Lo ol B I B L] U S i | v 0k | rgl | G ) el | O
» e . e - = n o ) ! " x e 1 s
un O R AR A ROH | R | proti i e ] RS | ) R | e

L SO L Pt B 00 S | e 0 Lo DU e A Lo B 0 e e wlid R E LA S R LR LR L]

LAL I R ) LSOl B 2 o LB R Lh) ELUN LU S BT )
~ v W m X N ) “ w e (x) e
ul -y QT | R | e | wil KA | T || oW | s

i

LU LR po s | iy
- . o L

>3

~

us

L
[

LS L
e | oo | e
)

st
% e
2ol

i

HCK  HCK
16 SD 17 RP

Figure 3.3 Field trial location in the Hackthorn Miscanthus plots, and field plan. Left side contains

control plants from trays C & D, the selected plants shaded light orange for tray C, and dark orange

for tray D. Right side contains the treated plants from trays A & B, the selected plants from tray A
shaded light green and from tray B shaded dark green.
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Figure 3.4 Seedlings from HCK 19 ON were hand planted along rows (A) and sprayed with

herbicide before application of Muich film (B).

3.2c Phenotypingin Autumn 2016 & 2017
In October 2016 and November 2017 all plants were assessed for survival rate per block,
canopy height, shoot height and stem number. Canopy height was measured as the height
from the soil surface to the point at which approximately the most light interception can be
seen in the leaf canopy. Shoot height was measured as the height of the tallest stem, from
the base of the plant to the ligule of the youngest fully expanded leaf. Stem count was the

total number of stems over a height of approximately 10cm.

3.2d Springharvestin February 2017
Spring harvest of all above ground biomass was undertaken on 25 plants randomly selected
from both the treatment blockand the control block. The entire plant was trimmed from the
base by hedge trimmer and weighed on a tripod and scales. The plant was then shredded,
and the entire plant contents placed in a labelled paper bag. Samples were dried at 105°C

until a constantdry weight was reached to determine total dry biomass and moisture content.

3.2e Dataand statistical analysis
Data was gathered using Microsoft Excel on an iPad. Statistical analysis was using IBM SPSS
statistics, version 21. Tray means were compared using ANOVA and Tukeys post hoc test
examined any significant effects. Phenotyping and harvest data were assessed between

blocks using Students T test.
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3.3 Results

3.3a Emergence and germination rate

The presence of filmincreased germination speed in bothtreated trays, with 39% emergence
in tray B and 55% emergence in tray A at day 7, compared with 17% and 20% in control trays
C & Drespectively (Figure 3.5). Emergence remained higherin treated trays than control trays
until day 22 when control tray germination reached a similar percentage (79% in both trays),

to treated trays (86% in tray A, 81% in tray B).
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Figure 3.5 Germination percentage over 22 days from sowing, for two treatments. Black line
indicates trays covered with film from germination. Grey line shows trays not treated with film at
all. For both lines n = 2. Percentage shows the proportion of the 126 plug cells per tray that
produced a green shoot. Asterisks indicate where comparison was significant (p = >0.05) using
students T test.
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3.3b Glasshouse growth and development
From 1 — 4 weeks post sowing there was no significant difference in seedling height between
treated plants and control plants (Figure 3.6A). After 5 weeks, film-treated plants were
significantly longer than the control treatment lacking film (p = 0.000). This trend continued
over the next 6 weeks as treated plants grew taller at a faster rate than control plants. By
weeks 8 - 9, exponential growth in treated plants slowed down, but the film-treated plants
remained significantly taller than control plants (p = 0.000 at all time points). Green leaf
number was also significantly increased by treatment from 3 weeks (p = 0.027) to 8 weeks (p
= 0.010) post sowing (Figure 3.6B). After 8 weeks green leaf number was no longer

significantly higherin treated plants.
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Figure 3.6 Extension growth (A) and green leaf number (B) of plants covered with
mulch film (black line), and control plants lacking film cover (grey line) over 11
weeks in glasshouse conditions. Bars are standard error, n = 2 replicate trays,

within which were 12- 15 individually selected plants measured, depending on tray
mortality rates. Asterisks indicate where comparison was significant (p = >0.05)
using students T test.
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Analysis of selected plants the day before field plantingis shown in Figure 3.7. Plants from
treated trays A & B were taller than control plants on average, but there was no significant
difference in heights across all selected plants (p =0.268). Tiller number was lowest in control
tray D, but no significant difference was found (p = 0.638). Leaf number was higher on average

in plants from treated tray B but this was not significant (p = 0.286).
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Figure 3.7 Final assessment of selected plants from tray A and B (film covered) and tray C and D
(control plants) the day before field planting on the 26th April 2016 when plants were
approximately 14 weeks old. Tiller number (grey bars), leaf number (black bars) and plant height
(scatter points and second axis) were measured on each plant. N = 11,13,10 & 7 of original 15 in
trays A,B,C & D respectively due to plant mortality. Error bars are Std E. Statistical assessment was
done using ANOVA.
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3.3¢c Environmental conditions over the first 16 months
Weather assessments indicated consistent rainfall in the weeks immediately following
planting, and no obvious frost events. Temperatures were lowest at the week of planting but
rose quickly following the planting week, and remained between 12 — 20°C on average over

the growth season (Figure 3.8), until the end of September. Average weekly air temperature

did not dip below freezing duringthe winter period.
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Figure 3.8 Meteorological data from Hackthorn site in the UK between the end of March 2016 and
June 2017. The black line indicates average air temperature for that week, and the blue bars
indicate the average rainfall (mm) for the same week (secondary axis).

3.3d October 2016 phenotyping under field conditions
There was no significant difference in canopy and shoot heights of the selected plants (p =
0.154 & 0.174 respectively) in October after one growth season (in the field April-October
2016) (Figure 3.9). Plants from tray D had lowest survival with 4 of the original 15 selected
plants remaining, fortrays A, Band C, 8 ofthe original selected plants remained. Plant heights
of selected plants measured in either Aprilor October were highly variable within treatments

particularly control treatments (C and D) (Figure 3.10). For heat maps of location of largest

plantsseeappendix3 & 4.
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Figure 3.9 Phenotypes of selected plants in October 2016 after 5 months in field, following early

growth in the glasshouse with (A and B) and without (C and D) mulch film. Canopy height (black

bars), shoot height (grey bars) and stem number (scatter points). Error bars are SE; n = 8 for all
except D where n = 4.
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Figure 3.10 Extension of each remaining selected plant in April 2016 prior to planting (black) and
the same plant’s height in October 2016 (grey). Line included for ease of analysis of trends. A & B
are plants from treated film covered trays. D & C are control trays that lacked mulch film.
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In addition to selected plants that could be directly compared across the growth season, all
plants were measured to more accurately estimate treatments differences in the field blocks.
Assessments of significance as a result of row and column revealed a significant difference in
shoot and canopy height for the first row of plants over the whole trial, so these were omitted
from analysis. There was no significant effect of column. Autumn survival overall was higher

in the film covered block by approximately 10% (

Table 3.1). Results of canopy height for all plants in each block showed a significantly higher
average canopy height of 77cm in treated plants, compared with 71cm in control plants (p =
0.042). Results of shoot height showed a similar trend but this was not significantly different.
Stem number was significantly higherin treated plants, with an average of 16 stems per plant,

compared with 12.6 in controls (p = 0.031).

Table 3.1 Phenotypes from all plants 6 months post planting, in a trial of Miscanthus grown with
and without mulch film in the glasshouse before transfer to the field in the trial. !

Block Survival rate (%) Cano(r;:(nl;leight Ster?c::;ight Stem number
Treated (film) 86.5 77.48 (£2.01) 50.52 (£1.47) | 16.09 (+1.16)
Lowest value 17.0 7.0 1.0
Highest value 115.0 85.0 65.0

Control 71.4 70.96 (+2.53) 46.83 (+1.84) | 12.56 (+1.14)
Lowest value 18.0 11.0 1.0
Highest value 121.0 92.0 40.0

Significance n/a p =0.042 n.s p=0.031

! Phenotypes were assessed in October 2016. Block 1 (germinated under mulch film for one
month), Block 2 (control plants with no film). Survival percentage is based on the number of
surviving plants out of an initial 126 planted per block. Average shown plus SE and range from

each block are shown. Means were compared by students T test.
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3.3e Correlationsingrowth parameters pre-and post- field planting
Phenotypes of selected plants were combined, ignoring treatment, and measurements in
April correlated with those in October to test how well phenotypes at planting predicted
those after 5 months field growth. There was no significant correlation (R?- 0.033) between
spring and autumn extension growth (Figure 3.11A). Extension growth at planting was not
correlated with stem counts (R>— 0.0185) (Figure 3.11C). Stem number at planting did not

correlate with either stem number (Figure 3.11B) or extension growth (Figure 11 D) in October

(R2-0.0326 and . R*—0.0657 respectively).
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Figure 3.11 Correlation of stem extension and stem number at planting in April with the same
phenotypes measured in the same plants after 5 months field growthR2 value for each trend line is
shown on each graph.
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3.3f Harvestingofrandomly selected 25 plantsfromeach blockin February 2017
Mulch film had no significant effect on fresh weight biomass yield at spring harvest (p =0.572,
F value = 0.324) (Figure 3.12A). Similarly there was also no significant effect of mulch film on
dry biomass yield (p = 0.464, F value = 0.045) (Figure 3.12B). Moisture content of spring

harvested biomass was similarly not significantly affected by mulch film treatment (p = 0.065,

F value = 2.805) (Figure 3.12C).
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Figure 3.12 Harvest data from plants germinated under mulch film for one month (Treated, light
grey), and plants lacking film (Control, dark grey). Biomass parameters measured are above
ground fresh biomass (A), above ground dry biomass (B), and moisture content (C) from 25

randomly selected plants within each treatment block.
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3.3g Phenotyping assessments of all plantsin November 2017
The number of plants growing on the field was assessed in autumn of 2016 and 2017 after
each of two growing seasons subsequent to the Mulch film treatment. After the second
growth year, there was no further loss in plants compared to surviving plants in 2016 in the
mulch film treated block (86% survival rate). Survival rate in the controltreated block reduced

from 71% survival in the autumn following planting, to 63.5% in the followingautumn (Table

3.2).

Within treatment variance was high for all growth parameters measured in spring 2017 for
both canopy height (Figure 3.13A), and stem count (Figure 3.13B). There was no significant
difference in canopy height between mulch film treated plants and control plantsin autumn
2017 (F (1,188) = 1.289; p = 0.258). Average shoot height was also not significantly different
between treatments (F (1,188) =0.442; p = 0.325). Stem number was not significantly affected
by treatment at the end of the second growth year (F (1,188) = 0.029; p = 0.864), with both
treatments having a comparable stem number of approximately 48 stems per plant on

average.
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Figure 3.13 Stem growth after two growth seasons of Miscanthus plants germinated under film
(treated) and lacking film (control). Canopy height (A) and Stem number (B) were assessed from all
plants in November 2017 (treated block n = 110, control block n = 80).
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Table 3.2 Phenotypes from November 2018 of all plants in a trial of Miscanthus grown with and
without mulch film covering in the glasshouse, before being field planted. 2

Survival rate (%) | Canopy height (cm) | Stem height (cm) | Stem number
Treated 86.5 118 (+2.7) 100 (+2.6) 48 (+2.5)
Stdev 26.7 27 27
Control 63.5 113 (£3.7) 95 (+2.6) 48 (+3.7)
Stdev 32.9 30 33
F value n/a 2.426 0.998 3.609
P value n/a 0.258 0.325 0.864

2 Survival percentage based on number of surviving plants of initial 126 planted per block. Canopy
height, stem height and stem number were taken on all plants, and the average shown plus StdE.

Standard deviation is also shown. Statistical analysis was done using students t test
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3.4 Discussion
The optimisation of Miscanthus seedling growth in plugs under glasshouse conditions is a new
but crucial area for improvement in current Miscanthus propagation techniques. Rhizome
propagationis slower, more costly and less scalable thanthe new seeded variety propagation
but is also much more developed and understood. The prospect of direct seeding of
Miscanthus seeds into field plots is a long term goal, but currently exhibiting poor
establishment and survival as a result of small seed size and low nutrient reserves, coupled
with adverse weather conditions in springin temperate climates (Ashman et al., 2018). It is
likely that direct seeding requirements for more favourable climates will differ significantly
from those in more temperate regions, such as the UK. Regardless of location, however,
sowing at the earliest point possible will be vital in order to maximise the growth
accumulation season, and produce maximal biomass (Hastings et al., 2017b). To overcome
the issues associated with both of these propagation methods, a compromise has been
reached, whereby Miscanthus seed is instead sown into controlled, high temperature
glasshouses, to meet the Miscanthus seed high thermal requirements. Further optimisation
within these environments to produce the most vigorous plug plants is one of the main
themes of this PhD project. In this experiment applying a standard agronomic practice for
field grown crops to glasshouse grown Miscanthus by germinating seedlings with and without
a clear mulch film covering was tested. The effects of treatments on germination rate and

plantvigour under glasshouse conditions and how any such differences related to subsequent

performancein field trials was assessed.

It was hypothesized that addition of mulch film would increase germination percentage and
rate. As predicted, effects of film did increase germination rate (Figure 3.5). After
approximately 2 weeks, control trays caught up in terms of number of plugs with a
germinating seed. The addition of mulch film resulted in faster growth rate and maturation
differences such as the production of taller stems, although leaf number was seemingly
unaffected (Figure 3.6). Colder soil temperatures can slow or limit seedling emergence and
growth (Simon et al., 1976). It is likely the application of the clear film acted as a second
greenhouse on top of the seeds. Air and soil temperature underthe film was likely increased,
though this was not measured but has been documented in other studies. In a recent

publication testing the effects of mulch films on seeds grown under direct seed sowing
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methods in field trials, results showed average daily soil temperatures were much higher
under mulch film than in control plots, but that volumetric moisture content was variable,
based on the soil conditions prior to covering (Ashman et al., 2018). Such changes in the
seedlingenvironment may better match the thermal requirements of tropicalized small seed
such as Miscanthus seed. Under glasshouse conditions, the positive result of this additional
heating agent would be variable, and subject to the ambient temperatures of the outside
environment. Glasshouses easily go over set temperatures under warm conditions with direct
sunlight, and can be difficult to cool, a factor of less concern under UK climates but still
possible on particularly warm days. While Miscanthus seedlings have atendency towards the
higher temperature requirement due to their tropicalized origins (Clifton-Brown et al., 2011),
this requirement will differ for different genotypes and species, ensuring a need for
understanding of the prerequisites of a specific species. Studies have proved that adequate
soil moisture strongly influences post germination growth (Fay and Schultz, 2009). The film
would likely have also increased the humidity and available water to seeds, reducing the rate
of soil drying and evapotranspiration, this may be particularly useful for plug plants which
grow in very small volumes of substrate and therefore are more likely to experience short
bouts of drying especially once transpiration increases as large leaved plants are established.
Gas exchange, oxygen, and CO; levels were not measured under the film, but this could also
be a significant factor affecting the available resources to the seedlings. By the time mulch
film was removed at approximately 4 weeks post sowing, treated seedlings were significantly
taller than control seedlings (Figure 3.6), a difference that can also be seen visually in
photographs in Figure 3.2. This remained the case throughout the period of growth in the
glasshouse. After three weeks in a polytunnel to ‘harden off’ the morphological differences
between film and non-film trays were less apparent, although the height and survival rates
were still lower in the plants lacking establishment under film. This “catching up” process is
interesting, suggesting that plantstend to reach a similar morphological stage after a period
of time regardless of additional treatments, although this of course depends on the severity

of the treatment.

It was hypothesized that application of film would produce more homogenous growth at the
young seedling stage due to its success in the establishment and survival in field planted

seedlings. This would have been easier to assess if more plants per tray had been measured
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over time to reduce the impact of plant loss from the selected plant sample that were
followed throughout the experiment. However, results shown in Figure 3.10 do suggest a
slightly greater level of homogeneity within the plants from mulch film treated trays, with the
exception of some outlyingindividuals, with control plants appearing more variablein terms

of plant height, both pre and post planting.

Survival rate over the first growth season was considerably better within the treated plot, as
opposed to the control plot containing plants which were not covered with mulch film in the
glasshouse. Canopy height and stem number after the first growing season were significantly
higher in mulch film treated plants. The variation within both blocks was high for all
parameters measured. Canopy heights in the mulch film treated plants ranged from 17cm to
115cm and from 18cm to 121cm in the control plants. Stem number ranged from 1 to 65 in
mulch film treated plants, and 1 to 40 in control plants. This indicated high levels of
heterogeneity of first year growth and to an extent this is regardless of the treatment.
Assessments of potential significant differences as a result of row and column were
statistically analysed using ANOVA. The design of the single blocks for film and no film treated
plants could have been improved by use of a multiple blocking, replicated design, to red uce
therisk of gradient effects, but was notimplemented at the time. There was no difference as
a result of column, however the first row of plants did have significant differences, but only
in terms of plant height. Stem count was unaffected. This could be a result of the high
heterogeneity seen within blocks, or more likely the effects of prevailing winds reducing front
row plant height, but having little effect on the amount of stems, suggesting an effect of
thigmomorphogenesis (Jaffe, 1973). As a result, the front row of plants was removed from

furtheranalyses.

Cruciallythere seems to be little correlation between the height of plants at planting, and the
height of the same plant in October. Correlation graphs confirmed this lack of an expected

association between measurements at different times (Figure 3.11).

Harvest results of the whole plant after the first winter produced variable results within
treatments, and no significant differences between treatments. First year Miscanthus
harvests are typically variable, and are not yet economically viable as full yield potential is not
reached until approximately year 3 (Jezowski, 2008). Most screening programmes agree that

biomass and yield quality of a genotype or sward cannot be reliably predicted based on the
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first year assessments (Clifton-Brown and Lewandowski, 2002); however, being able to
produce a homogenous, strongfield crop in the first year would likely be hugely beneficial for
subsequent years growth, winter survival and economic yield. Assessments of moisture
content at harvest indicated a trend towards lower moisture contents in film germinated
plants, although it was not deemed statistically significant. Moisture content at harvest is
closely associated with the timing of autumn senescence (chapter 7), with reduction in
moisture content strongly affecting crop quality and vyield, with particular emphasis on
moisture content at harvest (Robson et al., 2012). High moisture content is not ideal at
harvest, due to its impact on drying time, post-harvest spoiling, combustion efficiency,
transport weightand end use quality (Mos et al., 2013). Developmental advances as a result
of establishment conditions could be a key factor in the acceleration and efficiency of

senescence in autumn, and resultantly, the quality of the harvest offtake.

At the end of the second growth year in 2017, all plants were assessed again for the same
growth parameters as the previous year. The survival rate in the control block declined by
approximately 10%, whereas no further reduction was seen in the mulch film treated block.
No significant differences were observed in the phenotypicdatain the second year, although
the variability remained high within both blocks. Stem number countsin control plantsranged
from 4 to 141 stems, and in treated plants was between 2 and 107. Canopy heights ranged
between 25cm and 175cm for control plants and 10cm to 175cm for treated plants. This level
of heterogeneity is not optimal for a second growth season, potentially affecting biomass
yield and economic return hugely. Physical morphological characteristics are not always a
reliable indicator of the internal physiology of a plant; for example, greener leaves do not
necessarily reflect higher rates of photosynthesis (Fleischer, 1935). The unmeasured impacts
on physiology may have significant implications for subsequent growth, which are masking

the impact of any morphological differences measured.

3.4a Concluding remarks
It is vitally important that the factors affecting plant size from the plug phase through to
harvest be understood, if seeded hybrids are to become a competitive propagation method
for the desired uptake of Miscanthus within the agricultural community. This assessment
suggests that while encouraging good germination and growth under glasshouse conditions

is an achievable and practical goal when utilising growth under film, the logistics of
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maintaining competitive viability under field conditions is much less well understood. Using
mulch film to improve temperature and moisture conditions for small seeds such as
Miscanthus can be used to great effect under field conditions, although direct sowing is still
too unreliable to be commercially viable. Using it under glasshouse conditions in the currently
more feasible plug planting technique, had the effect of developmentally advancing the
resulting progeny, when compared to those grown without film, which took longer to
germinate and establish. These differences could still be seen under field conditions, although
the gap in growth between the two treatments appeared to narrow over time.
Developmentally, plants grown under film appeared marginally, but not significantly, ahead
of control plants, based on the observed slight reduction of average moisture content in
harvest biomass. This developmental advance could have positive effects further down the
supply chain, and cannot be underestimated, even with the lack of a statistical significance.
Overall, use of additional film at the germination stage, as well as at field plantingshould be
considered as a potential, and relatively inexpensive form of germination and establishment
advancement. If used, growers should be mindful of the potential large increases of
temperature noticed under film, and use should be carefully monitored under bright sunshine

and high temperature environments.

Further work should be undertaken in this area, coveringin more depth, the phenology ofan
optimal seedling, and the environmental conditions that could alter seedling morphology
from young seedling, to more mature field grown plant. To account for environmental
heterogeneity, it would be best practice in future studies of this kind to apply a more gradient
centred approach, using more block designsor randomisationin both the glasshouse and field

phase of assessment.
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4 Beneficial bacteria—experimentation on the effects of endophytic
additions of Herbaspirillum frisingense, and Pseudomonas
fluorescens on the growth and vigour of seeded Miscanthus

hybrids and clonal Miscanthus giganteus
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4.1 Introduction
One important characteristic of next generation energy crops such as Miscanthus, is the
ability to thrive on lesser-valued (marginal) agricultural land, thus reducing competition for
land with food production (Valentine et al., 2012). A report by McCalmont et al. (2017)
assessed the potential UK land availability for growing Miscanthus in the UK, and noted that
the 2012 UK Bioenergy Strategy (DECC, 2012) suggested a total growing area for Miscanthus
alone to be in the region of 0.72 — 2.8 Mha. They also stressed the importance of utilizing
energy crops on areas of land where it ‘makes most sense’. Therefore, McCalmont et al.
(2017) suggest that it would be good practice for farmers to assess where on their land yields
of the more standard crops are the poorest, and the effort, labour and chemical input
required to make the land profitable the highest. This land could then be considered as
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detractingeffort and labour force from other areas of the farm and given over to at least one
type of low input perennial energy plant. This type of less-favourable land can be typically
characterized by poor-quality soil with a stony tilth, steep incline, and/or subject to abiotic
stresses such as drought, flood and low nutrient availability. As a result, it is often necessary,
especially during the plant establishment phase, to add fertilizer to the soil until the soil
nutrient status begins to improve over time. However, use of fertilizer can detract from the
sustainability of the crop due to the high embedded energy requirement, and the overall
economics of biomass production (McCalmont et al., 2017). Desirable energy crops will
predominantly harbour certain traits such as efficient, low-cost establishment and rapid
growth and ideally this would be achieved in the absence of chemical inputs (Farrar et al.,
2014). Rothballer et al. (2008) agree that a key element of cultivation of energy crops such as
Miscanthus, is that it is only sustainable, and hence worth doing, if costly agricultural
procedures, agrochemicals and fertilization can be minimized. Miscanthus species in general
have been seen to have a low requirement for nitrogen additions (Christian et al., 2008).
However, on particularly low-grade soil, fertilization may be required. Using chemical inputs
to boost crop yields has been a standard method within agriculture and horticulture for
decades; however, with an increasingfocus on a green revolution across the western world,
more sustainable and natural methods are now becoming the preferred choice where

practically possible (Vessey, 2003).

One way to potentially improve yields on low-grade land, without the use of chemicals and
artificial fertilizers is to harness and manipulate already naturally occurring plant growth
promotion techniques, using plant — rhizosphere interactions using a technique known as
biofertilization’. Biofertilization is an umbrella term referring to the use of natural inputs to
improve soil health, crop productivity and reduction of chemical fertilizer. These inputs can
include decaying remains of organic matter, domestic sewage, animal manure and
microorganisms (Carvajal-Mufioz and Carmona-Garcia, 2012). Soil microorganisms as a
means to improve availability and uptake of vital nutrients for plants are an increasingly
popular method within agriculture for replacing synthetic, chemical inputs (Vessey, 2003).
Implementation of these sorts of solutions will focus on the manipulation of known beneficial
plant—microbe interactions, which have potentially beenreduced by the uses of the artificial

fertilizers (Farraret al., 2014).
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4.1a TheRhizosphere

The area of soil closest to the root is the most crucial part for governing plant — microbial
interactions. This small region of soil is known as the rhizosphere (Figure 1), and in
comparison to soils such as composts, it is extremely rich in nutrients as a result of root
exudationsand deposits (Spaepen et al., 2009). The result of this is that the numbers and
species of bacteria surrounding the plant roots within these systems will be significantly
higher than those grown in other types of soil. These bacteria are called ‘rhizobacteria’ and
based on observations of their effects on the plant hosts, can be classed as beneficial,
deleterious or neutral rhizobacteria (Spaepen et al., 2009). Relationships between the plant
and the microbe exist for both fungi and bacteria, and can be further classified in a variety of
ways, mainly based on location andrelationshipto the plant. Soil science and the importance
of the soil and soil micro-organisms has been known to a certain degree, since ancient times
(Bhattacharyya and Jha, 2012). The study of soil microbiology only dates back to the 19"
century; however, land workers were aware of some relationships between crop and soil long
before. In the current, more modern times, uses of bacteria to improve plant growth include
a range of applications within agriculture, forestry and environmental restoration (Lucy et al.,

2004).
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Figure 4.1 Diagrammatic representation of root, rhizosphere and soil system of fungi and
endophytic colonization. Area (a) depicts free living bacteria within the soil. Area (b) depicts the
root rhizosphere and the bacteria populating it. Area (c) depicts colonies within the root itself.
Blue circles are bacteria able to enter the host. Red circles are bacteria attracted to the
rhizosphere but unable to enter the plant. Red triangles signify more specialized microbes, and
free-living squares and circles signify more generalist species. Picture courtesy of Farrar et al
(2014).

4.1b Benefits and Mechanisms of Plant Growth Promoting Bacteria (PGPB)
Under most conditions, itis likely that plants arein constantinteraction with a huge range of
soil microbes, bacteria and fungi within the soil, both benign and parasitic. Those that are
seen to have beneficial effects can also be named ‘plant growth promoting bacteria’ (or
PGPB). These free-living plant growth promoters are known to be beneficial to plantsin a
number of ways, some more understood than others. Known direct benefits include the
provision of bio-available phosphorous for plant uptake, the fixation of nitrogen,
sequestration of iron, and production of plant hormones such as auxins, cytokinins and
gibberellins. Indirect benefits include increased pathogen resistance within the plant roots by
way of antibiotic resistance against harmful bacteria, reduction of available iron to

phytopathogens, and synthesis of fungal cell wall lysingenzymes (Lucy et al., 2004).
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These interactions are incredibly complex, dynamic, and difficult to categorize based on the
constantly changing nature of the relationships (Farrar et al., 2014). Plant roots in particular
are colonized by a huge variety of micro-organisms including those that can be classed as
either mycorrhizal fungi or endophytic microorganisms; however, there are some that span
both of these classes (Mayerhofer et al., 2013). Thereis avast array of microbes living within
plant tissues which do not cause any signs of disease, and these are broadly named
‘endophytes’. These types of bacteria reside within specific plant tissues such as within the
cells or intracellular fluids, typically entering the plant through spaces between root cells or

junctions between root hairs and root structure (Compant et al., 2010).

This study is most concerned with the endophytic bacteria branch of microorganisms.
Endophytic colonization is considered an extremely important trait of an effective PGPB
because endophytes have a more intimate and stable relationship with their plant hosts
(Rothballer et al., 2008). It is generally accepted that the endophyte relationship lacks three
key features in comparison to mycorrhizal symbioses. Firstly the lack of a cellular interface,
where one can see the occurrence of specialized structures such as hyphae or arbuscules;
secondly the lack of synchronized developmentbetween the plant and fungiin question; and
thirdly the lack of a significant benefit for both partners (Brundrett, 2006). The term
“endophyte” has been used to describe types of microorganisms that exist within plant
tissues, both in roots and systemically throughout the plant, without causing a negative
response from the host, or eliciting any harm (Mayerhofer et al., 2013). However, this is
controversial, asinfluences of fungal root endophyte colonization on the host plant has given
rise to both negative (Tellenbach et al., 2011) and positive (Bhattacharyya and Jha, 2012)
results across the plant world. Compant et al. (2010) describe endophytes as a subset of soil
bacteria, which effectively colonise the plant without triggering a defence response. They
must also be able to exist in a free-living state in order to transition from soil media to the
plant host. Plants with a positive bacterial relationship will be observed to gain multiple
benefits from this co-existence including increased germination rates, root growth, yield,
grain vyield, leaf area, chlorophyll content, magnesium content, nitrogen content, protein
content, hydraulic activity, tolerance to drought, shoot and root weights and delayed leaf
senescence (Lucy et al., 2004). The added benefit as mentioned earlier is improved disease

resistance that is often observed alongside other numerous benefits. For the most part, a
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plants ability to survive and thriveis due to plant genome and adaptation. This however can
be a limitation as it is slow to evolve and adapt in comparison to the potentially rich
microbiome associated with the species. This reservoir of dynamic interactions and species

can provide additional functionality to that already seen from the genome, aiding the plant

when growth circumstances change or become less than favourable (Cope-Selby et al., 2017).

While this may sound like the ultimate dream for crop production, the reality can often be
incredibly complicated in terms of best practice and species matching. The artificial uses of
PGPB to increase crop yields can be highly variable and inconsistent, particularly when
comparing between laboratory, greenhouse and field grown plants (Mishustinand Naumova,
1962). Itis suggested that best practice for the use of PGPB in growth promotion is matching
the beneficial bacteria to their preferred crop. Thisis true especially when different plants are
cropped in soils with the same bacterial composition, therefore ensuring the importance of
identifying bacteria that have similar growth effects on plants that share the same soil
(Schlemper et al., 2018). This highlights the importance of careful selection when choosing
bacterial strains for plant inoculation. Schlemper et al. (2018) indicated that endophytes
isolated from sugarcane were seen to have a positive impact on biomass and plant nitrogen
content when the endophyte was inoculated onto plantlets of sugarcane. This specificity
cannot be underestimated when researching bacterial interactions and their benefits on
agricultural crops. In seeking to apply the benefits of endophyticinteractions to Miscanthus,
endophytic fungi from Miscanthus have rarely been characterized for stress resistance or
yield improvements. There are more studies using species of closely related genus Saccarum
which includes sugarcane (Beekwilder et al., 2019) which may identify possible compatible

endophytes that are suitable for Miscanthus.

4.1c Endophytesused
There are two main endophytes used in the assessments documented here. The first is
Herbaspirillium frisingense, a diazotrophic betaproteobacterium which has been isolated
from C4-energy plants such as Miscanthus, Sugarcane and Sorghum (Rothballer et al., 2008,
Straub et al., 2013). This endophyte is primarily known for nitrogen fixation. Results of
genome sequencing showed that H. frisingense has all the genomic requirements to fix
nitrogen, while lacking several factors that may contribute to pathogenic characteristics

(Straub et al., 2013). Rothballer et al. (2008) describes H. frisingense as a microaerobic
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diazotroph, which invades the intercellular spaces of C4 grass roots, without causing any
apparent damage to the host. Itis as yet unclear how molecular mechanisms of these bacteria
suppress the plant immune system and invade the host; however, there are several reports
documenting biofertilization of Miscanthus genotypes using H. frisingense (Straub et al.,
2013, Rothballer et al., 2008). Raaijmakers and Weller (2001) suggest that matching a
beneficial bacteria species with the preferred crop should improve root colonisation and
biocontrol. Therefore, a preferred PGPB for Miscanthus genotypes should ideally be a strain

already naturally foundin therhizosphere and soil of Miscanthus plants.

The second endophyte used in the assessmentis Pseudomonas fluorescens, a strain of PGPB
most commonly found colonizing roots of potato, sugarbeet and radish (Kloepper et al.,
1980). This group of PGPB is utilized forits added defence against pathogens and anti-fungal
properties (Kumar et al., 2002). It is thought these strains add to growth promotion of the

host by the use of siderophores, molecules which bind to available iron in the rhizosphere

(Kloepperetal., 1980) (Gull and Hafeez, 2012).

4.1d Nutriss

The endophyte media used in this experiment came from Nutriss Itd, a company specializing
in delivery systems of key endophyte combinations to plants. The Nutriss brand aims to
efficiently deliver microorganisms to enhance plant growth, yield and resistance to diseases,
pests and drought. There are typically three main ways to deliver endophytes exogenously to
aplantascanbeseenin Figure4.2. Thefoliar sprays and seed treatments predominantly only
deliver one microorganism at a time, while the third method, utilising a physical carrier, can
deliver numerous species at the same time. Nutriss have developeda novel carrier to deliver
microorganisms to the plant that is called the ‘Simulated Rhizosphere’ or SRS, which can be
inoculated with a range of synergistic microorganisms specific to the crop in question and its
environment. The material is a micro-porous sponge like structure (patented design), which
can then be inoculated with the endophyte medium in a sterile environment and cut into
small granules before being added to the growth medium. Once growing, the fine root
structures grow through the micro-pores of the structure, allowing direct contact with the
available microorganisms (Figure 4.3). This method has been used to great effect in enhancing
growth and resistance in numerous speciesincluding bananas in Indonesia, cocoa and oil palm

(company-supplied information).
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Figure 4.2 Three most common methods of application for endophytes. Image from Beekwilder et
al., (2019)
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Figure 4.3 Young Miscanthus roots growing through SRS polymer. Polymer and roots have been
washed free of surrounding soil.

The company Nutriss Itd is one of the commercial partners in the Miscanthus Upscaling
Technology ‘MUST’ project funded by the UK government that includes Aberystwyth
University. The general aim of the MUST project was to improve on and develop innovations
for the seed-based propagation of Miscanthus through a plug grown plant production line.
The use of microorganisms via the Nutriss method to improve establishment and yield was
assessed both in smaller glasshouse trials, and at a larger scale in field trials in Lincolnshire
over the course of approximately 3 years. Experiment 1 was begun in 2015, as a glasshouse
and field-based assessment, trialling the effects of two different microbial growth treatments,
and two non-bacteria treatments on plant performance by inoculating SRS with endophyte
culture at two different growth stages. The second experiment was started in 2016 and used
the optimal endophyte growth stage chosen by the company as a result of experiment 1, to
test seedlings of hybrid GNT14 under glasshouse conditions to assess in depth, the seedling
growth characteristics and root hair changes. This was repeated the next year for further
assessmentin experiment 3, and fora subsample of seedlings to be flash frozen for molecular
analysis. The fourth experiment was started in 2017 to test the product on multiple seeded
hybrids and also on Miscanthus giganteus clonal plants under field conditions. The

experiments included examining the effects of endophytes on both glasshouse growth of

seedlings and mature plant within the field subsequent to SRS treatment.
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42 Assessmentl

4.2a Methods - Field trial planted in 2015 studying the effects of two bacteria

treatments and two control treatments on seedlings of Miscanthus seeded

hybrid GNT3

Growth Conditions in Glasshouse

Seeds of Miscanthus commercial hybrid GNT3 (see chapter 2) were sown on 3/2/2015 in a
commercial nursery (Boston, Lincs. UK) at around three seeds per cell, into the then
commercial standard 126-well trays with 25 cm? soil volume for each seedling. The seedlings
were sown into nitrogen-free compost with added granules of the SRS inoculated with
endophyte cultures that had been growing for either 48 hours (treatment A) or 24 hours
(treatment B) under lab conditions in the company premises. This was a preliminary
assessment of concentration requirements best suited to Miscanthus plantlets. The optical
density of both H. frisingense and P. fluorescens used in the two concentrations can be seen
in Figure 4.4. Two control treatments were added to the design, one in the same nitrogen-
free compost (N-) as used in the treated trays, and the second in typical commercial compost
with nitrogen (N+) to show any differences because of the poor-quality growth medium.
Plants were grown under controlled conditionsin Bell Brother’s commercial plant nursery in
Boston, Lincs for approximately 2 months (Figure 4.5) before being planted by machine into

trial fields at Hackthorn UK (Latitude = 53°19'N, Longitude = 0°28'W) (see Figure 4.6).
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Figure 4.4 Growth of endophyte cultures over 72 hours. 24-hour and 48-hour cultures were added
to SRS to test the effect of different inoculation sizes on the growth of Miscanthus plants (data
provided by Nutriss Itd)

Figure 4.5 plug plants of young Miscanthus plants growing in 126 module trays in the commercial
nursery in February 2015. Plants were grown for 2 months before being planted in the field; photo
shows plants after approximately 2 weeks. Each plug contains approximately 25 cm? of soil




Field Conditions

Two weeks priorto planting, plug trays were moved outside in preparationfor field weather
conditions and temperatures, a process called ‘hardening off’. Plugs were hand planted in
April of 2015. The four plant treatments were placed into a replicated plot field trial with
three plots for each variable, resulting in a 3x4 grid (Figure 4.6). Each replicate contained 4
rows and 5 columns of plugs at 1 metre spacing between rows, and 75 cm spacing within
rows. Once planted, plugs were sprayed with a pre-emergentherbicide, watered, and covered
with a layer of biodegradable mulch film, to help retain heat and moisture. Plants were

allowed to grow through the film, which degrades under sunlight over time, and were weeded

when necessary.
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Figure 4.6 Left image shows the trial placement amongst others in the experimental plot fields
(approximately 53°19N, 0°28W). Right image shows replicated design of HCK 11 field trial. A is
plants grown in 48-hour growth inoculum. B were grown in 24-hour growth inoculum. Each
replicate plot contains 20 plants in a 4 x 5-plant design.

Autumn phenotyping

Autumn (end of growth season) phenotype was assessed from 2015 to 2018. Phenotyping
involved assessing the same plant characteristics, and on the same plants, although there
were some differences in what was measured between years. The first autumn phenotyping
was undertaken on ten plants within each of the individual treatment replicates shown in
Figure 4.6. Plants chosen came from the central two rows of 5 plants, a practice improved on
in later protocols. Parameters measured included die off height, shoot height, canopy height

and stem counts (see shared methods chapter 2). Die off height was measured in all years
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except 2016. Shoot height was measured in all years, as was stem number. Canopy height

was not taken in 2015 but was in 2016, 17 & 18.

Surviving plant counts
A visual count of all surviving plants within a treatment plot, as a percentage of the total
planted. Establishment was assessed during the second autumn phenotyping to assess

overwinteringsurvival rates of the plantingyear

Die off height

Taken as a measurement of distance from ground level to the point where stems begin to

exhibit traits of early senescence, and starts to transition from green to brown in colour.

Shoot height and Canopy height

Shoot heightis measured as the distance in cm from the groundto the top ligule of the longest
stem. An assessment of canopy height is measured as the distance in cm from the ground to
the thickest part of the leaf canopy at the top of the plant, where the leaves are obviously
bending and is approximately the point in the canopy where maximal light interception

occurs.

Stem counts
A count of the total number of stems present for each plant. If plants were particularly large,

or had produced high numbers of stems, approximately half stem count was used, and

doubled forthe total stem count.

Spring harvesting

A first-year harvest (Spring 2016) was not undertaken on this plot; however above ground
biomass was harvested in the spring of 2017, 2018, and 2019 all subsequent years were
harvested foryield. Second year harvest was undertaken on the 9" February 2017. During the
harvest all plants were cut from the base, at a height of about 10 cm, with a hedge strimmer
and total fresh weight of above ground biomass determined with a tripod and hanging scales.
Moisture content was assessed by taking a representative subsample of leaf and stem
material, placingitin a labelled paper bag, and weighing the fresh weight of the subsample
and bag. Subsamples were then dried at 105°C in drying ovens until a constant dry weight

was reached, and the dry weight recorded. In this way the moisture content of the whole
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plant was estimated, and the resultapplied to the fresh weight of the whole plant or quadrat.
The maximum plants that were planted in the quadrat area and actual number of plants
available for measuring were noted, allowing for an estimation of the biomass of the quadrat
if all plants had survived, a method called gap correction. In this way it is then possible to
model the expected tonnes of aboveground biomass yield per hectare for each treatment
with a reasonable degree of accuracy. Protocolsimproved over the course of the project and
the results for the 2018 and 2019 Spring harvests were based on the inner 6 plants per plot
(Figure 8), as opposed to all plants in 2017. Harvesting only the inner 6 plants reduced
variability due to edge effects, including weather conditions, and the effects seen from more
space available for plants around the edge of the trial, potentially affecting growth and
development. Methods for calculating the total wet and dry weight yield of the plot were the
same as the first harvest, with an adjusted quadrat area to allow for a smaller number of
plants. In later harvests, moisture content analysis was taken from three subsamples per plot,
asopposedtooneinthesecondand third harvestyear (2017 & 2018). This was to ensure any
variability in drying, for example samples placed near the back of the oven being dryer than
those at the front, is accounted for. The moisture contents can then be averaged, and the

final result used as the correct moisture content overall.
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Figure 4.7 Sampling regime of HCK 11 plots. Blue circles represent a plant. In the left plot hashed
circles show plants measured during phenotyping in year 1. In year 2, all plants were measured. In
year 3&4 only plants coloured in orange were measured. The right block shows the different
plants harvested, in. 2017 all plants were harvested in subsequent years only the inner-hashed
green plants were harvested.
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4.2b Results—HCK 11

Glasshouse growth

Seeds were sown on Feb 3™ 2015 and Figure 4.8 displays the growth over time. Stem
extension measurements in Feb showed bacteria 24hr treatment had significantly shorter
extension than C+N and 48hr bacteria (p = 0.007 & 0.003 respectively). After 7 weeks growth
plugs treated with 48hr inoculated SRS had grown to around 90mm on average and were
significantly higher than all other populations (p < 0.01), which remained around 40— 50mm.
Plugs treated with SRS inoculated for 48hrs continued to be significantly taller than both
control treatments throughout the nursery phase. Figure 4.9 consists of photographs taken at
the 3-4 week old point, and the 7-week-old point, allowing visual comparison of the

differences between treatments at the seedlinglevel.
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Figure 4.8. Extension growth over 8 weeks under glasshouse conditions. Extension is measured
from the base of the stem to the newest ligule. Each line of data is taken from a single tray. SRS
treated seedlings are shown in grey (48hr inoculum shown with diamond points, and 24hr
inoculum shown with squares) control plants are shown in black (with nutrients are square data
points, without nutrients are diamond data points) n = 10 per data point. Error bars show 11 se
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Figure 4.9. Photographs taken of both bacteria trays of seedlings at 3-4 week old stage (above),
and later on around 7 weeks old including the control (from L-R, treatments B -24hr, A — 48hr, &
Control with zero N)
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Phenotyping results

Results of all phenotyping for each year can be seen in Figure 4.10. Not all parameters were

measured at each phenotypingbut all are there for at least three out of four years.

Shoot height resultsfor the first year revealed a difference between groups of p <0.01. Tukeys
analysis revealed that treatment B (24hr growth inoculum) had significantly higher average
shoot height of 40.5cm than all other treatments (p = 0.013, 0.008, 0.001 for A, C+N & C-N
respectively). Second year and third year shoot height was not significantly different between
groups. The most recent results (2018) produced a significant difference of p =0.006 between
plots. Further assessment with Tukeys test suggests that the C without N group had a
significantly lower shoot height (147cm) than A and B bacteria treatments (p = 0.023 & 0.006

respectively) with shoot height averages of 173 & 177cm respectively.

Stem counts in the first year showed no significant difference between groups. Number of

stems continued to produce non significant results, throughoutall successive assessments.

Die off height displayed no significant difference between treatmentsin 2015 and was not
measured in the second-year phenotyping (2016). In 2017 die off height measurements were
resumed, but no significant differences were found. In 2018 die off heights were significantly
different between groups (p = 0.002). Further analysis indicated that the control without N
treatment had significantly lower rates of die off (99cm) than A and B treatments (p = 0.003,
0.009 respectivelyat 136cm & 133cm).

Canopy height was not measured in 2015, but was in subsequent years. 2016 & 2017
assessment of canopy height indicated no significant differences between groups. 2018
canopy height had a difference between groups of p = 0.004. The differences were found in
the control without N treatment, showing significantly lower canopy height of 184cm in
comparison to both A & B (213 & 222cm respectively with a significance value of p = 0.034
and p = 0.003).
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Figure 4.10. Results of Autumn phenotyping over four years. A = 48hr inoculum, B = 24hr
inoculum, C+N = control with nitrogen, C-N = control without nitrogen. Chart A — Shoot height.
Chart B - Die off height. Chart C — Stem number. Chart D — canopy height. Where data is missing,
the parameter was not measured in that year. Each bar is an average of three replicate blocks,
with an n of between 8-10 plants in 2015, and 9-19 plants in 2016, depending on plot survival. In
2017 and 2018 n = 6 plants per treatment plot. Error bars show + 1 se
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Survival and establishment

Survival was not significantly different between groups. Lowest survival rates were seen in
the 48hr inoculum treatment blocks with an average of 12 out of 20 plants surviving, or 62%
(Figure 4.11). The highest survival rates were seen in the commercial standard compost

treated blocks, with an average of 17 surviving plants out of 20 (83% survival).
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Figure 4.11 Surviving plant percentage for each treatment at the end of the second growth year,
Autumn 2016 Error bars show+ 1se n=3.

Harvest biomass
Average biomass yields at the first harvest after the second growth year (2017) was not

significantly different. Gap correction values on the first year harvest were also not significant

(Figure 4.12).

Third year (2018) yield was significantly higher than second year yield for all groups (p <0.01),
with the exception of the control without N treatment. SRS treated plots had a slightly lower
yield on average (14 and 15T/ha) than the control standard compost plots (16T/ha), but there
was no significant difference. Control without N plots produced much lower yield average of
approx. 9T a hectare, which was significantly lower than all other treatments (p <0.05). Fourth
year harvest (2019) produced a small increase in yield from the year three, with trends

remainingthe same. The largestincrease inyield was seen within the controls without N plots,
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gainingon average 2T/hasince the 2018 harvest., although the yield was still significantly less

than treatment A and controls with standard compost (p < 0.05).

Moisture content was measured for each treatment plot and averaged for each treatment
over the three years (Figure 4.13). First year moisture content was high across all treatments
at between 61- 64%. This drops year on year from 49-51%in year two, to around 40% for each

treatmentin the third year. No treatment was significantly different from another.

T/ha dry matter actual and gap corrected yield

20 a a a b a ab alB
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mT/haDW = T/hagap correct

Figure 4.12 Avg yield (T dm haly ) in 2017, 2018 and 2019 (yr 2,yr 3 and yr 4) for GNT 3 grown
with and without addition of inoculated SRS media to nutrient free sowing compost. A) 48hr
inoculated SRS, B) 24 hr inoculated SRS, C+N) standard potting compost and C-N) Nutrient free
compost. Error bars show t 1 se, n=3. All surviving plants were harvested in 2017 (between 9 —
19). All other years 6 plants from the inner rows were harvested. Gap correction is shown for first
year yield due to variable n within treatment plots

91



40

30

Moisture Content (%)

20

10

Figure 4.13 Moisture content averages for each treatment (48-hour growth inoculum, 24 hour
growth inoculum, control with nitrogen, and control without nitrogen) over three harvest years
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4.3 Experiment 2 - Endophyte glasshouse assessment at Aberystwyth - 2016
Experiment 2 was to study the impact of endophyte delivered via simulated rhizosphere

treatment to Miscanthus seedlings of genotype GNT14, on biomass and root developmentin

spring 2016

4.3a Methods—Assessment 1

Growth conditions and design of glasshouse trial

The first experiment using the Nutriss polymer in the glasshouse was undertaken duringthe
spring of 2016. The company used the then standard commercial Miscanthus plug trays of
126 cells, of approximately 25 cm? soil volume. Soil used was nitrogen free compost and SRS
granules were added to one tray, leaving the other as untreated control. Miscanthus hybrid
seed from GNT14 (See Chapter 2 for genotype details) were sown in the Nutriss labs via the
method of multi-seeding (usually between 3-5 seed per cell) to ensure each plug contained
atleast one Miscanthus seedling. There were two trays; one with endophyte and one control,
ideally producing 126 individuals per treatment. After sowing, trays were carefully packaged
to keep in moisture, and sent to Aberystwyth University Gogerddan campus where they were
unpacked and placed in a 25°C glasshouse under 16 hour Son T lighting with a night-day
temperature range of 18 - 25°C. The endophyte treated tray was placed in watertight
containerto ensure no leaching or contamination could occur to nearby controls, which were
also placed in a watertight tray. Trays were watered daily or as required and regularly moved
to reduce the impact of possible environmental variability within the glasshouse growth
space. Once seedlings were established, they were thinned out to one plant per cell. Twenty
seedlings from each tray were randomly selected to be measured weekly for stem extension
(Figure 4.14), and leaf number. The measurements started when the seedlings were 20 days

old and continued until they were approximately 10 weeks old.
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Figure 4.14 Young Miscanthus seedlings growing in SRS treated, nitrogen-free compost. lllustrating
the measurement of seedling stem growth from the base of the stem at the soil surface to the
newest ligule.

Harvesting Biomass

Three consecutive harvests were completed at 2, 3 and 5 months to assess the effects of
endophyte polymeron biomass accumulation. Thisis alonger period of time thanis typically
suggested for growth of plants in such small modules; however, it was useful as an assessment
of the ability of endophyte treatment to aid plants affected by the stress of growth in
restricted soil volumes and low nutrient content. At each harvest, ten plants were randomly
selected and carefully removed from the plug tray. Roots were gently washed in a bowl of
water to remove as much soil as possible while retainingfine root structure and any adhering
granules of polymer. The roots and above ground parts were separated into root, leaf and
stem, weighed and dried at 80°C until a constant dry weight was reached. Before drying,
photographs were taken of the entire plant, and of the root section alone. Following this, a
5mm section of root was carefully cut away from the tip of the roots (from herein described
as the distal region), and another 5mm section, from just below the base of the plant at the
source of the root (from herein described as the proximal region). The two samples from

differing places on the root allowed a comparison between newer material and the oldest
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material nearest the base of the plant. Root samples were placed in a 50% ethanol solution

andstoredin labelled centrifuge tubes at 4°Cin the fridge until required.

Root Hair Analysis

To assess the effects of endophytes on the number of root hairs, the 5Smm root samples were
analysed using a Leica DM6000 B microscope that was part of a Lecia LMD6000 Laser
microdissection system. Root samples were placed individually on microscopeslides, covered
in a layer of deionized water, and a cover slip placed over the top. Each sample was viewed
with the UVI 5X/0.12 objective lens and the root segment centred within the viewing window.
The focus was adjusted until root hairs could be seen clearly. Once the root image was clearly
aligned and in focus, a picture was taken usingthe microscope Hitachi HV-D20 3CCD camera,
to be subsequently assessed using Imagel. In the Image) software, each photograph was
individually measured for root area, and the number of visible root hairs counted. From this

data the average number of root hairs per mm?was estimated.

Statistical analysis

Statistical analysis was undertaken using IBM SPSS statistics 21 version 21.0.0.0. Analysis was
undertaken on the raw data to test for significance between each growth parameterat each
harvest. Statistical analysis of all growth parameters, per time point and treatment were
undertaken using a student’s T test. Where equal variances were not assumed, the
significance value for this was accepted. Data were tested beforehand for normality using
SPSS Skewness and kurtosis values, Shapiro-Wilk test and visual inspection of Q-Q plots and

box plot outputs.
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4.3b Results—Experiment 2 —glasshouse assessment on GNT14in 2016

Growth curves

Measurements of extension began when seedlings were 20 days old, and there was no
significant difference (p>0.05) at any time points between treated and control for the first 5
weeks after sowing (Figure 4.15), with both measured populations averaging at
approximately 2.5cm tall by 5 weeks old . After this time point endophyte treated plants
significantly surpassed the growth rate of control plants, showing a height difference of
approximately twice that of control plants by the 9-week-old stage with an average height of
7.98cm, compared with 3.95cm in the control plants. Plant survival was assessed at week 5,
with 60.3% of the 126 SRS treated plugs containing a growing plant, compared with 76% in
control trays. Analysis of number of green leaves showed no significant difference over the

same period.
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Figure 4.15. Growth curves of Miscanthus seedlings germinated in soil media with (clear triangles)
and without (black triangles) endophyte SRS treatment. Top chart shows extension over first 6
weeks of growth of assessment, and the below the amount of green leaves for the same growth
period 1. N= 20, at each time point, per treatment
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Harvest analysis —growth parametersin 2016 trial

The additions of endophytes to the growth media using the SRS bacteria resulted in a
significant increase on growth parameters of Miscanthus seedlings of GNT14 from the first
harvest on day 76 to the third harvest on day 147, results which can be seen visually in Figure
4.16 and Figure 4.17. Whole plant average dry biomass (Figure 4.18A), for treated plants on
day 76 was on average 0.16g and for controls 0.068g (F statistic 13.24, p = 0.002). On day 110
average whole plant biomass for an SRS, treated seedling was 0.42g and an average biomass
of 0.1639g for control plants (F statistic —21.419, p< 0.05). On day 147 whole plant average
dry biomass was 1.73g for SRS treated plants and 0.2372 for control plants (F value 19.971,
p< 0.05).

The average above ground dry matter of an endophyte treated Miscanthus seedling on day
76 was 0.15g, whereas dry matter of control treated Miscanthus seedlings lacking the
endophyte was 0.05g (F statistic13.767, p = 0.002) (Figure 4.18A). Over the next two harvests
this significant trend continues. On day 110 the average above ground dry matter of an
endophyte treated seedling was 0.37g and 0.13g for control seedlings (F value 17.722,
p=0.001). The final harvest on day 147 above ground dry biomass for SRS treated seedlings
was approximately 1.43g and was 0.18 on average for control seedlings (F value 23.145, p <

0.05).

Endophyte treatment did not have a significant effect on below ground biomass before day
76 (Figure 4.18B). Over the next two harvests (at day 110and 147) the impact on root biomass
was more visible, with endophyte roots yielding greater average biomass of 0.0541g per
plant, and controls averaging 0.035g at day 110, although at this stage the result was not
significant (F value 1.770, p= 0.200). Root biomass at harvest 3 (day 147) was; however,
significantly largerin endophyte treated plants with a significant average of 0.3037g per plant,
and 0.0546g in controls (F statistic; 4.478 p = 0.049). As was the case for above ground
biomass, the variance in root biomass was far greater in endophyte treated plants, including

two outliersas can be seen in Figure 4.18 chart B.

Assessments of stem length during the harvests revealed variable results. At day 76 stem
length for SRS treated plants averaged at 95.1mm stem length (+ 29.9), as opposed to the

control seedlings with 56mm (+ 13.7) average (F statistic; 3.463, p=0.079). Harvest two at 110
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days old revealed average stem length for SRS treated plants as 152.4mm (+ 152.4). Control
plants had gained approximately 177mm in height with an average of 73.4mm (+ 19.2) (F
statistic 7.107, p = 0.016). At 5 months old (day 147) treated plants had an extension of just
over three times that of control plants with an average height of 268mm (+ 74.4). Control

plants stem height averaged at 74.6mm (+ 17.6) (F value; 18.269, p <0.01).

Figure 4.16. First harvest (10 weeks old) seedlings before biomass measurements. SRS treated
plants are above the controls. Visually, plants appear a deeper green than control plants. SRS
polymer can be seen adhering to the roots
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Figure 4.17 Harvest 2 (above two images - plants were approximately 14 weeks old), and harvest 3 (below two images — plants were approximately 5
months old). Endophyte treated plants are very obviously greener and larger than those grown in N free compost alone.
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Figure 4.18 Growth parameters measured of control and SRS treated endophyte plants over three

consecutive harvests, taken at day 76, 110 & 147 after sowing respectively. Chart A — Whole plant

dry biomass. Chart B — Root dry biomass. Chart C — Length of tallest stem. SRS endophyte treated

plants are shown in green. * Symbolindicates a significant difference between the treatments. N =
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Root hair assessments

Root hair density at the first harvest on day 76 at the proximal root region, was significantly
higher for SRS treated seedlings (4.4 hairs per mm? + 4.19) than the control seedlings (1.6
hairs per mm? + 1.6) F statistic 11.923, p= 0.003. The distal root region difference was not
significant. At the second harvest, (day 110) root hair density had increased for both
endophyte-treated and control seedlings at both proximal and distal root regions. Plants
treated with endophyte additions had higher average root hair number (12.17 hairs per mm?
+11.2) at the proximal region than control plants (6.9 hairsper mm? + 11.2) but this difference
was not significant. At the distal region SRS treated plants had significantly higher root hair
number than control plants (9.9 hairs per mm? (+ 11.6), to 4.04 hairs per mm? (+ 3.8)
respectively (F statistic6.995, p= 0.016). At day 147 the proximal region of the root in control
seedlings had significantly more root hairs than SRS treated plants with 13 hairs per mm? (+
13.8), to 10 hairs per mm? (+ 9.4) in endophyte treated plants (F statistic; 7.058, p= 0.016). At
the distal region differences became less apparent, with no significant difference between

SRS treated and control seedling root hair number.

Endophyte root tip suur _ ENdophyte root tip

Figure 4.19 Representative images of root tip segments taken from Miscanthus seedlings grown in
low nutrient compost without endophyte treatment (A), (B) and (C) or in low nutrient compost
with endophyte (D), (E) and (F). Photographs were taken at harvest one (Day 76). Images are taken
from the tip of the roots and were magnified by the UVI 5X/0.12 objective
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Figure 4.20. Average number of root hairs per mm?Zin the tips (A) (distal) and proximal (B) ends of

roots of Miscanthus seedlings treated with endophytes in growth media (green blocks) and control

treatment lacking endophyte (white blocks). Roots were analysed over three harvests from 10 - 22
weeks old. No significant differences between treatments were found.
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4.4 Experiment 3 —Glasshouse assessment using GNT14 —2017 analysis
Experiment 2 repeated the study the impact of endophyte delivered to Miscanthus seedlings
of genotype GNT14, via simulated rhizosphere treatment on biomass and root development

in spring 2017.

4.4a Methods—Experiment3

Growth Conditions

The second plug experiment took place in spring 2017, usingthe same “GNT14” commercial
hybrid used in the previous SRS-endophyte experiment in 2016 (See Chapter 2 for genotype
details). Three plug trays of nitrogen free soil with SRS, and three trays of nitrogen free soil
without SRS were sown as described in section 4.3a, at the company lab and transported to
Aberystwyth two days later. The plug size used and experimental conditions were the same
asdescribed in Endophyte glasshouse experiment 1. Plants were watered regularly as needed.
This trial was replicated at the commercial nursery in Boston, Lincs. to assess treatments
under commercial glasshouse conditions normally used for Miscanthus plugs. Assessments of
germination and establishment were undertaken at the nursery, and at approximately 6
weeks old, a tray of each commercially grown treated and control plants were sent to
Aberystwyth, to be harvested and assessed. These trays were harvested in the same way as
the Aberystwyth grown trays to allow direct comparisons of an experimentaland commercial

system.

Growth Measurements

Establishment, survival and plant death were assessed from plant counts per tray a month
after arrival at the Aberystwyth glasshouses. Extension and leaf number were measured
weekly from a sample of 10 randomly selected seedlings per tray which were labelled and
followed for the duration of the experiment. Extension was measured as the height of the
plant from the soil surface to the youngest ligule. Only photosynthetically active leaves were
counted which were defined as being leaves with 10% or more green leaf area. Values were

averaged to give the mean value per tray and standard error calculated (n = 10). Progression

of growth over time was estimated for each tray.
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Biomass Harvest

Five plants from each tray were harvested when the plants were approximately 6 weeks old.
Plants were carefully removed from the plugtray and the root systems washed thoroughly of
soil. Plants from each tray were then photographed as a group before being destructively
harvested and roots and shoots separated, by cutting the stem away just above the join of
the root and stem. Stem and leaf were further separated, and the main stem length
measured. Fresh weight of leaves and stems were assessed individually and placed in labelled
paper bags. Roots were photographed and weighed fresh before being placed in labelled
bags. All plant material was then dried at 105°C until a constant dry weight was reached,
before being removed from the bags and weighed individually again, on a 4-digit scale, the

high accuracy was needed due to the extremely low weights being recorded.

Statistical analysis

See section 4.6
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4.4b Results—Experiment 3 —glasshouse analysison GNT14-2017

Growth Curves

Growth analysis of extension over time in Figure 4.21 indicates from three to six weeks old
SRS treated seedlings had significantly lower height than control seedlings (p = 0.003). There
were no significant differences in seedling height of SRS and control seedlings b etween weeks
7 — 8. After thistime, the average seedlingextension for treated plants began to increase and
became ssignificantly tallerthan controlseedlings at 9 — 10 weeks post sowing. At week 10 SRS
treated plants hadan average height of approximately 8.6cm and controls on average 4.02cm
(p< 0.05). At 12 weeks SRS treated plants remained significantly taller with an average
extension 0of 9.59cm, compared to an average of 5.03cm in control plants (p <0.01)) The third
endophyte tray had extreme levels of plant fatality after the 7-week point (Figure 4.22), and

was removed as a replicate.
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Figure 4.21 Elongation of the main stem of Miscanthus seedlings growing in low nutrient compost
supplemented with endophytein SRS (blue circle) and without endophyte supplementation
(orange circle). Plants were measured per tray over the first 12 weeks of growth and 3 trays

assessed per treatment (averages * standard error; n = 3 except endophyte-SRS treatment at 8,10
& 12 weeks due to death where N = 2). The value of stem length from each tray comprised
between 4-10 pseudoreps for SRS trays due to poor survival rates and 10 for all control trays.

*** signifies a significance of p < 0.001. n.s - non significant
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Figure 4.22 Photograph of the SRS treated tray three with the highest seedling mortality. One
seedling has survived infection and is beginning to display good growth. Image taken after the
harvest at approximately 7 weeks old.

Table 4.1 % Survival rate of plugs in each tray as a fraction of 126 initially sown Empty plugs
signifies no germination occurring. Dead plugs signifies germination of plant but later death. SRS -
bacteria treated. C — Control. Assessment taken after approximately a month post sowing.

Tray Empty plugs (%) Dead plugs (%)
SRS 1 16 27
SRS 2 13 39
SRS 3 24 53
C1 13 0
C2 16 0
c3 10 0
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Harvest Results
Figure 4.23 includes images of all measured replicates before harvest, and the variation within

treatmentis particularly obvious visually as well as statistically. Figure 4.24 shows the results

of the biomass assessment.

All measurements shown in Figure 4.24 indicate a great amount of heterogeneity both
between treatment replicates and within them, and as a result, treatment replicate trays

were separated and assessed independently.

Stem length assessments (Figure 4.24 Chart A) with ANOVA revealed a p = 0.005 significance
between all groups (F statistic 3.668). Further assessment for testing homogeneity of
variances revealed a Levene’s statistic of 2.420, and a significance of p= 0.042. A non-
parametric independent samples median test produced a significance of 0.014 between

groups, and the null hypothesis was rejected.

Above ground biomass ANOVA (Figure 4.24 Chart B) revealed a significant difference of p =
0.025 between groups, includingthe trays taken from the commercially grown plants at Bells
nursery. Levene’s test for homogeneity of variances indicated unequal variances between
groups (Levene’s statistic; 2.763, p= 0.023). Nonparametricindependent samples median test
produced a significance value of 0.045, rejecting the null hypothesis. Further, multiple
comparisons using Tukeys post hoc tests produced two homogenous subsets ‘a’ with the
lowest above ground biomass and ‘b’ with the highest above ground biomass. Lowest overall
biomass, placed in subset ‘a’ alone was endophyte replicate 2. Highest biomass was seen in

control replicate 2 (subset ‘b’ alone). All other replicates were placed in group ‘ab’.

Results of the roots analysis (Figure 4.24 Chart C) indicates a significant difference of p =0.007
between the groups. Tukey’s analysis showed that the majority of the differences occur in
control rep 2 again, with roots biomass significantly more than all endophyte trays, with the
exception of endophyte 1. Figure 4.24 Chart D shows the approximate root to shoot balance
and average plant size for each tray. This allows a visual graphic of the extreme differences

seen across all trays. Control plants produced the lowest levels of heterogeneity.
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Figure 4.23 Photographs of experimental reps before sacrificial harvest. Plants are approximately 6
weeks old. Control trays 1,2 & 3 are the top three pictures from L-R. Endophyte trays 1,2 & 3 are
below (L-R).
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Figure 4.24. Harvest results of 2017 endophyte additions assessment on 6-week-old seedlings of
Miscanthus genotype GNT14. Chart A — stem length, Chart B — Above ground biomass, Chart C -
below ground biomass, Chart D — Root and shoot ratio. Three reps of SRS endophyte treated
plants are in green shades (E rep 1/2/3), and three reps of control are in yellow shades (C rep
1/2/3), with an additional replicate of control (white bar) and SRS endophyte (grey bar) seedlings
sent from commercial nursery. N =5 for each rep. Each replicate population taken from one tray

of treated or control seedlings
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4.5 Experiment4 - Multihybrid trial testing one bacterial treatment on 3 seeded hybrids
and two forms of M giganteus establishmentin a replicated plot trial in the Lincoln

experimental fields
4.5a Experiment 4 —Multihybrid trial methods

Plant material and growth conditions

This field trial was set up to test for population differences in response to SRS — endophyte
treatment of three commercial hybrids, and to compare growth of the new commercial
hybrids treated with and without SRS —endophyte, to the current commercial standard Mxag.
Additional assessments were done to determine the effects of SRS endophyte treatment on
rhizome propagated Mxg, which due to its triploid nature cannot be propagated by seed.
Because of concerns surrounding the ‘polymer to root contact efficiency’ in free rootingfield
plants as opposed to the closed system within a pot there were two SRS treatments applied
to Mxg. The first treatment added the same SRS to soil ratio additionsgiven to the seedlings
in plugs, to free rhizome planted in the field, along with three control plots without SRS. The
second treatment involved propagated Mxg rhizome in pots with the same SRS to soil ratio

given to the seedlingsin plugs, before being moved to the field.

Three seeded hybrids of commercial interest were used; GNT3, GNT5 & GNT14, which were
acquired from the breedingteam as fresh seed, and sown in multiple trays of 126 25cm? plugs.
Half of all trays were inoculated with the SRS polymer into nitrogen free compost, and the
other half were given nitrogen free compost alone. Seeds of each hybrid were multisown (3-
5 seeds per well) to ensure full establishment and grown at Bells Nursery for between 6 — 8
weeks in February 2016. The seeded hybrid plugs were routinely assessed for growth and
establishment during the glasshouse phase before being planted into the field at the
Hackthorn site in July 2016. Mxg potted plants with and without SRS additions were also

planted atthe same time.

Three replicate blocks of each genotype and treatment were planted in a randomized design
with blocks of three columns by nine rows. The experimental plots were surrounded by a
double row of Mxg from rhizome as guard plants to reduce edge effects. The total area for
the whole trial was 26.33m x 28.50m, totaling 750.40m”. Distances between each plug was

0.75m between rows and a 0.67m within the rows and density was 2 plants m™, or 20,000
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plants a hectare. Paths between were incorporated by ‘missing a plant’ for ease of access (see
Figure 4.27) for within plot spacing and samplingregime). The outer edge of each treatment
plot contained experimental plants that were discarded at harvest. Theinner 3 x 8 plants were
for harvest, and the innermost 3 plantsin the centre were assessed for height and shoot

density atthe end of the growing season.

For specifics on harvest methods and phenotypingsee section 2.6 and 2.7.

HCK 17 RP

1952 GNT 14 Control Mo Plants INa Plants
1857 GNT 5 Control 181964 GIG Control 61 GIG Bacteria Potted
HOK 11962 GNT 14 Bacteria P1959 GIG Control Patted 1966 GNT 3 Control
"

18 ON

HCK

20 ON 1967 GNT 3 Control 91969 GIG Bacteria Potted 1971 GNT 5 Bacteria
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Figure 4.25. Position of the field trial in experimental field plots (right). Treatment block design
within the field trial (left). Each individual replicate plot contains 50 plants in a 5 x 10 row and
column matrix

Figure 4.26. Planting of HCK 17 on 6th July. A = Plugs planted at equal spacing. B = Mxg plant
grown in a pot prior to planting. C = Pot grown plants planted in equally spaced rows in the
foreground with mulch film covered plots in the background
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Figure 4.27. Sampling regime for HCK 17. Each circle represents a plant within a treatment plot.
The left block represents the phenotyping sampling plants from the centre of the plot. The right
block shows the sampling regime. All yellow circles signify plants harvested for biomass from each
experimental plotin 2018 & 2019. In 2017, 12 plants were harvested and can be seen as hashed
yellow.

4.6 Statistical analysis
Data was imported from field assessments into Microsoft Excel format on iPads or android
tablets during both phenotyping and harvesting. The data was then manipulated with
Microsoft Excel version 1907. Statistical analysiswas done using IBM SPSS statistics 21 version
21.0.0.0. Analysis was undertaken on the raw data to test for significance between each
growth parameter and each treatment variable, at each phenotypingand harvest. Statistical
analysis of all growth parameters, per time point and treatment were undertaken usinga one-
way ANOVA, and where significant differences were found within groups, a Tukeys test was
performed for more in depth comparisons. Data were tested beforehand for normality using
SPSS Skewness and kurtosis values, Shapiro-Wilk test and visual inspection of Q-Q plots and

box plot outputs.
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4.7 Results— Experiment 4 — Multihybrid trial - Glasshouse phase
Seeded hybrid germinationscores 1 & 3 weeks post sowingindicate a significantly lower level
of germination in both bacteria and control trays of the GNT14 hybrids with approximately
65 and 80% germination respectively, in comparison to 95 — 100% for other genotypes and
treatments (Figure 4.28). Three weeks post sowing, seedlings were assessed for extension
and leaf number. Control trays for each genotype showed significantly higher extension at
this stage (Figure 4.29). Leaf counts were also significantly higher for control trays, except for
GNT5. An example of the poorer establishment and growth of GNT14 seedlings can be seen

in Figure 4.30.
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Figure 4.28 Germination assessments of seeded hybrids during first 3 weeks after sowing into SRS
bacteria inoculated and control plug trays. Images courtesy of Bells nurseries Ltd
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Figure 4.29. Average plant height and leaf counts for seeded hybrids, three weeks after sowing
into SRS bacteria inoculated and control plug trays. Images courtesy of Bells nurseries Ltd.
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Figure 4.30. Establishment comparison in control and SRS treated GNT14 bacteria trays grown
under controlled commercial conditions. Control (left) have much fuller establishment than
treated SRS (right). Photo taken when plants were approximately 1 month old.
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Field phase establishment

All Mxg plots had over 85% establishment, GNT 3 and GNT 5 had comparable establishment
rates to Mxg plots, with establishment of between 76 & 90% regardless of treatment. SRSand
control GNT14 had the lowest establishment at 60% and 71% respectively. There were no

significant differences in establishment across all treatments.
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Genotype and treatment

Figure 4.31 Field establishment of GNT 3, GNT 5, GNT 14 with and without Bacteria. Genotypes
succeeded with B signify treatment with bacterial SRS. Those succeeded with C signify controls. G
signifies Mxg. B — SRS bacteria, PB — Potted bacteria, GC - Mxg control, PC — potted control. Error

bars show * 1 se, n=3

Phenotyping —seeded hybrids

All seeded hybrid phenotyping results are reported in Table 4.2. 2016 autumn phenotyping
of the seeded hybrids revealed no significant differences between SRS and control plots in
GNT3 or GNT5. GNT14 treated plants had significantly lower canopy height (p < 0.001), of
68cm, in comparison to control plants at 111cm average. This difference remained significant
within the shoot heights, (p < 0.01), as bacteria plants tallest shoots were approximately
47cm, and control plants 71cm. Stem number analysis confirmed significantly smaller plants,

as control plants had a 25-stem average compared to treated 12 stem average (p<0.05).

In 2017 GNT3 bacteria treated plants had significantly lower stem number than control plants
(p< 0.01). Canopy height and shoot height showed no significant difference in GNT3. GNT5

plants varied greatly between treatments, with bacteria treated plants having significantly
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increased canopy and shoot height (p<0.01). Stem number was not considered significant.
GNT14 plants contrasted sharply with GNT5, having significantly lower canopy and shoot
heightsin bacteria treated plants (p<0.05).

By the end of the third growth year no significant differences were seen in GNT3 growth
parameters. GNT 5 bacteria treated plants had significantly higher canopy height (p<0.05),
which was reflected in shoot heightresults, although this was not statistically significant. Stem
number was also not significantly different. Due to highly variable die off height results, non -
parametric test for independent samples was used for a significance value of p — 0.008, for
the vastly lower die off height average seen in control plants. GNT14 also revealed a
significant difference only in the die off height, with bacteria treated plants showing
significantly reduced die off height of 30cm as opposed to controls, 132cm (p < 0.01 — Non-
parametric test). GNT14 plants treated with bacteria were on average shorter, with fewer

stems than control plants, although no significant difference was found in year 3.
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Table 4.2. Phenotyping results of the seeded hybrids over the course of three years3.

Year Genotype Treatment Die-off Height (cm) Canopy Height (cm) Shoot Height (cm) Stem Count
GNT3 SRS 105.65 (+5.34) 63.04 (+3.48) 21.48 (+1.7)
Control 104.85 (+5.04) 64.9 (+3.36) 28.2 (+2.53)
SRS 87.75 (+2.81) 49.35 (43.25) 18 (+1.65)
2016 GNT5
Control 77.93 (+4.79) 41.64 (+2.95) 16.36 (+2.25)
A SRS 68.08 (+10.42) *** 47.42 (£7.31) ** 11.64 (+£2.75)
Control 111.46 (+4.66) 71.31 (+4.89) ** 24.69 (+1.69) *
GNT3 SRS 166.67 (+4.79) 140.43 (+5.06) 33.83 (£2.34) **
Control 164.3 (+3.62) 140.33 (+3.54) 49.03 (+4.48) **
SRS 185.37 (+7.5) ** 156.63 (+8.62) *** 34.77 (+2.13)
2017 GNT5
Control 147.55 (+6.56) 119.2 (+5.86) 42.2 (+4.35)
A SRS 125.05 (+8.93) ** 105.05 (+8.28) * 38.9 (+4.8)
Control 159.7 (+6.39) 138.75 (+6.3) 45.05 (+4.85)
GNT3 SRS 99.33 (£9.91) 193.58 (+8.57) 171.63 (+8.17) 30.75 (£2.95)
Control 73.08 (+11.85) 177.33 (+4.68) 156.71 (+4.9) 45.25 (+4.94)
2018 GNTS SRS 89 (+12.31) ** 173.54 (+6.65) * 150.75 (+6.52) 35.96 (+3.82)
Control 30.06 (+10.72) 131.75 (+14.56) 115 (£13.22) 35.06 (+5.95)
e SRS 36.875 (£13.39) *** 139.06 (+9.72) 121.19 (£10.93) 32.88 (+3.13)
Control 132.06 (+16.71) 178.5 (£12.38) 158.63 (£11.43) 36.88 (+5.35)

3. Each value is an average of between 1-3 treatments plots, within which was measured a variable number of pseudoreps, depending on year. 2016 — 5-
8 plants per treatment plot. 2017 — 10 plants per plot. 2018 — 8 plants per plot. Hybrid types are differentiated by banding. SRS plots are bacteria
treated; Control are not bacteria treated. Where a significant difference was found between the treated and control of a particular hybrid, the results
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Phenotyping — Miscanthus giganteus plots

In 2016 canopy and shoot height measurements of all treatments of Mxg showed a significant
difference of p < 0.01 between groups (Figure 4.32). Post hoc analysis by Tukeys provided
further assessment that bacteria alone was significantly taller than bacteria potted groups (p
=0.001) and control potted (p<0.05). Control was also significantly taller than control potted
groups (p — 0.003). Assessment of stem number revealed a significance of p = 0.042 between
groups, however the only near significant Tukeys result was that controlhad more stems than
control potted treatments by a p value of 0.053 (24 and 15 stems respectively). In 2017 and

2018 no significant differences were found in any parameter measured.
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Figure 4.32. Phenotyping results from M giganteus plots shoot height (chart A) and canopy height
(Chart B) parameters over the course of three years, from planting year (2016) to the most recent
data at the time (2018). Four treatments are Bacteria alone (dark green), control alone (light
yellow), bacteria potted plants (lighter green), and control potted plants (dark yellow). Bacteria
potted, and control alone are averages of three treatment plots, while control potted had only
one treatment plot. Within each plot n =8 in 2016 & 2018. n = 10 in 2017.
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Figure 4.33. Phenotyping results from M giganteus plots, A - Stem count over the course of three
years, from planting year (2016) to the most recent data at the time (2018). B - Die off height from
2018 alone. Four treatments are Bacteria alone (dark green), control alone (light yellow), bacteria
potted plants (lighter green), and control potted plants (dark yellow). Bacteria potted, and control

alone are averages of three treatment plots, while control potted had only one treatment plot.

Within each plot n = 8in 2016 & 2018. n = 10 in 2017.
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Harvestyield

Treatment did not significantly affect yield in year 1 on any hybrid or genotype (Figure 4.34).
The treatments with the largest yield in year 1 were Mxg with the SRS added freely to the soil,
and GNT3 with SRS, with yields of approximately 2.1 T/ha. Lowest yields were seen in GNT5

control plots with average 0.9T/ha.

Harvest yields in 2018 (second year) were significantly different between genotypes (p —
0.004). Yield increased significantly for all Mxg plots and the seeded hybrids, regardless of

bacteriatreatmentinyear 2 (p< 0.05). Bacteria treatment had no significantincreaseinyield

for any hybrid or genotype comparison.

Therewas a dropinyield in year 3 for all Mxg plots. Yield of GNT 3, GNT 5 and GNT 14 ranged
from 6 — 12 T/ha, with SRS treated plots appearing slightly better in GNT3 and GNT5. There
were no significant effects for any seeded varieties, but Mxg with SRS added to the soil was
significantly higher than the control (p <0.05), in the actual yield data analysis. The gap

corrected yield results were not significantly different.

121



20

—
o

Tonnes/ha
-
=)

20

&

Tonnes/ha

o

- >
w =

Tonnes/ha
-
=

5

l

o BT s

B e o -

GNT3 585

GNT3 C

| I R

GNTS5RS GHNTSC GNTIASRS GNT1AC Glg 5AS  GIg SRS pot

W Yield - T/ha Yield Gap corrected Tonnes per Ha

GigC

GIG Cpot

Figure 4.34. Harvest yield over three consecutive years, starting at the first harvest after the first
winter (2017) until the most recent harvest (2019). Chart incorporates all genotypes and hybrids
included in the trial and is measured in tonnes per hectare. Actual T/ha values are displayed in
black/black hashed. Gap correction values to model full sward yield had no individual plants in
each quadrat died, are displayed in light green/hashed green. Filled blocks signify treated with SRS
plots, hashed blocks are the equivalent control. Error bars show * 1 se, n=3. Where no error bar

exists, only one data point is available for that treatment.
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4.8 Discussion
For biomass crops such as Miscanthus to be carbon neutral, if not carbon negative,
improvements in crop establishment need to be achieved through methods that are not to
the detriment of sustainability, particularly energy balance (Rothballer et al., 2008). One way
to fertilise Miscanthus and maximise growth potential on nutritionally degraded soils, without
the use of energy expensive fertiliser applications, is to exploit beneficial plant- microbe
interactions to bio-fertilize plants. The use of plant growth promoting bacteria (PGPB) known
as endophytes, was tested in the absence of other plant fertilizers, to assess the effects on
growth andyield. Endophytes provide benefits to the host plantincluding enhanced nutrient
uptake, growth promotion, enhanced tolerance to abiotic stress and higher resistance to
plant pathogens (Muthukumarasamy et al., 2002). We trialled the addition of two endophytes
(Pseudomonas fluorescens and Herbaspirillium frisingense) to different hybrids of
Miscanthus, inoculated into the plant via a novel delivery system called the Simulated

Rhizosphere (SRS) developed by project partners Nutriss ltd.

4.8a Glasshouse assessments
The glasshouse trials in 2016 and 2017 produced highly variable results for the additions of

SRS to plugsoil medium. The data suggested positive effects of endophyte additionsin SRS
on the growth of GNT14 seedlingsin 2016 (Figure 4.18).

Plant growth in small substrate volumes usually plateaus once plants have depleted the
available nutrients. Miscanthus seedlings typically spend 6 to 10 weeks in plugs before being
transplanted intothe field. Miscanthus plug plants are not usually grown in nutrient deficient
compost, as was tested here; however, even in germination compost, seedlings will usually
exhibit signs of stress after 8-10 weeks of growth including arrested growth and leaf
yellowing. The control plants in the glasshouse experiment of 2016 continued to grow
throughout the 5 months that they were in small volumes, albeit at an extremely slow rate
(Figure 4.18). The continuous growth may be a result of lower than usual growth rates overall,
due to the low nutrient conditions, so plants took a much longer time to reach maximum
potential root and above ground growth. Endophyte treated plants also continued to grow,
at a much higher rate of biomass accumulation until the final harvest (Figure 4.18). The
enhanced growth may be due to endophytes fixing nitrogen and potentially other essential

nutrients such as phosphorous and potassium to overcome nutrient limitation in the
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substrate. By the third harvest date it was noted that endophyte treated plants had begun to
lose a degree of greenness and this can be seen in the bottom right hand photograph of Figure
4.17. This could potentially signal that available nutrients within the small plug volume had
been sequestered. The significant increase above ground growth was not matched by a
significant increase in root biomass until treated plants were substantially larger than
controls. Endophytic colonisation from the SRS may increase uptake efficiency of water and
nutrients, to an extent that plant requirements could be provided by small root systems.
Control plants lacking the specific endophytes are likely to require larger root systems, filling
the small available space, in search of nutrients. As aboveground biomass increased, the
treated plant roots also significantly increased over time, but control plant root systems
remained smaller, in parallel with the aboveground material by maintaining a near 1:1
root:shoot ratio. There is a wealth of literature surrounding the benefits of endophytes
associated with host plants, and many papers conclude that endophytes can enhance plant

nutrient uptake, and plant growth (Muthukumarasamy etal., 2002, Farrar et al., 2014).

One ofthe endophytes used (Herbaspirillium frisingense) has been associated with M. sinensis
plants in southern Germany, and genome sequencing has shown that it has the genomic
requirements needed to fix nitrogen (Straub et al., 2013). Endophytes such as this enhance
growth through a multitude of ways, includingregulation of production and activity of plant
hormones including auxins, gibberelins, cytokinins and ethylene, the latter is generally
considered a plant growth inhibitor (Mei and Flinn, 2010). Straub et al. (2013) tested the
efficacy of this endophyte on young M. sinensis seedlings, and found that the growth
promoting potential of this endophyte was dependent on the nitrogen supply, as a greater
growth promotion effect was observed under low nitrogen treatments. The typical phenotype
observed in a strongly positively responsive cultivar of mostinoculated cropsin vitroincluded
a larger, more branched, root system, and a more developmentally mature individual after 3
— 4 weeks than controls, with sturdier stems, and more root hairs (Nowak et al., 1998). Kim
et al. (2012) noted similar results in switch grass, but also identified unresponsive cultivars

thatlacked notable improvements.

The growth promotion from endophyte-SRS treatment here was up to 40% compared to
controls, especially inthe amountsof fine root structures, laterals and rootlength. The impact

of endophyte treatment was similarto published studies except the effects appeared to occur
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over a longer period. Fine root structure analysis within the plants measured here was

confined to amount of root hairs per mm? and was not conclusive.

In 2017, the experiment was repeated, to include a higher number of replicatesand in order
to harvest plants for bacterial sequencing. The same genotype and growth conditions were
used as the first experiment but the treated seedlings grew less well. In control trays an
average 13% of plugs failed to produce a plant, compared with 17% in treated trays. Once
establishedthere were no furtherlosses of seedlingsin control trays; however, there was an
average 40% mortality rate in the treated trays. In the third replicate tray 24% of plugs did
not emerge, and 53% of the ones that did failed to survive the first month, resultingin a

severely low number of surviving plants within this replicate (Table 4.1).

Plant growth was low in all trays, endophyte treated plants had significantly lower rates of
growth, and poor development until approximately 6 weeks old. At the 6-week-old stage, the
mortality ratein tray 3 of treated plants was so high, thatit was removed from further growth
measurements and the remaining plants taken for harvest only. Growth of the remaining two
trays of endophyte-treated plants beganto improve and plant height surpassed control plants
by 8 weeks, and this difference was significant by week 10. Plants from the treated trays were

highly heterogeneous compared with control plants (Figure 4.23).

The growth patterns are suggestive of growth inhibition or pathogenic responses to the
endophyte inoculations, which is highly unusual as most papers agree that bacterial and
fungal endophytes cause no ill effects, (Souza et al., 2015, Mei and Flinn, 2010, Rothballer et
al., 2008). The negative impacts on seedling growth of endophyte-SRS treatmentoccurred as
early as 2 weeks after sowing. Previous work with H. frisingense in Mxg seedlings using
immunological labellingtechniques showed that cells of the bacteriawere presentinside root
cortex after just three days, and after 7 days were colonizing the vascular tissue in the central
cylinder (Rothballer et al., 2008). After the endophyte-SRS treatment many of the seedlings
died but some overcame the inhibitory effects and were much like the previous year’s results,
surpassing control plant growth and expressing higher levels of chlorophyll. It is tempting to
suggest that the inoculation had a ‘what doesn’t kill them makes them stronger’ effect. A
similar effect was seen in the plants received from the commercial nursery, and was also
reported in the HCK 17 field trial seedlings across all hybrids, although GNT14 was the most
badly affected, and had the poorest germination across the trials (Figure 4.31).
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The cause of this phenomenon is likely to be multifaceted. The seed used for the GNT14
progeny for that year had consistently poor germination and establishment, with high mould
growth across every experiment in which it was used, including the endophyte trials. It was
concluded this likely resulted from use of a new threshing machine which damaged the seed
coat. This goes someway to explainingthe poor response to inoculationin GNT14; however,
reductions in growth over the first 2-4 weeks of bacteria inoculation were seen in other
hybrids alsoin that growth year. Tellenbach et al. (2011) suggest that bacteria may slow down
plant growth by allocating the resources that are produced or taken up by the plant, or
penetrating living host cells and killing them. As H. frisingense is a known nitrogen fixing
bacterium the allocation of resources may be a significant issue initially. For atmospheric
nitrogen (N3) to be available to plants it must be reduced to ammonia (NHs), which is the
nitrogen fixation process catalysed by bacteria such as H. frisingense. This conversion is

complex with multiple steps described below:

N> +8e ~+8 H'+ 16 ATP - 2NH3 + H, + 16 ADP + 16 + 16 inorganic phosphate (Campbell et
al., 2012)

This multistep process is catalysed by the enzyme nitrogenase. The process of nitrogen
fixation requires eight ATP molecules for each NH3 synthesized, therefore nitrogen fixing
bacteria require a rich supply of carbohydrates from root secretions or decaying plant
material (Campbelletal., 2012). Nitrogen fixing bacteria added to very small immature plants
could have a deleterious effect on plant growth through a high metabolicload that would be

correlated with bacterial numbers impairingthe progression of plant growth.

Itisalso possible that the reaction observed was due to the existence of normal plant immune
responses. Plants lack an immune system that could be likened to that in animals which
produces T cells that can attack and disable pathogens before eliminating them, but instead
have more general defences (Lam et al., 2001). One of the most common responses to a
perceived pathogen threatisthe initiation of programmed cell death (PCD) which forms part
of the hypersensitive response (HR) pathway of immune response (Keller et al., 1999). The
HR response occurs at the site of pathogen entry andinitiates PCDin and around the infection
site (Lam et al., 2001). This response can often be seen as lesions on leaves, but as the point
of entry for the plants in this experiment was root based, it would be more difficult to see

necroticlesions asaresultifa resistance response. Systemic disease resistance responsesare
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usually initiated when pathogens are not recognized by the host, however have also been
observed even when they are known to the host. In a study on plant growth promoting
bacteriaand grape vine by Bordiecet al. (2010) perception of infection by non-host bacteria
Pseudomonas syringae, was met with an extreme release of defence genes and mechanisms,
however, when the same plants were artificially infected with a known beneficial pathogen
(Burkholderia phytofirmans), a reaction was still noted, although much less intensely. This
proved that plants could produce a generalized HR response when treated with bacteria,
before recognition of beneficial or negative species. Quantity of bacteria likely plays a large
role in the scale of the plant response. Within humans, there exists a vast microbiome of
microbes, which generally cause no ill effects, and the majority of interactions are symbiotic,
with bacteria playing a vital role in the function of the tissues they inhabit, and thus playing
an important role in the balance between health and disease (Lee and Mazmanian, 2010).
These bacteria only become an issue when they begin to dominate, for example in
immunocompromised patients, which suggests that numbers of bacteria are key to the
difference between beneficial interactions and systemicinfection (Taurand Pamer, 2013). It
is likely a similar reactionis being seen within infected seedlings in these experiments. In the
GNT14 seed in particular, a highly negative response was noted to initial infection (Figure
4.30). It is highly possible that the plants were compromised as a result of broken seed and
mould infestationas a result, and as such were less able to deal with initial infection responses

as aresult of added endophytes.

The nature of the interactions between host and endophyte is complex and not fully
understood. The results of inoculation with endophytes could be altered by a variety of
factors such as host species, bacterial species, bacterial concentration, soil type, and by the
presence of existing endophytes within the host. Chamberlain et al. (2014) describe these
interactions as context dependent species interactions. These can vary from negative, to
mutual, to positive along a spectrum, varying in magnitude, and is highly dependent on the
biotic and abiotic conditionsin which they occur. Therefore, the most likely context-based
reason for the effects seen is that the endophyte added to the plugs was too concentrated
from either high endophyte concentration within the polymer, or too much polymer added
to the compost, and/orthe plants were too weakened by seed coat damage and bioticstress

from mould infiltration. A study analysing root endophyte additions in Norway Spruce
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seedlings reported variable results ranging from beneficial to negative, and discovered a
strong positive link between the extent of colonizationand virulence (Tellenbach et al., 2011).
It would also be highly informative to extend experiment 1 and grow plugs with a range of
different concentrations of endophyte to discover how close are the commercial
concentrations of endophyte to levels that are inhibitory. A further consideration is the
possibility ofinterspecies interactions between added endophytes and those already existing
in the seed as a result of vertical transmission from parent plants. Tellenbach et al. (2011)
discovered dark septate endophytes effects on Norway spruce growth and survival, had a high
virulence effect when they originated in the same region as the Spruce seedlings, as opposed
to those gathered elsewhere. A meta-analysis of the effects of fungal root endophytes on
plant growth suggested that plant responses can be effected by several factors (Mayerhofer
et al. (2013). Firstly, host specificity; inoculation with an endophyte isolated from the same
plant species could increase root biomass by up to 88%, compared with plants inoculated with
endophytes isolated from different plant species. Secondly, different hosts respond
differently to endophytes; tree species in particular appear to have mainly negative
responses, but that monocots such as grasses and sedges mainly responded positively.
Thirdly, experimental conditions; such as variation in nutrient status of growth medium, soil
pH and organiccontent, the impact of such environmental factors can be greater than that of

host specificimpacts.

4.8b Fieldtrials

Seedling behaviour under glasshouse conditions for the HCK11 (experiment 1) field trial saw
a significant height increase between seedlings of GNT3 grown under the higher endophyte
concentration (treatment A) than the control treatments with and without N and the lower
concentration (Figure 4.8). Phenotyping assessments showed consistently good performance
in standard control treatment, with controls without N often having the lowest growth
averages. Biomassyield was not assessed for the first growth year. Data from the second and
third harvest year indicate a much lower dry matter accumulation from the control without
N plots, although thisimproved slightly in the latter (2019) harvest (Figure 4.12). The addition
of endophytes within nutrientfree soil undoubtedly aided plant growth and was comparable
with the standard treatmentin the nutrient rich compost, clearly demonstrating the nutrient

fixing abilities of the endophytes, under limited nutrient conditions. It is unlikely that
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commercially grown plug plants would be grown in nutrient free compost and therefore it

would be of interest to assess endophyte additions to standard germination compost.

The larger multi-hybrid (Experiment 4) trial provided less conclusive results. Seedling
development was initially similarly stunted as the previous seedling trial described in this
chapter. Germination was also comparably poor within the GNT 14 plugs, especially in treated
populations (Figure 4.28). Three-week-old hybrid seedlings all had reduced stem growth and
leaf number when treated, in comparison to control populations, with the smallest plantsin
endophyte treated GNT14, and the largestin control GNTS5 (Figure 4.29). As with the previous
experiments the controls are seen toinitially grow larger than the endophyte treated plants,
and growth is slower and more homogenous within the population which may reflect lower

levels of available nutrients.

Thelevels of establishmentin thefield of the seeded hybrids was comparable to that achieved
by rhizome propagated Mxg, with the exception of GNT14. Biomassyield was not significantly
different between endophyte treated and control plots in any growth year or for any hybrid

(Figure 4.34).

Harvested biomass was higher in Mxg established without pots, but with SRS. There was no
significant difference observed between any Mxg treatments until the third harvest year
when plots that had been propagated without pots but with SRS, had significantly higher
actual yield than those with SRS that were propagated in pots. This difference became non-
significant when gap corrected however, suggesting that higher survival within the quadrat
area may have been the largest difference, as opposed to actual individual plant biomass,
however both SRS treatments were yielding more than the controls by this point. The data
from this trial is extremely variable within and between treatments, and genotypes, making
it difficult to identify significant effects. This data also proves that the majority of difference
and growth promotion observed when beneficial endophytes are added, is seen at the young
seedlingand pot phase, asopposed to lateronin the open field trial phases. This result is not
uncommon, however, positive effects of endophyte inoculation have been reported to a
higher degree than neutral or negative, for example in Perennial ryegrass (Lowe et al., 2008).
It is likely that growth promotion of Miscanthus by H. frisingense and P. fluourescens is
genotype specific. Kim et al. (2012) tested the ability of one endophyte (Burkholderia
phytofirmans strain PsIJN) on switchgrass cultivar Alamo and other switchgrass cultivars, and
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results suggested specific genotype effects exist, as some genotypes were highly responsive

to the growth promotion effects of PsJN, and others not.

It is likely that higher levels of responsiveness to inoculation are observed under pot
conditions because those conditions are nutrient and space limited, unlike conditions found
in the field. Miscanthus species are a highly sustainable crop, in part due to their low input
requirements, ability to grow under marginal conditions, and their high nutrient use
efficiency. Studies have shown, that Miscanthus requires relatively little nitrogen fertilization
once established, and that yields differed only slightly in Miscanthus trials grown on poor,
eroded soil, when compared with yields on productive soil (Yost et al., 2017). Several field
experiments have been conducted on plantations of Miscanthus, showing that the use of
nitrogen fertilization had little to no effect on biomass (Schwarz et al., 1994). One such
assessment labelled added nitrogen with *°>N and examined the distribution and balance after

application, discovering just 19% of total nitrogen was derived from the introduced fertilizer

(Christian etal., 2008).

Important consideration should be given also, to the potential of extensive bacterial
population already existing within the seed. Cope-Selby et al. (2017) demonstrated a diverse
range of bacterial populations within Miscanthus seed that had been thoroughly surface
sterilized. This suggests a high probability that beneficial bacteria populations are passed
down from one generation of Miscanthus to the next, via vertical transmission (Cope-Selby et
al., 2017). Throughout their research into the identification of endophytes within Miscanthus,
Cope-Selby et al. (2017) found that Herbaspirillium frisingense was not among those found,
although Pseudomonas fluorescens was sequenced along with 17 other phyla within the
sterilized seed. This suggests a high level of bacterial diversity within even sterilized plant
material. Within natural systems a large variety of plant growth promotingbacteria exist, all
with high diversity in their genomic composition suggesting numerous common and strain
specific effects for potentialinteractions (Straub et al., 2013). Not only are numerous bacterial

species found within the seed, but also within the soil microbiome and any effects of

inoculated bacteria will competingagainst the effects of this large and diverse population.
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4.8c Conclusion
There is a case to be argued for the use of beneficial endophyte species within Miscanthus
growth plantations. This assessmentwas limited in terms of experimental design, by company
partner requirements for generation of the SRS product to be undertaken at the company
labs due toindustrial patents. As such some methodology was confidential, and thus in-depth
experimental designs and project controlover endophyte concentrationand amount supplied
to plants were not possible due to these restrictions, placing a great deal of experimental

designinto the hands of the commercial partner.

Based on results obtained in these experiments and field trials, it is unclear as to whether
bacterial endophytes can enhance establishment or biomass yield under reasonable growth
conditions. Glasshouse results prove that the SRS formulated by the company Nutriss Itd, is
successful in delivering micro-organisms to the plants. The endophytes chosen are known to
existin Miscanthus material and have been specifically noted for their potential roles in stress
tolerance and enhanced biomassin the book ‘Endophytes fora Growing World’ (Beekwilder
etal., 2019). In many cases, the endophyte additions had positive effects on seedling growth,
after initial negative effects after inoculation. Further assessment is necessary to determine
optimum concentrations and combinations of bacteria presented toyoungseedlings. Itis also
important that quantities of SRS given to pots or plugs be effectively standardized. Given the
common belief that endophytes reveal their greatest advantages under conditions of plant
stress, it is probable that this would be the optimum and most economical use of them as
biofertilization. Results of field trials are inconclusive at best for the most part; however, the
positive result for Mxg plots seen at the end of the multi-hybrid trial is interesting as this
result followed a severe drought year, potentially confirming the stress resistance hypothesis.

It would be interesting to observe whether this positive trend continues over subsequent

harvests.

The financial costs of endophyte biofertilization must be considered when results are as
variable as have been observed here. There s little point inadding expensive micro-organisms
into plug plants if the benefits are too variable or small to be considered an economic gain
further down the line. It is entirely possible that with more research and fine-tuning of best
practice, that Miscanthus plug plant growth would be greatly enhanced under glasshouse

conditions by additions of micro-organisms. Potentially this could mean shorter amounts of
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paying time spent under commercial conditions, which would be a gain both financially, and
in terms of energy used to provide lighting and heat. An additional aim would be the
occurrence of an economical yield in the second harvest year, which could see a faster return
on grower investment. If additions of endophytes have little to no yield benefit, then their

additionswould be an unnecessary cost.

4.8d Further work

For the best possible benefits of these plant — micro- organism relationships to occur in
Miscanthus seedlings, a multifaceted approach must be considered. Context of plant
genotype, geographical location and likely bioticand abiotic conditionsin the field, should be
considered collectively when selecting for the most useful combination. In addition to the
requirements of best plant husbandry, it is likely that it would be of great benefit to identify
the regions of plant genome responsible for governing these relationships, so that it may be
exploited for future plant breeding. A visual assessment of bacterial colonisation using
confocal microscopy could provide interesting information regarding speed of bacterial
colonisation and population density within each part of the plant. As mentioned previously,
an in-depth study into bacterial species selection and concentration of bacteria required
would be greatly beneficial tothe growth promotion of Miscanthus plug plants. Many positive
results using endophytes have come from using them to enhance plant abilities under less
than ideal conditions. Therefore, further assessments should also consider testing of
endophytes under abiotic or biotic stress conditions including drought or flood, salt levels
within soil, severely nutrient deficient soils, contaminated soils, and upon exposure to
herbivores. In order to test for the existence of the inoculated endophytes, primers should be
designed that would be specific enough to amplify only the endophyte of interest, as thereis
likely to be a rich variety of species within plant material, and surrounding soil. It may not be
sufficient to be able to prove that the endophyte in question simply exists in the plant
material, due to the potential for vertical or horizontal transmission of the species from other
sources. It may be more informative to assess concentration levels of the inoculated species,
in comparison to other species of bacteria present. This would allow a quantitative analysis
of bacterial species present, as opposed to simply proving their existence in the plant
material, which could have come from a number of sources. The presence of a high quantity

of artificiallyinoculated species would allow a greater certainty of successful transmission to
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plant material. Assessments of concentrations of essential nutrients including nitrogen and
phosphorous in surrounding soil and plant material of treated and control plants, could also

be informative when testing bacterial efficacy.

5 Growthanddevelopment of Miscanthus seedlingswhen grownin
one of fourdifferent module sizes, and transplanted tofield at

three separatedates.

3 - January/Feb
Sowing seed into modules, and
growing the plants in variable

experimental environments
under glasshouse conditions

4 - February — April
Assessment of growth
and developmentin the
glasshouse environments

via In situ measurements
| and destructive harvests

2 - December/January
Threshing and cleaning
seed ready for
germination tests, and

final sowing

The circle of life
The optimisation of
Miscanthus seeded

hybrids over the

first year

5= April = June
Planting of the resultant
population into prepared
field plots, and covering

with mulch films

1 - October/November
Collection of seeds
from parent panicles
(Catania)

6 — September - November
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to evaluate establishment

and growth over the season

8 - March/April
Plot harvests and
establishment counts for
all experimental field
plots

7 - November — March

Winter senescence and

dry down, ready for re-
emergence in Spring
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5.1 Introduction

5.1a Miscanthus and propagation methods
Within Miscanthus species, the typical propagation method of choice until recently has been
to plantrhizome fragments. However, in recent years there has been research into developing
a seeded Miscanthus variety. This would allow, among other benefits, the ability to upscale
the crop faster and to produce more young plants at a cheaper rate (Clifton-Brown et al.,
2017). As thisis an innovationin its relative infancy, there is much room for improvement,
refinement and analysis to identify methods of best practice for commercial seeded
Miscanthus varieties. Miscanthus seeds are small and have high thermal requirement for
growth and establishment (Clifton-Brown et al., 2011) (Figure 5.1). Smaller size seed has been
correlated with lower competitive advantage under vegetation cover conditions in
monocarpic perennials (Gross, 1984). Studies have also shown that larger seeds are more
likely to have a ‘reserve effect’ containing a potentially greater amount of reserves to aid a
germinating plantlet (Westoby et al., 1996).
Thereis also a higher risk of seeds beinglostin
soil crevice’s and reduced seed to soil contact.
Direct seeding of Miscanthus has so far
remained an unreliable method of commercial

planting, due to low seed germination rates,

climate heterogeneity and seed to soil contact
Figure 5.1 Seeds of GNT14 hybrid. Authors

issues. This often results in the appearance of own image

gaps within a field plot (Ashman et al., 2018). These gaps due to plant death leads to an
increase in the need for labour, as replacement plants must be acquired and placed in the
spaces to achieve homogeneity across the field site. These new plants often have reduced
growth by the end of the season due to being planted later. Without the nutrient reserves
found within the rhizome, and the temperatures needed for seed germination, a seed is very
unlikely to germinate and subsequently survive under field conditions. As such the current
standard method has centred around Miscanthus plug plant technology, using plug
techniques originally developed for the vegetable industry (Lewandowski et al., 2016). Plugs
are grown in glasshouses for the first 8-10 weeks of their lifecycle before being planted in the

field (Figure 5.2). This allows the plants to have some development of root and stem biomass
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and a better chance of field survival. This system has much scope for optimisation, with
variables including genotype, module size, soil type, nutrient additions, age at field planting

and the physical characteristics most suited to survival in the field, such as root systems,
which are of huge interest.

arm
Al
?’H'

| N
vt

] |
y)

SRR IR RLL

R

—
" [ 1 -
- ===
.
—
:

Figure 5.2 Miscanthus plug plants growing in the 126A standard plug size tested in this
experiment. Plants are nearing planting readiness in the photograph. Image courtesy of Bell
brothers Nurseries, Boston, Lincs.

Direct seeding into field trials, currently requires considerable optimisation due to low
establishment, especially under the temperate conditions of the UK (Ashman et al., 2018).
Whilst these improvements are pending, the focus is on the optimisation of yield produced
from the plug planting method. Growing plug plants in more controlled environments prior
to transferto the field provides the opportunity to manipulate factors that are hypothesised
to alter plant performance. These factors include sowing and planting timing, maturity of
plugs, module size, and environmental conditions after planting. A balance will need to be

struck between the impact of controlled treatments and their cost. One considerable benefit
would be if controlled treatments of developing seedlings could shift, to earlier in the
perennial cycle, the attainment of economically harvestable yield by the end of the second

year. Such improvements would likely see arise in uptake of the crop from potential growers.
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Conditions of establishment are a significant factor in the vigour and productivity of a field
trial (Tejera et al., 2019). One group of variables of high importance regarding the plug
plantingtechnique, is the size of the module the plant will be grown in during the glasshouse
phase, and the timing of sowing and planting based on above and below ground maturity
within the module. The potential impact of modulesize is illustrated in a study of the effects
of pot size on Pinus pinea by Dominguez-Lerena et al. (2006), where it was shown that
container volume had the greatest influence on plant morphology. Containers with a larger
volume allowed greater height and diameter, higher nutrient content and better field

performance.

5.1b Sink-sourcerelationships and the importance of pot size
In order to maximize growth and survival throughout a plant’s life, an individual plant must
strike the optimum balance of sink-source nutrient partitioning, and growth, depending on
internal and external factors (White et al., 2015). This balance must be achieved both below
ground in the plant’s root system, and above ground in the plant’s aerial shoots (lwasa and
Roughgarden, 1984). Both the root/shoot ratio and growth rate are highly dependent on
several, often co-occurring variables; including plant species, time of year, weather, age of
plant, water availability and photosynthetically active solar hours. The ability of a plant to
effectively manage its own source-sink relationship is a key element to survival in the
transient environmental conditions it may be subjected to (White et al., 2015). An effective
balance will allow the plant greater chance of surviving during times of resource limitation,
and flourishing during times of plenty (Rogers et al., 1995). This system is seen globally in wild
and cultivated plants in all environments, with species flourishing and attuned to specific
environmental niches. However, within the controlled environments of plant biology study,

these conditions will be largely dominated by what growers provide for individual plants.

The majority of studies into plant biology will start off by using individually grown plants,
which are grown in a specific container best suited to the desired end result or analysis
(Poorter et al., 2012). This system, while necessary within experiments, cannot adequately
replicate the growth and development a given species would exhibit in the unrestricted
rooting conditions prevalent in the field. Container grown plants in general tend to have
differingroot morphology than field crops (NeSmith and Duval, 1998). Often an experimental

or commercial venture based on individual plants will ideally adopt the smallest container or

136



pot possible for each individual plant, with the aim of reducing costs associated with materials
such as compost, and making more efficient use of space for growing and transportation
(Poorteretal., 2012). Glasshouse space can be a particularly costly commodity for commerecial

plant production, and so making the most out of a plantin the smallest module/pot possible

is of great interest to growers.

When attempting to grow the most viable plants per unit area the importance of the root
system must be adequately considered to effectively acquire below ground resources (Ho et
al., 2005). There are many possible variables associated with pot design, including depth of
the pot, volume of soilit can hold, and lateral surface area for more surface level root systems.
Root systems are highly complex, and the source of nutrients forthe plant to produce aerial
growth. A smaller pot will naturally allow for a greater number of replicates and easier
handling but may also impede plant growth due to a lower quantity of soil, water and

nutrients and cause root bindingin many species if left in the containertoo long.

The length of time a plant remains in the container is an important factor that needs to be
optimised (NeSmith and Duval, 1998). A comprehensive meta-analysis study into the effects
of pot size and rooting volume in plants conducted by Poorter et al. (2012), highlighted that
in the majority of studies growth of plants was restricted, and in many cases highly stunted in
smaller pot sizes. This phenomenon was seen increasingly as experiments progressed, with
later analysis showing the largest differences were seen in plant growth rate and overall
biomass, which is not unexpected as pot size should have minimal effect on plants in their

infancy.

5.1c Root morphology and the Miscanthus seedling
It is not certain what the ideal plug characteristics would be for Miscanthus. Impacted and
root bound plants signal that the plant has outgrown its current container. Due to the sink-
source feedback loop, if roots ordinarily act as a sink then limiting root growth could limit
above-ground growth by potentially down-regulating photosynthesis (Campanyetal., 2017).
Alternatively, root impaction could potentially encourage more and competitive above
ground growth if other sinks were available such as stem, which is a sink in grasses (Harris,
1992). Plant roots and shoots work in close co-ordination, controlled by complex signalling

pathways of various hormones, further complicated by interactions with various other
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external factors (Di Benedetto, 2011). These mechanisms are not clearly understood,

especially in Miscanthus research due to the infancy of the crop as a commercial product

(Clifton-Brown etal., 2017).

In commercial Miscanthus trials,a more impacted root ball allows for easier high throughput
planting using conventional planting machines, because the plug is easily removed from its
container and planted intact. Some trials have reported that less compacted plugs with a
looser and more “feathered” root architecture can establish and grow faster. This
phenomenonis likely due to the presence of free growing lateral roots which could quickly
establish themselves in the soil for improved resource capture, as opposed to bound roots
which need time to grow into the newly available space (Schultzand Thompson, 1997). Often,
when root restricted seedlings are planted in the field, they are unable to compensate for
evapotranspiration due to reduced root-to-soil adhesion, even when well-watered directly

after transplanting (NeSmith and Duval, 1998).

Of highest concern to the end user, grower, or farmer, is the post-planting performance of
the seedlings. Survival and yield across the whole botany sectoris of utmost importance, with
variations in container size showing some mixed results (NeSmith and Duval, 1998). Many
morphological and physiological responses of plants to varying container sizes and root
restrictive conditions have been reported across a wide range of species, and the
improvement and testing of available options in this experiment is of great importance to
further improve establishing complete and high yielding Miscanthus plantationsin the field.
The aimis to optimise glasshouse space, module size, length of time in modules and planting

window.

This chapter focusses on assessing the impact of four different commercially available plug
module sizes ranging from small and compact with high glasshouse space efficiency, to large
rooting depth with increased space requirements. In addition to testing the impact of
different plug designs the interaction with growth time prior to field planting was tested.
Three separate field trials with different plug sizes were planted at varyingtimes ‘early’, ‘mid’,
and ‘late’ season planting over Spring and Summer in 2017. It was hypothesized that best
plant performance atthe end of the first growth year, as well as highestyield at harve st would
occur in the plants given the largest module size and that were planted at the beginning of

the growth season. This, in theory, would allow the plant to achieve maximal biomass

138



accumulation as a result of the time spent in the ground. However, it is uncertain whether
more time in controlled environments with optimal temperatures would result in better
overall seasonal growth and establishment due to the limitations to root development and

subsequent associated effects.

The hypotheses for this experiment are:
1) Large plugmodules will increase plant biomass, faster growth under glasshouse
conditions, and produce higher establishment when planted intofield conditions
2) Earlier planting will extend the growth season availableto plants, encouraging higher

accumulated biomass, in comparison to later planting
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5.2 Methods

5.2a Plant material and growth conditions
Seeds of Miscanthus hybrid genotype ‘GNT 14’ from the late 2016/early 2017-threshing batch
were acquired by Bells Nurseries, Boston Lincs. Multiple trays of four different module sizes
and volumes were purchased and filled with John Innes germination compost. The first tray
size was the current commercial standard; the ‘126 blue’, containing 126 separate wells, each
with a volume of 25cm? and a soil capacity of approximately 8.5g each, at a rooting depth of
4cm. The second tray size also contained 126 individual modules, with a volume of 35cm? soil
capacity of approximately 11.9g and rooting depth of 5cm. The third tray contained a higher
number of 144 individual modules, with a volume of 45cm* soil capacity of approximately
15.3g and rootingdepth of 5cm. The fourth tray contained a lower number of 104 individual
modules, with a much larger available volume of 70cm® a soil capacity of approximately 22g,

and rootingdepth of 5.5cm.

Seeds of GNT14 were multisown (3 -5 seeds) into each of the individual seedling wells for all
trays on February 2" 2017 and trays placed into a temperature controlled commercial
glasshouse. Temperaturewas kept within 18 - 28°C where possible on a 12hr night/day cycle,
with occasional temperature peaks under sunny conditions. Table 3 shows module details,

and Figure 5.3 shows images of each module type.

Table 3 Plug module information and parameters for each of the four plug sizes used in this

experiment
Plug module type 126A 126B 144 104
Volume of soil (cubic centimetres) 25 35 45 70
Depth (cm) 4 5 5 5.5
Soil capacity (g) 8.5 11.9 15.3 22
Cost per tray (£) 2.6 2.55 2.5 2.42
Trays per 100m2 of glasshouse 63 63 61 61
Plants per 100m2 of glasshouse 7925 7925 8764 6330
Approximate price per plug plant £0.021 £0.020  £0.017 £0.023
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5.2b Glasshouse measurements of selected tray of each plug type
One tray of each type was assessed throughout the glasshouse period from February to mid-
June 2017. Germination assessment was undertaken at approximately 14 days post-sowing
and recorded as the number of cells in a single tray containing a seed with a green shoot. Ten
plants were chosen at random per tray on a near weekly basis and extension of tallest stem
measured as the height from the base of the stem, to the newest fully expanded leaf. In May,
ten seedlings were again randomly selected from each tray, but were then destructively
harvested. Each plug was cut just above the root mass of the seedling and above and below
ground biomass were separated, roots washed and weighed individually. Samples were then

dried at approximately 70°C and re-weighed.

5.2c Planting and trial design
Plants from each tray type were sown into three replicate blocks in three different trials,
separated by plantingdate, all at a density of approximately 15,000 plants per hectare. Trial
sites were situated withinthe same experimental field in Hackthorn, Lincolnshire UK (Latitude
53°19'50.82"N, Longitude 0°28'13.46"W). The first field trial (HCK 25) was planted on the 26™
of April 2017, when plants were approximately 11 weeks old. The trial was planted with the
four different module sizes divided into four plots, with three replicates of each plot. Each
plot contained 100 plantsin 10 rows of 10. Intra-row spacing was approximately 1 metre, and
inter-row spacing approximately 0.75 metres. Including paths between plots, the entire area

is approximately 0.16 ha.

The second trial (HCK 30) was also planted with three replicates of four plots containing plants
from one of the plugsizes, but was planted 3 weeks later on 17" May 2017. Due to field space
requirements and remaining plug numbers, this trial had a halved number of plants in each
plot compared to the first planting. Individuals were planted in 50 plots with 5 columns of 10
plants. Intra- and inter-row spacing remained the same as with the previous trial. The third
trial (HCK 33) was planted on the 14™ June 2017, when plants had been in plugs for
approximately 18 weeks. The trial was set up to the same design as the second trial, with
three replicates of the four plugsizes, orientated in 5 rows of 10. All plots were hand planted,
before being sprayed with a pre emergence herbicide, watered, and covered in a layer of
biodegradable mulch film. Plants were left to grow through the mulch film over the summer
and autumn, beingweeded where necessary. Exact placing of each trial can be seen in Figure
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5.4 Trial sites as environmentally similar as possible were chosen, and all within the same

field. The soil over the field is described as sandy clay loam. The soil becomes slightly heavier

however, to the left of the field where the early and late planting are situated.

Figure 5.3. Sample photographs of each of the four different module size trays as they look from
above, with module information and representative root ball for each module. Images taken in
May 2017 after approximately 6 — 8 weeks in modules. Image courtesy of Bells nurseries, Boston
Lincs.

| ’ HCK 32RP

Hackthorn Trials Site

HCK19 ON

HCK 29 RP

HCK 23 RP

HCK 16 SD
HCK 33 RP

HCK 30 RP

Figure 5.4 Layout of Hackthorn field trials including sites for HCK 25, HCK 30, and HCK33 plug sizes
trials. HCK 25 — earliest planted (26 April) to the right of the field. HCK 30 — mid planting (16
May) to the mid — left of the field, and HCK 33 the latest planting (14" June) at the far right).
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5.2d Autumn phenotyping, rhizome harvest and overall harvestfor all plug size

trials
All plots were measured for growth parametersin November 2017. Within each plot, eight
plants were selected from the innermost column of the plot to avoid potentially confounding
edge effects. This method was chosen to increase the accuracy of the plot means but to avoid
pseudoreplication treatment means were calculated from averaged plot values only. This
method was repeated for all three trials. Selected plants were assessed for canopy height; a
trait described as the height of the canopy where maximal light interception begins,
functionally described as where leaves begin to bend. Shoot height was measured as the
height of the tallest stem from the base of the plant, to the highest ligule on the newest fully
expanded leaf. Number of stems was also counted, as any stem over the height of

approximately 5cm. This assessment was repeated at the end of 2018.

Assessment of below-ground biomass was done during March 2018 on one plant per replicate
plot, totallingthree replicates per plugsize for each trial. Plants selected were not within the
guadrat area of plants being harvested and phenotyped for other analyses. For the first
planting, the HCK 25 plot (which has 100 plants per plot), rhizomes were able to be taken
from plants which were not on the edge and therefore subject to edge effects. For the mid-
season and late season plots HCK 30 and HCK 33 trials, which had 50 plants per plot, plants
had to be selected from the edge of a plot, but care was taken that they not be from the
exposed (outer) edges of the trial. Plants chosen were from the same row and column from
each plot where possible. Once selected, the above-ground portion of the plant was cut with
a hedge strimmer as close to the base as possible. The fresh biomass was weighed in field
using scales and a tripod. A representative subsample was taken from the cut biomass,
containing three whole stems chosen at random, with whatever leaf material remained on
them, and the subsample weighed for fresh biomass. Subsamples were later dried at 80°C to
reach a constant dry weight. The base of the plant was dug from the soil at approximately
30cm diameter fromthe base in all directions, and as far down as was necessary to ensure all
rhizomatous material was collected. The remaining above-ground attachments were
removed. All rhizome samples were placed in nets and labelled. Samples were pressure

washed to remove as much soil as possible. When as much soil was removed as was practically
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achievable, a fresh weight of the sample was taken, and the sample placed in a drying oven

at 105°C until constant dry weight was recorded.

Harvesting of plot biomass was during March 2018 to allow ample drying down of senesced
plant matter, and assimilation of nutrients to the rhizome. In the larger plots of HCK 25 an
inner 24 plant quadrat was harvested. The number of live plants within the quadrat were
recorded for an accurate assessment of yield within the quadrat. Live plants were then cut
from the base, from approximately 5cm height, using a hedge strimmer, and the entire
biomass weighed using a tripod and scales. Three representative leaf and stem subsamples
per replicate plot were collected in separate paper bags, and then weighed, and labelled. The
subsamples were dried in ovens at 105°C until constant weight, and moisture content
calculated by difference. An average could then be taken of all three subsample moisture
contents. Using this moisture content, it was possible to estimate the total dry biomass of the
harvested quadrat. Knowing the quadrat area, maximum plant count, and surviving plant

count, these parameters could then be scaled to estimate the total biomass per hectare.

HCK 25 - 26 April HCK 30 - 17" May

HCK 33 - 14" June 2017

Figure 5.5 Field design for Miscanthus trial of 4 plug designs and 3 sowing times. Each sowing time
comprises three replicate blocks for each plug type: Red — 126A, Green - 126B, Yellow — 144, Blue -
104, X represents one plant. HCK 25 the early planting consists of 100 plants per plot, HCK 30 and
33 trials consist of 50 plants per plot.
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5.3 Results

5.3a Glasshouse phase germination and growth priorto plantingin spring 2017

Germination rates did not differ significantly between module size, reaching between 80 —

90% for each tray measured (Figure 5.6).
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Blue 126 (25cm?®) Black 126 (35cm®) Black 144 (45cm3) Black 104 (70cm?)

Figure 5.6 Germination rate of one complete tray of each of the four different plug tray designs of
different sizes and volumes. Seeds (3-5) were sown in February 2017 and the presence of green
shoots recorded from each plug after approximately 10-14 days

5.3b Assessments of height over four monthsin glasshouse conditions
There was no significant difference in heights between module sizes for the first three months
(Figure 5.7). In early May, however, there was a significant difference of p = 0.009 between
groups, with post-hoctests confirming that the black 104 module produced plants that were
significantly taller than all others (p<0.05 in all cases), reaching an average of 23.4cm per
plant, compared with between 18 — 20cm in all other module sizes. The result was the same
in mid-May. By the start of June, all average heights had increased dramatically under
glasshouse conditions. Between groups there was a significant difference of p = 0.030, and

further analysis confirmed that the 104 module with an average of 30.54cm stem length, was

significantly taller than the 126A (blue) module with 23.9cm average per plant (p = 0.022).
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Figure 5.7 Height of Miscanthus from four different plug tray designs of different sizes and
volumes growing in glasshouse conditions. Black lines indicate the two smallest plug sizes
(triangles = blue 126A tray, squares = black 126B tray). Grey lines indicate the larger two trays
(triangles = black 144 tray, and squares = 104 tray). In each case n = 10 based on individual plants
in one tray of each size. Error bars show * 1 se. Means were compared by one-way ANOVA at each
time point (** indicates where p<0.01, * indicates where p<0.05)

5.3c Destructive harvesting of plantsin Mayand againin June

Destructive harvesting of plants from the glasshouse in May 2017 revealed a significant effect
of plug design on above-ground dry biomass (p < 0.01) (Figure 5.8A). Further analysis found
that the 104 modules produced significantly higher above-ground biomass than all other
module sizes (p<0.01). Below ground analysis produced more variable results, with the 104-
module producing the highest average below-ground dry biomass but no significant

differences were found (Figure 5.8B).

Biomass harvests of glasshouse plantsinJune 2017 produced a significant effect of plug size
on above-ground dry biomass (p < 0.01), and Tukeys HSD post-hoc analysis confirmed that
the 104 module produced significantly higher above-ground biomass than all other module
sizes (p < 0.01 for all) (Figure 5.8A). Below-ground biomass was also significantly different

between groups (p < 0.01). Post-hocanalysis showed thatthe 104-plug produced significantly
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higher below-ground biomass than all other modules (p < 0.01 for all), but also that the 144-

well tray produced significantly more biomass than the 126A blue module (p = 0.014).

Photographs of a representative root mass from each module size show the large variation

between larger and smaller modules.
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Figure 5.8 Results of destructive harvest for aboveground (A) and belowground (B) biomass
assessment of plants grown in one of four different module sizes. Pale blue boxes show result for
the 126A blue module (25cm3). Light grey show result for the Black 126B (35cm?) module. Medium

grey shows result for the 104 module, and darkest grey result for the 144 module. Charts are
divided into the results for May and results in June. Letters denote significant groupings by Tukey’s

HSD. In May n=10, and in June n=20.

147



Black Tray 104
Volume: 70cm? Black Tray 144

Volume: 45cm? g,k Tray 126

Volume: Blue Tray 126
Volume: 25cm?

Figure 5.9. Representative image of the typical intact root system taken from one Miscanthus
plant growing in each of 4 different plug module designs in June 2017. Plants were approximately
5 months old. Image courtesy of the Miscanthus Upscaling project and commercial partner Bells

Nurseries, Boston Lincs.

5.3d Establishment and growth characteristics from autumn 2017 and 2018, and

harvest results from early spring 2018 and 2019

Establishment after the first and second growth season

Two-way ANOVA analysis of the number of surviving plants in Autumn 2017 revealed a
significant effect of planting date (p < 0.01), and plug size (p = 0.006) on the establishment
rates over the first season (Figure 5.10Figure 5.11). The interaction of factors was also
significant (p = 0.002). The highest establishment rates were achieved from the mid-season
planting, every plug size produced 100% establishment after the first growth season. The
earliest plantingalso produced high establishment with over 90% establishment from each of
the 4 module types. Both early and mid-season planting times displayed no significant
difference in establishment between module sizes. Late season planting formed a separate
group and was significantly different to the two earlier plantings. There was a significant

difference between module designs in the late season planting group (p = 0.024). Lowest
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establishment was observed in the two smaller module sizes with averages of 76% in 126A
and 67% in 126B. The largest module size (104) produced the best establishment ratein the

late season planting at 99%.

o

a a a a a a a a ab a ab

Establishment (%)

Early planting Mid planting Late planting

H126A N 126B w144 %104

Figure 5.10 Establishment rate of Miscanthus plants grown in 4 different plug designs before
transfer to the field. Percentages were calculated from a count of live plants in Autumn 2018
following the first growth season from three replicate plots for each module size. Plots were
planted at 3 dates; early, mid and late season. Black bars = blue 126A module. Dark grey = black
126B module. Light grey = 144 module, and hashed = 104 module. Capital letters above chart show
Tukey’s HSD analysis of survival between 3 planting times. Lower case letters denote Tukey’s HSD
analysis of module size within individual planting dates. Error bars show * 1 se

Results of establishment after the first winter and through the next growth season did not
differ from the first assessment (Figure 5.11). Two-way ANOVA showed a significant effect of
plantingdate (p < 0.01) remained after the second growth season, but no significant effect of
plug size over all sowing times (p = 0.066). The interaction between plug design and planting
time was no longer significant (p = 0.148). Establishment remained high at 98-99% over all
module sizes after the mid-season planting. Establishmentrates from the early planting were
lower after the second growth year than the first at between 81 — 88%, but no significant

effect of module size within the early planting data. Survival remained variable in the late
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planting data, but had not declined further from the previous year. The largest module size

produced the best establishment rate over all planting dates.

ab a ab
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Establishment (%)
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Figure 5.11 Establishment rate of Miscanthus plants grown in 4 different plug designs before
transfer to the field. Percentages were calculated from a count of live plants in Autumn 2019
following two growth seasons from three replicate plots for each module size. Plots were planted
at 3 dates; early, mid and late season. Black bars = blue 126A module. Dark grey = black 126B
module. Light grey = 144 module, and hashed = 104 module. Capital letters above chart show
Tukey’s HSD analysis of survival between 3 planting times. Lower case letters denote Tukey’s HSD
analysis of module size within individual planting dates. Error bars show * 1 se
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Weather data at planting

The first plantingwas conducted in the coolest temperatures, with the average temperature
duringthe plantingweek between 4 - 5°C, with moderate rainfall (Figure 5.12). Temperature
averages increased greatly to 10 — 12 °C for the few days following the planting. Planting 2
was in slightly warmer temperatures of between 11 — 16°C and consistent rainfall. The third
planting was in the highest planting temperatures of between 15 — 19°C, climbing to a
temperature of 25°C a few days later. There was very little rainfall until around 2 weeks post

plantingat thistime (Figure 5.12).
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Figure 5.12 Meteorological data at Hackthorn, UK in 2017 across the planting times of Miscanthus
growing in 4 different designs of plug tray. Three planting dates are indicated by arrows along with
associated trial names along with air temperature (black line) and rain fall (blue bars).
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Table 5.4. Stem counts, canopy height, and shoot height of Miscanthus in November 2017 after
one growth year following planting at 3 different dates and growth in 4 different plug tray designs

Stem count
Planting Early planting Mid planting Late planting
Tukeys B A C
subset
Module Mean Tukey’s Mean Tukey’s Mean Tukey’s
size (% StdE) subset (% StdE) subset (% StdE) subset
126A | 23.41 (+1.62) a 29.9 (+2.7) a 14.8 (+1.3) a
126B | 29.04 (+2.93) a 34.3 (£3.1) a 18.3 (+1.79) ab
144 23.43 (£2.81) a 40.3 (2.8) a 19.7 (+2.2) ab
104 29 (+2.93) a 37.6 (+2.7) a 22.3 (+1.7) b
P-value 0.220 0.06 0.026
Canopy height
Planting Early planting Mid planting Late planting
Tukeys B A C
subset
Module Mean Tukey’s Mean Tukey’s Mean Tukey’s
size (x StdE) subset (% StdE) subset (% StdE) subset
126A 111.4 (+4.5) a 131.9 (+7.3) a 71.3 (+5.8) a
126B 123.9 (+7.7) a 140.4 (5.7) a 65.8 (+4.4) a
144 107.8 (+7.4) a 155.5 (6.7) a 69.7 (+4.3) a
104 127.1 (£7.2) a 151.5 (6.5) a 81.5 (+3.4) a
P-value 0.179 0.052 0.092
Shoot height
Planting Early planting Mid planting Late planting
Tukeys B A C
subset
Module Mean Tukey’s Mean Tukey’s Mean Tukey’s
size (% StdE) subset (% StdE) subset (% StdE) subset
126A 95.5 (+4) a 133.7 (+6.9) a 53.6 (£5) a
126B | 103.8 (+6.61) a 120.04 (5.7) a 49.8 (3.9) a
144 89.3 (+7.1) a 135.1 (6.3) a 52.7 (£3.5) a
104 107.6 (+6.9) a 128.7 (+6.1) a 63.8 (£3) a
P-value 0.17 0.085 0.066

Means are shown £ s.e. for each module size along with Tukey’s HSD analysis between module
at each sowingdate (lower-case letter). Upper case letters denote the results of Tukey’s HSD
analysis of differences between planting dates. Early season planting — 26" April 2017, mid-
season planting— 17" May 2017 and late season planting— 14" June 2017. For each resultn

=8.
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Phenotyping assessments of stem counts, canopy height and shoot height in

November 2017

Two way ANOVA identified a significant effect of plantingdate (p < 0.01) and modulesize (p
= 0.005) on stem counts assessed in autumn after the first growth season (Table 5.4). There
was no significant interaction (p = 0.311). Stem counts were significantly different between
all planting dates regardless of module size (p < 0.01) for all multiple comparisons placing
them allinindividual subsets. Within the early planting, module size did not have a significant
effect on stem counts (p = 0.220). The effect of plug module design on stem number was also
not significant in the mid-season planting (p = 0.06). There was a significant effect of plug
module design on stem number after the late-season planting (p = 0.026); this plantingtime
consistently produced the lowest stem number across all modules. Post-hoc testing of stem
counts in the later season planting identified a significant difference of the small module
(126A module) and the 104 module (p <0.05), the other two module sizes were in both

groups.

Two way ANOVA identified a significant effect of plantingdate (p < 0.01) and modulesize (p
= 0.035) on canopy height assessed in autumn after the first growth season (Table 5.5).
Canopy height was significantly different between all planting dates regardless of module size
(p <0.01 forall multiple comparisons). Lowest canopy heights were in the late season planting
(between 65.8 +4.3cm and 81.5 +3.4cm) and the highest were in the mid-season planting
(between 131.9 £7.3cm and 155.5 +6.7cm). Within planting dates, there was no significant

effect of module size (p>0.05).

Theresults of shoot height followed the same trends as canopy height. There was a significant
effect of planting date (p<0.01) and module size (p = 0.051) and no significant interaction.
Largest differences were seen between plantingtimes (p < 0.01 for all comparisons), placing
them allinindividual subsets. Within planting dates, there was no significant effect of module

size (p>0.05).
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Table 5.5. Stem counts, canopy height, and shoot height of Miscanthus in November 2018 after
one growth year following planting at 3 different dates and growth in 4 different plug tray designs

Stem count
Planting Early planting Mid planting Late planting
Tukeys B A A
subset
, , Tukey’
Plug size Mean Tukey’s Mean Tukey’s Mean .
(£ StdE) subset (£ StdE) subset (£ StdE)
subset
126A 24.2 (+1.6) a 19.2 (+3) a 15.4 (£2.9) a
126B 28.3 (£3) a 19.9 (+2.9) a 13.5 (£2.9) a
144 25 (+2.6) a 25.4 (+3.2) a 19.2 (£2.2) a
104 30 (+2.9) a 21.3 (+2.6) a 21.7 (£2.2) a
P-value 0.343 0.452 0.103
Canopy height
Planting Early planting Mid planting Late planting
Tukeys A B A
subset
, , Tukey’
Plug size Mean Tukey’s Mean Tukey’s Mean .
( StdE) subset (% StdE) subset (% StdE)
subset
126A 119.9 (£5) a 138 (+£26) a 91.3 (+15) ab
1268 127.4 (+8.2) a 147 (£13.8) a 76.4 (+14.3) a
144 124.9 (+5.2) a 163 (£15) a 129.1 (+11.3) bc
104 136 (17.6) a 159 (£13.7) a 145.7 (£12) C
P-value 0.386 0.614 0.001
Shoot height
Planting Early planting Mid planting Late planting
Tukeys AB B A
subset
Plug size Mean Tukey’s Mean Tukey’s Mean TuI;ey
(£ StdE) subset (£ StdE) subset (£ StdE)
subset
126A 100.7 (+4.6) a 109.4 (£13) a 71 (+£12.3) ab
1268 104.3 (6.9) a 114.7 (£11.9) a 58.7 (+11.4) a
144 98.8 (+5.8) a 131 (£12.5) a 106 (£9.5) bc
104 113.3 (£7.1) a 125.3 (£11.5) a 118.6 (+9.8) C
P-value 0.357 0.586 0.00

Means are shown # s.e. for each module size along with Tukey’s HSD analysis between module at each

sowing date (lower-case letter). Upper case letters denote the results of Tukey’s HSD analysis of

differences between planting dates. Early season planting —26%™ April 2017, mid-season planting — 17t

May 2017 and late season planting — 14t June 2017. For each result n= 8.
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Phenotyping assessments of stem counts, canopy height and shoot height in November 2018
After two growth seasons two way ANOVA identified a significant effect of planting date on
stem counts (p < 0.01) (Table 5.5). The effect of module size on stem counts was no longer
significant (p=0.117). There were no significant effects of module size on stem counts within
the early, mid or late season plantings (p = 0.343, p = 0.452 and p = 0.103 respectively). The
early season planting produced significantly higher stem counts (p<0.05) than the mid- and

late-season planting, placingitinto a different group by Tukeys HSD.

After two growth seasons there was a significant effect on canopy height of planting date (p<
0.01) and module size (p < 0.01) and there was also a significant interaction (p = 0.002).
Canopy height was significantly different between early and mid-season planting (p = 0.011)
and late and mid-season (p <0.01). There was no significant difference between module sizes
in the early and mid-season planting; however, there was a significant effect of module size
inthe late season planting (p =0.001). Tukeys HSD placed stem heightsin 3 groups depending
on modulessize, the lowest containingthe 126A and 126B modules (a), the highest containing
the 104 and 144 modules (c). The 144 and 126A results were additionally placed in the

intermediate group (b).

The results of shoot height followed the same trends as canopy height. There remained a
significant effect on shoot height of plantingdate (p < 0.01) and module size (p = 0.002) and
no significant interaction (p = 0.062). Large differences in shoot height were seen between
plantingtimes. Mid-season plantings were significantly taller than late season (p < 0.01), but
not the early planting (p = 0.070). Within planting dates, there was no significant difference
in the early and mid-season plantings based on module size (p>0.05), although the late-

season plantingfollowed the same differences seen in the canopy heights (p = 0.00).
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Rhizome harvest from one plant per blockin March of 2018

Above and belowground biomasswas removed for one plant per plot (3 replicates of each plug
size and planting date combination) and the harvested below-ground biomass for each is
illustrated in Figure 5.13. Two way ANOVA of plants dug up in March 2018 (after one growth
year) identified a significant effect of planting date on both above- (Figure 5.14A) and below-
ground biomass (Figure 5.14B). There was a significant effect of planting date (p < 0.01), but
not plugsize (p = 0.235). There was more below ground biomass after the mid-season planting
than both early season (p = 0.008) and late season (p < 0.01). No significant difference in
belowground biomass was found between module sizes at each planting date. Above ground
biomass followed a similar pattern. There was a significant effect of planting date (p < 0.01),
but not module size (p =0.085). Multiple comparisons between planting datesshowed all were
significantly different from each other,and Tukey’s HSD post-hoc tests placed them in separate
groups. There was no significant effect of module size on aboveground or belowground
biomass at each planting date when analysed individually. The above and belowground
biomass for each of the plants was moderately correlated (R*= 0.604) (Figure 5.15).

April planting (HCK 25) May planting (HCK 30)

June planting (HCK 33)
i '

3

Figure 5.13 Photographs of the dried below-ground harvested material of one Miscanthus plant
dug from each replicate plot, of four module sizes for each of the three planting dates. Plants were
harvested in March 2018, almost 12 months after growth in 4 different module sizes (shown at
left).
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Figure 5.14 Aboveground (A) and belowground (B) dry biomass harvested in March 2018 from
plots planted with variable module sizes and at three planting dates. HCK 25 — early planting (26™"
April 2017), HCK 30 — mid-season planting (17t" May 2017) and HCK 33 - late season planting (14
June 2017). Black bars denote smallest plug size 126A. Dark grey denotes module size 126B, pale
grey denotes module size 144, and hashed bars show largest module size — 104. Means are of one

plant per replicate plot * s.e., n = 3. Letters above indicate significant groups by Tukeys HSD
comparison for planting date.
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Figure 5.15 Correlation of above and below ground biomass for all plants dug from experimental
plots in March 2018, for all module sizes and planting dates combined. Upwards pointing triangles
signify planting 1. Downwards facing triangles signify planting 2. Circles signify planting 3. Red —

126A module. Green — 126B. Yellow — 144. Blue — 104.
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Harvest of plot biomassin spring 2018 and 2019

Plot harvests to assess biomass production after winter (Spring 2018) revealed a significant
effect of plantingtime (p<0.05) and modulesize (p = 0.028) and no significantinteraction (p
= 0.330). Post hoc analysis of the effect of planting dates identified three significant groups,
with the mid-season planting produced the most biomass across all module sizes (3.5 - 5
estimated tonnes ha™), and the latest planting the lowest (0.8 - 1.2 estimated tonnes ha™).
Module size had no significant effect on biomass produced from either the early or mid-
planting dates; however, module size had a significant effect on biomass produced from the
late season planting (p = 0.006). Post-hocanalysisindicated a significantly lower yield for the

smaller module sizes in comparison to larger modules.

Plot harvests after the second growth year (Spring 2019) showed a retained significant effect
of planting date on biomass (p =0.002), but the effect of module size was no longer significant
(p = 0.312). Mid-season planting produced significantly more biomass (7.1 — 7.9 estimated
Tonnes ha) than the late season planting (4 — 7 estimated Tonnes ha™) (p = 0.001). There

was no significant effect of module size within planting dates (p>0.05).

There was a significant effect of planting date (p <0.01), but not of module size (p = 0.643) on
moisture content (Figure 5.17.1) of biomass harvested in spring 2018. The earliest planting
produced biomass across all modules with significantly lower (p < 0.01) moisture contents of
between 34 — 37% (Stdev 2.4 & 2.5 respectively), than average moisture content of biomass
from the mid-season and late season plantings (between 40 — 48% across all module sizes,

Stdev 7.9 & 6.4 respectively).

After the second growth season the biomass harvested in 2019 (Figure 5.17.2) showed a
significant effect of planting date on moisture content (p < 0.01), but not module size (p =
0.517). Each planting date formed a significant group after Tukeys HSD analysis, the lowest
moisture contentin the mid-season planting (between 37 — 40%), and the highestin the later

planting (42 — 44%).
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Figure 5.16 Estimated biomass yield of Miscanthus from plots planted with different module sizes,
and at three planting dates. HCK 25 — early planting (26" April 2017). HCK 30 — mid-season
planting (17t May 2017), and HCK 33 - late season planting (14" June 2017). Black bars denote
smallest plug size 126A. Dark grey denotes module size 126B, pale grey denotes module size 144,
and hashed bars show largest module size — 104. Harvests were in spring 2018 after the 1%t (1)
growth year and spring 2019 (2). Values are means t s.e. n = 3. Tukeys HSD identified significant
groups denoted by Upper case letters for groups comparing between planting dates and lower
case letters for groups comparing the effect of different module sizes within planting dates.
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Figure 5.17 Estimated moisture content of biomass from Miscanthus plots planted with different
modaule sizes, and at three planting dates. HCK 25 — early planting (26" April 2017). HCK 30 — mid-
season planting (17" May 2017), and HCK 33 - late season planting (14" June 2017). Black bars
denote smallest plug size 126A. Dark grey denotes module size 126B, pale grey denotes module
size 144, and hashed bars show largest module size — 104. Harvests were in spring 2018 after the
15t (1) growth year and spring 2019 (2). Values are means t s.e. n = 3. Tukeys HSD identified
significant groups denoted by Upper case letters for groups comparing between planting dates
and lower case letters for groups comparing the effect of different module sizes within planting
dates.
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5.4 Discussion
A key area of research into innovations in Miscanthus propagation for mass-scale roll-out of
the crop is the optimisation of plug planting methods for hybrids developed from seed
(Clifton-Brown et al., 2017). There are a large number of factors that could potentially affect
the establishmentand growth of a new field of Miscanthus plants, including population, seed
size, growth temperature, growing medium and seedling age at planting. The focus of this
experiment was to assess the effects of four different commercial module designs used to
establish plants in the glasshouse in combination with the effects of three different field

plantingtimes duringthe Spring and Summer of 2017.

It is common practice in agronomical studies to grow experimental plants in pots or
containers (Poorter et al., 2012). Commercially grown plants are usually grown under
restricted conditions due to the cost of greenhouse space. There will, therefore, be a
commercial balance between the cost of controlled growth and the returns that growth
produces once the crop is in the field. Economics of the plug costs were analysed (Table 3)
butimportant traits such as earlyand complete establishment of the crop, the resultingyield

and moisture content at harvest were the main focus of the analysis.

The size of the pot required depends on a number of factors, including the size and the age
of the plant, and the desired end product from a grower. There is a balance to be struck
between the size of a pot or container and the costs and space taken up to accommodate
more moderate sizes. Restrictionsimposed on the root system in smaller containers decrease
the above ground dry weight accumulation (Di Benedetto and Klasman, 2004). Commercially,
itis more profitable to produce higher numbers of plantsin smaller modules to save on space
and growth substrate requirements; however, on average doublingthe pot size can increase
biomass production by 43% (Poorter et al., 2012). Pot size has attracted relatively little
considerationin the fields of agronomy as most agricultural species are either direct seeded
or propagated by other methods. Transplanting methods are, however, the preferred method
forensuringgood crop establishmentinornamental bedding crops and as such more research
exists in these areas. In species such as Euphorbia increasing pot size resulted in higher
photosyntheticactivity resultingin greater leaf number, leaf area, root length and shoot dry
biomass (Fascella and Rouphael, 2017). Quality and marketability of bedding plants, is also

reduced when grown in small containers commercially, with smaller cells increasing the
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vulnerability of the plantto fluctuations in moisture, oxygen and nutrients available in the soil

(Di Benedetto, 2011, De Lojo et al., 2017).

5.4a The effects of module size and shape on the growth and biomass
accumulation of Miscanthus seedlings

Miscanthus plug plants would ideally have as large root mass as possible after growth in the
glasshouse as they must face cold spring temperatures and unpredictable field conditions
after field planting, conditions which smaller root morphologies may be more vulnerable to.
This phenomenon was described in a paper by Westoby et al. (1996) as the ‘reserve effect’,
whereby during the initial growth period, larger seeds (or in this case plug plants) contain a
larger percentage of reserves, which are available to support plant growth and repair any
damage sustained under less optimal conditions. Over the last few decades Miscanthus has
typically been propagated clonally by rhizome splitting, providing new plantlets with some
rhizome reserves which presumably bolster resilience against environmental stresses (Xue et
al., 2015). Miscanthus plug plantingis a relatively new innovation and the module of choice
until the current study has typically been a 25cm3 4cm deep module in trays of 126
individuals. These are small volumes but provide the ability to produce many more plantsin
a small amount of glasshouse space. This was one of the four module sizes tested in this
experiment. Other module designs increased the volume and depth of substrate and the
largest (104) had just under three times the volume of the original design and a rooting depth
of 5.5cm (Figure 5.3). This plugsize produces fewer plantsin a given space however, with 104
individuals in similar size tray, compared to 126 or 144 plants for others modules.
Assessments of the maximum potential plug quantity produced within 100m? of glasshouse
space were calculated for each module size. The small 126 modules could produce 7925 plugs
each, based on 100% survival. The larger 144 module would produce 8764 plugs in the same
area, and the largest 104 module would produce 6330 plugs. Combining this with the
approximate costings per plug (Table 3), and the resulting seedlingresilience and size, it was

decided that the 144 size was likely the most profitable of the modules assessed here.

Within the glasshouse each module size produced variable root morphology as well as overall
biomass. Photographs of bare roots from each module (Figure 5.9) show the current
commercial 25cm?® 126A tray produced a compact, small plug with a strong mass of white root
at the base of the module, whereas the 126B with slightly increased volume of 35cm? had
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visible escaping of roots through the bottom of the module due to a larger drainage hole. As
such, roots were not so impacted. The larger modules produced comparable morphology with
more root mass overall, but also more impaction at the base of the module. In ornamental
systems it is commonplace to find a mat of white roots at the base of a pot, even in larger
modules, due to vertical root restriction effects even when plants are under optimal
conditions (Di Benedetto, 2011). The destructive assessments in May and June revealed the
lowest above- and below-ground biomass in the 25cm® 126A current plug size. The 126B
35cm? volume had slightly higher biomass, and surprisingly displayed higher average above-
ground biomass than the larger 144 45cm® module in May, and was comparable in June
(Figure 5.8A). Across all assessments the 104 70cm?® volume plug produced consistently and
significantly larger plants under glasshouse conditions. Reduced growth in smaller pots is
caused predominantly by a reduction in photosynthesis per unit leaf area, as a result of
biological constraints including small soil quantities, and therefore reduced water holding

capacity and available nutrients, as well as impedance of root growth (Poorter et al., 2012).

Plug plants for Miscanthus planting are typically sown in late January or early February, and
so plant age at field planting is also an important factor to consider. If a larger module size,
potentiallyin addition to other optimum external conditions, can accelerate a plant’s growth
to the point it reaches a field ready stage earlier, then this could negate the extra cost of
larger modules by requiring less time spent in energy consuming glasshouse conditions.
However, the optimum morphology for plug grown Miscanthus plantsto survive and flourish
in early season field conditions is unknown. The variable morphology as a result of module

size provides part of the assessment of this trial.

5.4b Establishmentinfield

The effects of module designs on field performance of Miscanthus were less significant in the
longer term than the effects of the date of planting which produced large effects on
establishment and growth. It was accepted that there was potential for confounding factors
in terms of field position effects, despite all plots being within the same field, however, the
by the nature of field trials some degree of microclimate variation across a field site is to be

expected.
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The age at plantingand the time of yearin which plugs are planted can have significant effects
on the growth and yield of various species such as Hemp (Cosentino et al., 2012) and
Zoysiagrass (Sladek et al., 2011). Across all measured parameters over the first year, the mid-
season planting produced superior survival rates and biomass across all module sizes,
whereas the later season had much poorer results. Date of plantingis a concluded to be a
highlyimportant determinant of the success of a field of Miscanthus plants. Ideally, the date
should be early to maximise the potential for longer time spent infield accumulating biomass,
and not be so early that late winter or early spring frost events kill the plants before the crop
is established. Sladek et al. (2011) describe this phenomenon in studies on Zoysiagrass as the
accumulation of ‘growing degree days’ or ‘GDD’. They found that planting grass plugs slightly
earlierin Spring/Summer produced a more enclosed grass canopy, than those plantedin later
summer, which required a higher density of plantingto achieve the same turf cover. This
‘sweet spot’ in planting time is transient and dependent on weather conditions over the
season. Inthe trials reported here, the early season plantingwas at the end of April. Weather
assessments of the weeks leadingup to, and the days following the plantingrevealed that the
planting took place in a moderate dip in temperature at the time to around 4°C on average
but rising to approximately 12°C over the next week. The rainfall was low beforehand, but
moderate at the time of planting and over the next couple of days. During the mid-season
planting in mid-May, average temperatures were higher at around 15°C and there was
moderate rainfall before, duringand after the planting. The late season plantingin mid-June
was planted duringa dry spell, with no rain the week leading up to planting, or after planting
for approximately 8 days. Temperatures were higher on average, with a spike of temperature
reaching 24°C on average a few days later, before reducingagainin later June. These variable
weather conditions appear to have a significant effect on plant performance, especially in the
later planting, which had lower survival than the earlier season, particularly in the smaller
plug sizes. The warm and dry conditions of the later planting could potentially have had a
negative effect on the plants under film, as temperatures can rise rapidly under direct
sunshine under fresh film layers (Ashman et al., 2018). This, in combination with dry
conditions, and a shallower rooting depth, and thus reduced ability to search for deeper
ground water, is likely the reason for the 25 — 30% establishment failure seen in the smallest
plug volumes. In the mid-season planting, the survival rate was 100% over the first few
months forall plug modules, suggestingthe weather and environment conditionsat the time
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were optimal. Survival in the early planting was excellent overall but still reduced by 2 — 6%
compared to the mid-season, although it should be noted that the number of plants per plot
in this planting were double compared to the mid- and late-season planting, increasing the

statistical likelihood of some mortality.

The length of time spentin plugs could potentially be a contributing factorto establishment
differences seen, as well as environment. By June, all plants had been in root-restricted
conditions for a considerable period, although results of analysis of all module types prior to
planting suggested that the plants grown in larger modules continued gaining above- and
below-ground biomass from May to June (Figure 5.8). The smaller plugs had increased
aboveground biomass over time, but the belowground biomass accumulation appeared to
halt between May and June. It is likely that small plugs would have been totally root bound
by the final planting. Root binding could cause issues when planting out into free soil. In
species of pine, tree survival and growth after plantingis directly related to the ability of the
root system to rapidly colonise and grow into the surrounding soil (Schultz and Thompson,
1997). It is possible some degree of free growing feathered roots for quick anchoringand
establishmentinto the new medium would be optimal for rapid establishmentin Miscanthus
plugs. Schultz and Thompson (1997) trialled the innovation of planting pine seedlings into
modules with open slots in the container walls for free root growth and ‘air pruning’. This
method appeared to have little positive effect however, with roots and growth medium
becoming more susceptible to drying out, resulting in reduced overall biomass. With the
results of the late planting here, itis probable that the lack of free growing roots reduced the
root growth potential when planted, reducingthe seedling’s ability to deal with water stress
after planting (McTague and Tinus, 1996). When comparing the success of smaller modules
with the larger two modules under the late planting condition, an observation of great
commercial importance is the successful establishment of the larger modules, even though
they had been under glasshouse-restricted conditions for a longer period than is ideal. This
resultis of substantial importance becauseit allows for a greater potential plantingwindow,
without negatively affecting the plant vigour as a result. A number of things including
machinery and labour availability, particularly where travel is necessary, can affect planting
timingbutitis principally weather dependent. Waiting for more ideal planting conditions with

plants grown in small modules could negatively affect plant vigour as roots become
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increasingly restricted, and nutrients within the plug more depleted. Under larger module
sizes, glasshouse time could be extended if necessary, allowing a level of flexibility that could
be of huge benefit to planters and growers. In a study by Dohleman and Long (2009) Zea
maize and Miscanthus were grown side by side in the corn belt of the US. They found
Miscanthus to be 59% more productive than Zea maize. They describe that productivity is a
product of the total solar radiation perland unit area, and the efficiency of light interception
and its resulting conversion into above ground biomass. The results show that Miscanthus
produces more yield by intercepting more light with a larger leaf canopy. This suggests a
strong potentialtoincrease biomass accumulation by extendingsolar hours over the growth
season. This is difficult to achieve in temperate regions due to temperature limitations, but
the glasshouse allows an artificial extension of growth period, which is likely particularly
impactful in seedlings. Growing from seed means the plants are small and will need to
compete with weeds to intercept light with an initially poorly established leaf canopy. These
considerations increase the requirement of a module size that will allow longer growth under

restricted conditions where needed.

5.4c Growth and biomassyield under field conditions
Therate of growth of plants can vary widely, not just between species but also within. This is,
in part, due to adaptation methods to match growth rate to the resources available to the
plant at the time, with the goal of keeping the plant alive and/or producing the next
generation. It is widely accepted that roots and shoots complement each other in plant
physiology, with the roots relying on the aerial parts of a plant to photosynthesize and
produce various hormones, and the aerial parts relying on the roots for stability, water,
nutrient uptake, and hormonal control. This delicate balance between the sinkandthe source
relationship of a plantis the driving force behind good, maximal growth and can be easily
upset when root systems are restricted (NeSmith and Duval, 1998). This imbalance can have
short-and long-term effects on a plant’s growth, over the course of its life cycle. Growth is a
hugely complex balance of physiology and feedback loops, depending mainly upon ecological
adaptation and evolutionary history (White et al., 2015). The majority of models for plant
growth focus on growth as the outcome of the balance of carbon entering and exiting the
plant. The mass balance is between the net photosynthetic gain of carbon, balanced by the

allocation of this carbon to areas such as growth and storage, and that which is lost to
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respiration and tissue turnover (Campany et al., 2017). The theory behind a sink-source
paradigm for growth is one method of explanation for growth rate in plant species. This
theory describes that growth can be limited in one of two ways; by the source activity - the
amount of carbon a plant can access via photosynthetic parts of the plant, and by sink

strength - the amount of carbon a plant can utilize duringits growth (Campanyetal., 2017).

When assessing the growth and vigour of the plants at phenotypingand harvest at the end of
the first growing season, the effects of differing planting dates were the most obvious initial
observation. Planting dates were all significantly different from each other for each growth
parameter. The mid-season planting had higher stem counts, and taller plants consistently,
and for each module type. The late season had by far the smallest plantsregardless of module
size. As such, it is difficult to pick out an overall front-runner for plugsize; In early season the
126B and 104 perform best, in mid-seasonthe 144 appears to produce average largest plants,

and at the later plantingthe 104 was best overall.

Assessments of the rhizome harvest are surprising. The 126B tray produced the largest
average biomass both above- and below-ground for the early-planted plots. The largest
module produced largest averages for the mid-season, which had significantly larger biomass
overall, although the 126B was still producing comparable results. The later planting
produced significantly lower biomass over all plug sizes, with no significant differences
between them (Figure 5.14). The success of the smaller 126B module hereiis interesting, and
potentially a result of the ‘escaping’ roots seen in the glasshouse harvests for that module
size seen in Figure 5.9, producing the reduced restriction and subsequently more rapid soil

colonisation mentioned by Schultzand Thompson (1997).

Assessment of harvest biomass again revealed that planting time produced the greatest
difference. Mid-season planting produced the highest biomass overall and late planting
produced consistently lower biomass. This is not unsurprisingon the basis that a later season
planting allows fewer growing degree days, and thus less time for plants to grow and
accumulate biomass before winter. This theory is conflicted when results indicate early
season biomass was significantly less than mid- season however, suggesting that length of
growing season not the only factor. The two more successful planting times revealed no
significant difference between module size, but in the late planting, larger plugs performed
significantly better, but still poorly in comparison to all other groups. This slight increase in
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comparison to small plugsis likely due to starting out with larger photosynthetic biomass and
larger below ground biomass, with less root binding, which allowed them to begin biomass

accumulation at a more efficient rate and more rapidly post-planting.

Survival after winter was slightly reduced in the early-season planting across all module sizes.
Thisis surprisingas the hypothesiswould be that plantswithin thatfield trial would have had
the longest time to developmentally mature in field conditions and should ideally have
senesced more sufficiently. Mid-season survival was still the highest, with a small percentage
of losses in the 126A and 144 modules. Late season planting seemed to not have reduced
further from the first season but remained lowest. The second year harvest followed similar
trends to the first. Biomassincreased across all groups; the largest yield coming from the mid-
season planting 144 modules and the lowest in the smaller modules of the late-season
planting, which was significantly lower overall than mid-season. There were no significant

differences between plugsizes, however.

Moisture content assessments after the first and second winter provide crucial results relating
to developmental maturity of the stand, senescence ability, and nutrient remobilization for
the next growth season (Robson et al., 2011). Results of moisture content at harvest one
revealed significantly lower moisture content across the entire first planting biomass, by a
margin of up to 10% reduction on average. Lower moisture content is a desirable trait by
harvest time, for multiple reasons. Firstly, itimproves the quality of the offtake for the desired
end uses, reducingthe costsinvolved in transportation by a reduction in weight and reducing
spoiling, and secondly by improving the combustion quality of the biomass as high water
levels lower the heating value of the fuel (Lewandowski and Kicherer, 1997). Reduced
moisture contents also suggest that the crop had sufficient time to ripen and remobilize
nutrients before winter dieback, allowing a greater chance of improved new growth for the
next season (Robson et al., 2012). This result suggests that plants that had beenin the ground
for longer during the planting year had been able to optimize their growth via increase of
thermal time and degree days, and produce a developmentally advanced crop in comparison
to the latter two plantings, between which there was no significant difference (Figure 5.17).
Duringthe second harvest this difference had altered, with the lowest moisture contents seen

consistently in the mid-season planting stands. It is likely that the improved growth and
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establishment seen duringthe first year in the mid-season stands produced competitive new

season growth as a result of likely larger rhizome systems, and overall improved vigour.

5.4d Conclusions and further work
Overall, it is possible to draw multiple conclusions from the results gained over the trial
period. A move away from the small module sizes is suggested for multiple reasons. The larger
modules encourage a higher rate of glasshouse growth, with reduced root restriction allowing
source-sink balances that encourage maximal above and below ground growth within the
restricted time frame of glasshouse time. The larger depth of the modules also allows newly
planted seedlings to access deeper soil moisture reserves, a vital requirement under dryer
planting windows. Overall, the module size that provides the best balance of increased
rooting depth and soil volume, with good survival and growth under most field conditions,
and crucially, allowing more plugs to be grown per unit area in the glasshouse, is the 144
45cm® module. The 104 70cm? largest module provided comparable survival and growth rates
in field conditions, despite a significantly larger above and below ground biomass, but with

an approximately 28% reduction in the number of plugs produced per unit area.

The length of time spent growing in plugs should also be taken into consideration. Large plug
volumes allow plants to mature more rapidly, reducing necessary glasshouse time, but also
provide a longer window for planting them, as pot binding takes longer to achieve. The
planting window needs to be considered carefully, but weather is unpredictable, and
managingto plant under optimal conditionswill not always be possible, particularly at longer
distances as much preparation and planningis required. Here it is suggested that optimal
planting conditions involve a period of rain beforehand, and warm temperatures after
planting. Mulch film covering provides plugs with greatly improved chances of survival after
planting, but under high temperatures and direct sunlight can increase therisk of weaker plug
desiccation. Therefore, itis also important thatthe plantsbe able to establishunderavariety
of conditions. The results strongly suggest that late planting times should be avoided where
possible, asthe growth periodin the field is not sufficienttime enough to develop and mature
to a high yielding and developmentally mature sward, regardless of initial biomass. This
reduction in biomass continuesinto subsequentgrowth seasons. The May planting appeared,

in this study, to be the optimal planting time, with the best environmental conditions.
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In future work, more emphasis should be placed on assessingthe morphology of plugrooting
that could produce the fastest establishment when planted into free soil from a restricted
module. Plantingunder more variable planting windows between April and May should also

be trialled, with seedlings at varying maturities.
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6.1 Introduction
One ofthe main barriers to the successful implementation of seed propagation in Miscanthus
is achieving good first year yield and a high rate of establishment. Gaps within the field trial
can be costly to fill both monetarilyand in labour, and can reduce the vigour of neighbouring
plants (Zimmermann et al., 2014). Also production per Ha will decrease if the crop contains
gaps (Hastings et al., 2017b). Much experimentation has been targeted toward perfecting
methods of planting and plant aftercare to ensure the best chances of a full field (complete
canopy). Additionally, a strong plant at the end of its first year is more likely to have a strong
root and rhizome system and be able to survive the low winter temperatures in some
temperate regions. Such a plant would therefore have sufficient stored resources in the
rhizome to produce strong growth in the second year, potentially allowing for an

economically harvestableyield after 2 years.

The first year is the most critical time for Miscanthus plants as they are at their most
vulnerable to weeds, water availability and low temperatures. The objective therefore is to

ensure adequate growth and development of plants when planted in their first year.

Previous experiments using Miscanthus plug plants showed low correlation between large
plug plants at the plantingstage, and large plants at the end of the growing season (chapter
3). These surprising and unexpected results prompted a deeper exploration into the
morphology of plug plant seedlings. The aim was to create a large range of different seedlings

morphologies and from the variation identify the optimal plugplant.

Different glasshouse treatments were used, with the primary aim of altering the physiology
of the Miscanthus seedlings. The glasshouse conditions themselves were not the primary
focus of this experiment, but were a means to induce different plant morphologies. The
experiment was focussed on generating variation in stem height, aerial biomass, stem
number, below-ground biomass, leaf number and leafchlorophyllin the Miscanthus seedling
priorto field planting. In addition, because the original studies suggested plant size per se did
not correlate well with field performance. One aim of the experiment was to generate
variation that may not necessarily be intuitively associated with yield or easily quantified in

terms of gross morphology.
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One individual plant genotype can produce a variety of different phenotypes in different
environments, as a result of a fundamental property of plants known as phenotypicplasticity
(Sultan, 2000). Environment plays a crucial role in plant development and morphology,
particularly variationinirradiance, temperature, water and nutrients, although the influence
of these variables differs between physiological development and phenotypic growth
(Atkinson and Porter, 1996). For much of the past century, phenotypic changes in response
to environment were regarded as ‘environmental noise’ that hid the actual characteristics of
a particular organism, but more recently has been recognized as an important survival
strategy in varying environments (Sultan, 2000). Plant growth and development are affected
by several environmental factors. Light and temperature are particularly impactful and are
amenable to manipulation in controlled environments (Chory et al., 1996, Atkinson and
Porter, 1996). Plant responses to light are complex and difficult to predict, as light quality and
quantity initiates signalling cascades of specific photoreceptors, which can alter gene
expression over a large number of genes, which can trigger a multitude of different responses
(Olle and Virsile, 2013). This complexity may be exploited to generate large variations in
phenotype from simple manipulations of light. Red light is the most common requirement for
lighting plants, as it is the primary wavelength absorbed by chlorophyll and therefore has a
large effect on biomass yield (Olle and Virsile, 2013). Blue light is also absorbed by chlorophyll
at a lowerlevel andisvital for other physiological characteristics such as leaf colouration and
nutrient content (Lin et al., 2013). Effects of rooting depth and growth medium also have
significant effects on the growth and development of plants, and are easily manipulated as
illustrated by studies of the impacts of pot size on plants (Poorter et al., 2012). Using
knowledge of how plant development could be altered by environmental factors, ten
different glasshouse treatments were formulated as described in Materials and Methods
(Section 6.2b) to generate a highly variable Miscanthus population at planting. We previously
hypothesized that seedlings with larger biomass at planting will perform best under field
conditions. However, this was not adequately proven and our previous observations
suggested the anticipated correlation was low. Therefore, we hypothesised that generating
high levels of variation from different environmental sources would maximise the likelihood
of identifying a seedling phenotype with improved success in the field if such a phenotype
existed. We define success in the field as a combination of high yield and high rates of

establishment.
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6.1a Aims ofthe experiment

To identify a number of different growth conditions or treatments that could produce
highly variable Miscanthus seedling phenotypes

Produce multiple populations of variable traits within the same hybrid. Variation
should be significantly different between treatments, but consistent within
treatments.

Assess and characterize the morphological differencesin the resulting populations
Produce two randomized field experiments to compare the first-year growth and
survival of the individual populations in two contrasting field sites. The field sites
chosen were, on average, a cold and wet site versus a warm and dry site to test if
different morphologies are associated with superior performance at different sites.
Test for associations of seedling traits and superior best first year field plant
performance as measured by either biomass accumulation or percentage

establishment.
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6.2 Materials and Methods

6.2a Sowingand plant material

The hybrid used in this experiment had previously exhibited strong, homogenous growth and
high rates of germination and sufficient seed was available to ensure the required quantities
of plug plants could be produced. The genotype used was a seeded hybrid (GNT 27), a cross

between a Miscanthus sinensis and Miscanthus lutarioriparius.

Tray and plug sizes were selected based on the findings of previous experimentation on plug
plant growth and survival. Commercially grown Miscanthus plug plants have, since 2017 been
grown in modular plant trays containing 144 wells, each one holding 45 cm? volume of soil.
Two full commercial standard plug trays of seedlings were placed into each of 10 treatment
conditions. 100 plants from each treatment were randomly selected to go into a completely

randomized field nursery of 1000 plants, in Aberystwyth, and in Hackthorn, Lincolnshire.

Due to the unreliable germination rates of grass seed in general, and the requirement for this
experiment to have almost full trays, seeds were sown and germinated on large trays of wet,
course sand beneath blue roll, for one weekin a greenhouse compartment. Trays were placed
on capillary matting on the floor of the growth compartment, with Son T heat lamps
approximately 1.5 metres above. The temperature was maintained between 18-26 °Cona 12
h night/day cycle. The majority of the seedlings were sown on the 6™ of February 2018 and
were left for a week with irrigation from capillary matting underneath, with supplementary
top mistingwhere necessary. Many seeds were lost to mice duringthe first few days, so more
were sown to make up numbers within 7 days of the original sowing. These slightly younger
seedlings made up the populations of treatments | and J, the two monochromatic light

treatments, and were planted out at the same time as the othertreatments.

Twenty plug trays filled with standard John Innes No. 2 compost. Once germinated with
approximately 2-4mm of emerged green shoot, seedlings were gently removed from the blue
roll with tweezers and placed in small ready prepared holes in each plug of each tray at a

density of one seedling per plug. Two full trays of seedlings were then placed into each

treatment where they remained until hardening off and plantingin May.
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6.2b Growth environments
In order to produce the highly variable plug plant morphology required, a range of
environmental conditions or treatments were used within four separate environments. Plants
remained in the treatments for 12 weeks and were watered daily with a manual sprinkler.

Treatments were colour coded and labelled from A —J (see appendix 7).

Most treatments used the standard glasshouse environment commonly used to produce
plugs for commercial planting. This was the same glasshouse compartment used to germinate
the seed (18-26°C with a 12 h night/day cycle). Lighting was natural daylight supplemented
by SonT lamps 1.5 metres above the trays, and moved up when seedlings grew to reduce leaf
burning. Within this standard environment there were six treatments. Other environments
used included a cooler glasshouse and two growth cabinets. Specific treatments are detailed

below.
A - The standard treatment — colour coded white

Standard or ‘normal’ treatment plants were sown at the usual time (6™ February), kept in a
high temperature environment (18-26°C with a 12-hour night/day cycle) with standard
lighting SonT provided at 250 pmol m? s, standard soil compaction of approximately 18-20g
of soil per plugand standard nutrient additions of one dose of Miracle-Gro (All purpose). Most

othertreatments were compared to this control or ‘standard’ treatment.
B - Reduced photosynthetically active radiation (PAR) — colour coded orange

Plants for this treatment were grown with everything standard, asin treatment A except PAR

available to the plants was reduced to 100 pmol m™ s™ by raising the lighting.
C - No added fertilization — colour coded black

Plants were grown in the standard manner as in treatment A. The treatment received no

supplemental nutrient additions.
D - Higher soil compaction — colour coded brown

This treatment differed by having 0.5x extra soil within the tray cells filling them with
approximately 23-25g of compost per plug. Trays were filled to the standard level with

compost, compressed and half again more compost added and pressed down until
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compacted. Seedlings received the same temperatures, PAR and nutrient additions as

treatmentA.
E — Cutting treatment — colour coded green

Plants were grown under standard treatment conditions A, but the main stem was cut to

below the lowest ligule two weeks before planting.
F — Later sowing — colour coded purple

Seed were sown two weeks later than previous treatments; all other growth conditions

remained the same as treatment A.

Two treatments used cooler temperatures in a different glasshouse compartment. This
glasshouse was 12-20 °C, with a 12 hour night/day cycle. Treatments G & H were in the cooler

environment.
G — Cooler temperature — colour coded yellow

Everythingstandard asin treatment A, however the growth temperature was cooler (12 — 20

°C, with a 12 hour night/day cycle).
H — Cooler temperature and lower PAR — colour coded pink

Everythingstandardasin treatment A except growth temperature was lower (12— 20 °C, with

a 12 hour night/day cycle), and available PAR was reduced to 100 umol m=2s™.
The final two treatments used growth cabinets with coloured LED lighting.
I - Red light alone — colour coded red

Plants were grown in a controlled Fitotron growth cabinet, Weiss Technik UK, Loughbourough
UK, and the temperature set to 19-25°C 12 h night/day cycle. Growth conditions included
standard compost and compaction. Light was provided by red LEDs at approximately 650 nm
wavelength (Figure 2A); PAR was approximately 100 umol m? s™*. Seedlings in situ are shown

in Figure 6.1.
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J — Blue light only — colour coded blue

Plants were therefore placed in a Conviron Europe Ltd Iselham UK controlled environment
cabinet. Temperature was set to 19 — 25°C. Growth conditions included standard compost
and compaction and the only light available was from blue LEDs, at a wavelength of
approximately 415 nm (Figure 2); PAR was approximately 100 pmol m? s™. Seedlings in situ

are shownin Figure 6.1

Table 6.1 Matrix summary for all 10 treatments explaining the presence or not of each factor with
aY -yesor N-no. Treatments were designed to encourage variable growth characteristics in

populations of the same Miscanthus hybrid and are labelled A —J.

Low Low Normal Normal Normal soil Normal Seedlings cut Red light Blue light Late
Treatment: lighting temperature nutrients lighting compaction temperature back grown grown sowing
N N Y Y Y Y N N N N
A
B Y N Y N Y Y N N N N
c N N N Y Y Y N N N N
D N N Y Y N Y N N N N
E N N Y Y Y Y Y N N N
E N N Y Y Y Y N N N Y
N Y Y Y Y N N N N N
G
H Y Y Y N Y N N N N N
| N N Y N Y Y N Y N N
N N Y N Y Y N N Y N
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Figure 6.1 Plants in trays in blue light Conviron cabinet, and red light Fitotron cabinet. Plants

received no other light source except when cabinet was opened for watering or measuring.
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Figure 6.2 Average spectra of red and blue LEDs used to treat Miscanthus seedlings before transfer
to field trials. Red light was provided by inbuilt lighting in Fitotron growth cabinet by Weiss
Technik UK. Blue light was provided by heliospectra lamps built into Conviron growth cabinet

(Conviron Europe Ltd).

In addition to the trays grown with individual treatments, four additional trays of 144 plugs,
containing the same genotype, were planted and grown as standard in the warm

compartment, tofilla double row of plants as an edge barrier around the experimental plots.
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6.2c Fieldtrial design and preparation
Two 1000 plant field trial observation nurseries were created comprising 25 columns by 40
rows and 4 edge rows each (21.75m x 29.92m). The trials comprised ten treatments of 100
plants each, in a completely randomized design. The distance between columns (0.75m) was
to allow tractor access for film laying. The width between rows was 0.68m. Mulch film could
then be placed over two columns of plants at a time, with one empty column at the end. The

design was identical at both sites.

Two sites were chosen based on differences in climate and soil type. It was important that
the trial sites be accessible by car for planting, phenotyping and harvesting so sites within the
UK were chosen. The Aberystwyth site (Latitude52°26'0.40"N Longitude 4°1'25.72"W) was
stony soil, classed as sandy loam, with large clumps and agricultural grassland with little
previous use. The site was flat but at the base of a small hill, with a large copse of Willow trees

approximately 10m away from the end column of the trial (Figure 6.4A).

The Hackthorn site in Lincolnshire UK (Latitude 53°19'50.82"N Longitude 0°28'13.46"W)
(Figure 6.4B) was flat agricultural land; soil was clay loam with a fine tilth that was regularly
rotated and treated. Day length did not vary between sites due to being on a similar latitude
(Figure 6.3) but meteorological conditions were different due to a West-to-East gradient of

rainfall and temperature as described in Ashman et al. (2018).
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Figure 6.3 Position of field trials within the UK. Aberystwyth site contains a 1000 plant nursery of
100 plants grown under 10 glasshouse treatments designed to encourage morphological
differences in seedlings (trial name - ABR 71). Hackthorn site contains identical nursery at a
different location (trial name - HCK 35) to test plant vigour under different temperature and
rainfall conditions. Image taken from Google Earth

Figure 6.4. Aerial view of exact locations used to test two identical 1000 plant trials, comprised of
100 plants grown in 10 different glasshouse treatments designed to encourage morphological
variation within the same genotype, at two sites in the UK for additional assessment of plant

performance under variable climatic conditions. White squares show the location and
approximate size of the plots in relation to other trials A — Aberystwyth IBERS field site. B -
Hackthorn Terravesta trial fields in Lincoln
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Randomization plans were completed and coloured using the randomisationand conditional
formatting functionsin Excel (Figure 6.5). Each of the two sites had a different randomisation

design (see appendix8 & 9). .

Figure 6.5 A section of the completely randomised design showing the corner of one of the field
plans, surrounded by a double row of edge (barrier) plants. Firstly, plans are randomized into
treatments (A-J) and each treatment colour co-ordinated to aid in differentiating seedlings for

measurements and planting. Complete field plans are in the appendix.

Each individual plant was given a Unique Identifier (UID) number which would identify it from
tray simulation to the field design, so each plant could always be identified temporally and
spatially. UID order began in the top right corner of the field, spanningacross the top row in

sequence, and followinga ‘zig-zag’ pattern through all rows of the trial.

Once plug plants had been grown in their respective environments for approximately 10-12
weeks, a randomly selected aliquot of 200 per treatment were selected to be placed in the
trays according to the field plan. The selected plants were carefully removed from their
nursery trays, root ball intact and placed in the same size plugs in the field plan trays. The
complex design of the field plan meant that planting could not be done in the typical way
using a mechanised planter. The randomization was completed in the glasshouse and
plantlets hand planted within the trays to match the desired placement on the field. In order
to accurately replicate the colour coded field plans in the trays, trays were marked with
coloured stickers in each well, for ease of quick assessment of which plug from which
treatment was assigned which location (Figure 6.6). This was done for each usable plugwell,

for each of the 9 traysto be used in each trial.
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Figure 6.6. Colour coded field plan for each trial randomisation divided into trays to simulate the
design in the field. Left figure shows the Aberystwyth field plan with each treatment colour coded,
with an outline of trays. Right picture is the plug trays being given a sticker per well to match the
plan, to make placing the plugs into the randomisation easier

6.2d Pre-field phenotyping
Once plants were in the correct field plan orientation for each site and had UIDs assigned,
baseline data for each plant was collected. Photographs were taken using a Canon DSLR
camera with two hooded anti—glare photography lights (Figure 6.7 A). The base was a non-
shine white background with measurement ruler drawn on. The camera was attached to a
remote shutterreleasein order to reduce the risk of affecting the focus while taking the large
numbers of standardized photographs. Each photo contained a QR code label (Figure 6.7 B)
created using R studio version 1.1.383 — 2009 — 2017 containingthe plant UID, treatmentID
and column and row number. The QR code was included to be read using an R studio
extension and code reader to sort photographsinto groups. Plants were measured before

photographingforlongest stem length and stem number.
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Figure 6.7 Lighting and photography set up within a light restricted growth chamber. Image A —

camera mounted on stand with two hooded lights to reduce shadowing. B — Plant with QR code

label in the set up.

6.2e Sacrificial pre—field assessments
After the 200 plants per treatment has been randomly selected for field planting, a further
representative sample of remaining plants from each of the trays were taken for detailed
analysis. Due to larger than anticipated rates of plant death in some of the treatments the
number of replicates was lower for some treatments. Each of the representative plants was
photographedinthe same way as the field populations plus the longest stem measured and

the number of stems counted which were measurements in common with the field
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population. Relative leaf chlorophyll was measured usinga SPAD 502 meter (Konica Minolta,
Osaka Japan) at three places along the youngest leaf with a ligule, and the results averaged,
and the number of leaves counted. Roots were carefully washed to retain as much fine root
matter as possible, while removingthe soil. Roots, leaves and stems were weighed separately
before beingdried at 80°C until constant dry weight, to assess total dry biomass and moisture

content.

6.2f Regression analysis
Using stem data (stem length and stem number) from seedlings destructively harvested in
May a regression model was estimated to predict above ground total biomass using R Studio.
The stem data was in common with the field population, so the model was used to estimate

biomass of these plants.

6.2g Field planting and maintenance
The two trials were planted over the course of one day each. The Aberystwyth trial was
planted on 18" May 2018, and Hackthorn on the 30" May 2018. The trial area was measured
out using posts and string, with cable ties at each 0.68 cm section down the columns to
standardize plantspacing. Holes were pre-made for each plug which was hand planted from
thetrayinorderofthefield plan, and the soil tampedto ensure good soil-root contact. Guard
plants were added in double rows around the perimeter of the experimental plants. All plants
were well watered before being covered in a layer of biodegradable mulch film by tractor,
which was dug into the soil at the edges to ensure it stayed in position. Once film had begun
to degrade hand-weeding between plants as often aswas possible was used to control weeds.
The Aberystwyth site had especially high weed levels. Some supplemental watering was

required at both sites due to the 2018 summer being unusually dry.
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Figure 6.8. Progression of field plan over first 2 months. A - Film layer being applied on day of

planting, B - Film layer beginning to degrade and weeds becoming prevalent, C - Film layer mainly

gone, and weeding being done between rows

6.2h Autumn phenotyping
Field plans were downloaded onto a Samsung tablet using the Miscanthus database app.
which was used to record stem counts and shoot height on each plantin both trial plots in

October 2018. Dead or missing plants were marked on the plan so that establishment per

population could be assessed.

6.2i Springharvesting

Both field trials were harvested for aboveground biomass in March 2019 using the same
method. 15 large builders’ buckets were weighed individually and given a number. Following
the zig zag field plan, rolls of plant labels were printed out containing plant UID and location,
and a QR code of the information. Each plant was cut approximately 5cm from the soil surface
and placed into one of the numbered buckets with the corresponding UID label. When the
buckets were filled, they were brought to a weighing station in the field (Figure 6.9). Each
plant label was scanned into an excel document, the whole plant weight recorded and a
subsample taken and placedin a paper bagwith thelabel. The plant weight minus subsample
was recorded and the bulk plant material discarded. The bucket number was also recorded,
to be taken off the total weight later. This process was repeated for all experimental plants in

both trials. Subsamples were placed in drying ovens at 105°C until a constant weight was
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reached. Subsample dry weight was then recorded to estimate whole plant dry biomass and

moisture content.

6.2) Dataanalysis
Statistical analysis used IBM SPSS statistics Version 21. Data was analysed for normality
(Shapiro Wilks test), and means compared by One Way ANOVA, with Tukeys HSD post hoc
tests to identify significantly different means. Seedling charts were created using SPSS chart

building GGplot software. Other charts were made using Microsoft Excel. Regression analyses

used R (R Core Team, 2015)

Figure 6.9 Harvesting of the Hackthorn field trial October 2018. A - Senesced entire trial prior to
harvest. B - Buckets being used for the whole plant weight. C - Representative subsample taken

from each plant
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6.3 Results

6.3a Survival of all populations following the glasshouse phase, and growth
characteristics of destructively harvested seedling subsamples from each

population
Plant survival was assessed at three time points, survival rates at the end of the treatment
period, survival after field planting to Autumn and survival through winter. Treatment
resulted in large differencesin plant survival. All populations grown in the warm glasshouse-
controlled environment (treatments A-F), and the red light cabinet (treatment I) had high
survival rates (95-100%). Populations grown under cooler conditions survived treatments less

well (percentage survival from treatments G+H were 79% & 75% respectively) and the lowest

survival rate was under blue light (J) with 61% survival.
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Figure 6.10 Survival of each population as a percentage of the plant number for each population
required to fill two 100 plant field trials, and have 16 plants left over for representative harvesting

and biomass analysis. Colours are used to represent each treatment in the field plans so have been

added here.

A typical representative plant of each treatment environment is shown in Figure 6.11. Little
difference can be seen visually between treatments A —D. Treatment E was cut back a week
prior to assessment so, along with later grown treatment F, appears smaller. Colder

treatments (G & H) are much smaller than seedlings from other treatments, as are the blue
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light grown population (J). Red light treated plants had much longer single stems than other

treatments. Detailed morphological assessments were completed as detailed below.

Standard
A

Cooler °C/ normal
irradiance
G

Figure 6.11 Representative plant morphology produced from each of the ten environmental
variations, prior to field planting. Images are annotated with the treatment and the corresponding

field plan colour

Results of the representative sacrificial plant growth parameters revealed 5 homogenous
subsets for overall total biomass, and within this, 4 subsets for above and below ground
biomass separately. There was a significant effect of treatment on whole plant biomass (p <
0.01). A Tukeys post hoc test identified several subsets (Figure 6.12). The range of values for
total biomass per treatment was from the lowest of between 0.02g — 0.12g (a) to the highest
of between 0.5-0.7g (e) and many populations were assigned to more than one subset.
Seedlings grown under normal light and temperature conditions, butin compacted soil plugs
(treatment D), produced significantly higher total biomass (p < 0.05). This treatment group
had significantly higher biomass than most other treatments with the exception of the
population grown under lower PAR in the high temperature cabinet (treatment B), and the
population that were not given extra nutrients (treatment C), which were also classed as
homogenous group ‘e’. Lowest overall biomass (homogenous subset ‘a’) contained both

treatments grown under cooler conditions (treatment G & H). Those grown two weeks later
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(treatment F), and those grown under the blue light conditions (treatment J) were also placed
in subset ‘a’, although were additionally part of the slightly higher lower biomass subset ‘b’

which also contained populations grown underred light.

When above and below ground biomass were assessed separately, a similar result was seen
for both (Figure 6.13 A and B). There was a significant effect of treatment on below ground
biomass (p < 0.01). Below ground biomass had a significant difference of p < 0.01 between
groups. Tukeys post hoc test divided the treatments into four homogenous subsets from ‘@’
(lowest root biomass) to ‘d’ (highest root biomass) which ranged from 0.023g (seen in
treatment G) to 0.5g (treatment D). Highest root biomass was again observed in the plants
grown under compacted soil (D) which had significantly higher root mass than all other
subsets (p<0.05), with the exception of treatment C. Lowest below ground biomass subset ‘@’
contained treatmentsF, G, H & J, all of which had dry root mass averages of consistently less
than 0.05 grams. There was a significant effect of treatment on above ground biomass (p <
0.01) (Figure 6.13 A). The high compacted treatment (D) was the highest biomass subset, with
a significantly higher (p < 0.05) above ground weight than all other treatments with the
exception of B & C. Lowest above ground biomass (subset ‘a’) comprised of the cool cabinet

populations(G & H), and the later sown population (F).
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Figure 6.12 Total biomass from destructively harvested Miscanthus plantlets sampled from 10
treatments that were used to create a highly variable population for field planting. N=5 - 16
plants depending on survival rate. Letter groupings denote the homogenous subsets for each
growth parameter. Data was analysed using ANOVA in SPSS, and homogenous groupings made
using Tukey - B post hoc testing.
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Figure 6.13 Total above (A) and below (B)ground biomass from destructively harvested Miscanthus
plantlets sampled from 10 treatments that were used to create a highly variable population for
field planting. N =5 — 16 plants depending on survival rate. Letter groupings denote the
homogenous subsets for each growth parameter. Data was analysed using ANOVA in SPSS, and
homogenous groupings made using Tukey - B post hoc testing.
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Number of leaves was significantly affected by treatment (ANOVA p < 0.01) between groups
(Figure 6.14A). Treatments were in four significant groups by Tukeys HSD. As with previous
measurement parameters the lowest leaf numbers (subsets ‘a’ and ‘b’ with between 4-7
leaves per seedling on average) were seen in the colder temperature and the red and blue
light environments (treatments G,H,l,J) but also in the later sown plants (F). Higher leaved
subsets (‘c’and ‘d’) consisted of all those grown under warmer temperatures. Highest average
leaf number overall was observed in the warm but lower light PAR treatment (B), which had
significantly more leaves (p=0.05) at an average of 16 leaves per seedling, than all other

treatments, with the exception of the compaction treatment (D).

There was a significant difference of relative leaf chlorophyll content between treatments (p
= 0.036); however, Tukeys HSD test did not reveal any individual differences, classing all

treatments as the same homogenous subset ‘a’ (Figure 6.14B).

There was a significant effect of treatment on stem height (p < 0.01), (Figure 6.15A). Tukeys
HSD post hoc tests revealed five subsets. Tallest stems (subset ‘e’) were observed in plants
grown under red light alone with an average height of 16cm. This was significantly higher
(P<0.01) than all other treatments with the exception of B,C & D, all of which fell into subsets
‘e’ or ‘d’ or both. The smallest plants in terms of height (subset ‘a’ alone) were seen in
treatment G, the cooler temperature with normal lighting conditions, with an average of 4cm

high main stem, significantly lower (P<0.01) thanB, C,D & |I.

There was also a significant difference in the number of stems between groups (p < 0.01)
(Figure 6.15B). Tukeys HSD produced four subsets, ranging from the lowest average of one
stem (subset ‘@’), to the highest average of 3 stems with some variation (subset ‘d’). Lowest
stem numbers (subset ‘a’ only) were seen in the same plants that had significantly lower
biomass (treatments G & H). Treatments |, J and F also produced lower averages (group ‘ab’).
Consistent higher stem number seen in treatments A (commercial standard) & B (warm
temperature and lowirradiance), and the highest overall in treatments D (higher compaction)

and E (main stem cut back 1 week previously).
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Figure 6.14 Leaf number (A), and greenness (SPAD) (B) of the destructively harvested
representative sample of each population. N = 5 — 16 plants depending on survival rate. Letter
groupings denote the homogenous subsets for each growth parameter. Box plots were made using
SPSS GGplot. Data was analysed using ANOVA in SPSS, and homogenous groupings made using
Tukey —B post hoc testing.
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Figure 6.15 Length of longest stem (A), and stem number (B) of the destructively harvested
representative sample of each population. N = 5 — 16 plants depending on survival rate. Letter
groupings denote the homogenous subsets for each growth parameter. Box plots were made using
SPSS GGplot. Circles identify outliers. Asterisks identify extreme outliers. Data was analysed using
ANOVA in SPSS, and homogenous groupings made using Tukey —B post hoc testing.
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Shoot: root ratio was significantly different between treatments (p < 0.01) (Figure 6.16).
Plants grown under warm conditions produced root: shoot ratio’s closest to 1; in particular
treatment D (high compaction), produced the most biomass overalland significantly (p <0.01)
higher root: shoot ratio than treatmentsF, G, H, | & J. Plants grown under cooler conditions
were significantly smaller and had a much lower root: shoot ratio. Plants grown underred or
blue light also had a low root: shoot ratio and lower overall biomass than warmer grown

plants, but higherthan those cold treated.

Graphical representation of average root:shoot biomass per treatment
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Figure 6.16. Above to below ground biomass and the root: shoot ratio for each population. Data is
based on the destructively harvested populations for each treatment.. N = 5-16 depending on
survival rates within populations. Error bars use StdE mean for each parameter. Brown bars show
average below ground dry biomass, and green bars show average above ground dry biomass for
each treatment. Red points shows the average root: shoot ratio seen for that treatment.

Assessments of the relationships between average seedling growth variables per treatment
and the average total plant biomass from the seedlings selected for destructive harvest
showed the highest positive relationship between leaf number and total biomass (R? =
0.8468). Most populations followed the line of best fit for leaf number (Figure 6.17A). Length
of tallest stem was positively correlated with seedling biomass (R*> = 0.6102), the red-light

treatment (red) was most divergent with one of the highest average stem lengths but lower
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overall biomass (Figure 6.17B). Stem number was positively correlated with biomass (R? =
0.6134) (Figure 6.17C). Stem number showed more variation around the line of best fit,
particularly for the treatment group grown with no added nutrients (black), which had slightly
lower average stem number to correlate with higher seedling biomass, in comparison to other

higher biomass populations.
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Figure 6.17 Correlations between Miscanthus seedling characteristics from destructively harvested
subsamples in May, to assess the relationship between plant biomass and 3 growth characteristics leaf
number (A), longest stem length (B) and stem number (C). Correlations use population means from 10

seedling treatments, the colours refer to treatment (See appendix for colour code for treatments).
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6.3b Analysis of stem length and stem number from all plants from all

populations prior to field plantingin May 2017
Figure 6.18 displays pre planting phenotyping results for the approximately 2000 plants in
both field trials. There were significant differences in height of tallest stem (p< 0.01). Five
significant groups were identified by Tukeys HSD, the tallest of which conatined treatment |,
which had significantly higher stem length than all others treatments (p < 0.01). Lower
average heights were seen in treatments E, G & H, which were placed into the ‘@’ lowest

height homogenous subset. Correlation of the destructive samples results, against the whole

population produced a positive correlation (R*= 0.5511) (Figure 6.19 A).

There was a significant effect of treatment on stem number for the whole plant population
(p < 0.01). Four subgroups appear overall, congruent to the destructively harvested plants.
Highest average stem number is seen in treatment E in both assessments, with the lowest
stem numbers seen in cold cabinet and red and blue cabinet treatments, in agreement with
the destructively harvested data (Figure 6.14D). Correlation of the destructive samples
results, against the whole population produced a strong positive correlation (R? = 0.8201)

(Figure 6.19B)
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Figure 6.18 Phenotyping results of all plants pre-planting in May that were planted in the trials.
Picture A measurement of tallest stem for each plant. Picture B — the stem number of each plant.
N =198 - 200 for treatments A,B,C,D,E,F+ 1. N=124-161 for treatments G,H+J depending on
survival. Homogenous subsets are labelled a - e. Circles denote SPSS considered outliers. Asterisks

denote extreme outliers.
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Figure 6.19 Average tallest stem height (A) and average stem number (B) of destructively
harvested smaller sample, correlated with whole population results on a per treatment basis.
Results are pre — field-planting phenotyping assessments conducted on all plants of ten different
treatments in May 2018. Colours are used to match the treatment colour code in the field plan

(see appendix).
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6.3c Regression and biomass modelling

Stem data (stem length and number of stems) was obtained from all plants individually prior
to field planting. Complete biomass data could not be obtained directly for plantsin the field
trial because this is a destructive assay. A representative subsample of each population was
however taken for destructive sampling. Using data from destructively harvested seedlings,
which included the same stem length and number data as assessed in the field populations,
but additional complete biomass data, a regression model was built to predict biomass for
the field populations. The model generated a correlation with above ground biomass and
produced a Multiple R? value of 0.6483. This model was then applied to the entire seedling
dataset, producing a prediction with 65% confidence of reliability, of the likely biomass of a
specific field plant. The model was highly significant (p-value: < 2.2e-16), with moderate to
high R-squared (0.6423). Predicted belowground biomass was assessed using the same
correlations. The stem data correlated with the belowground dry mass of the destructive
samples was used to predict the below ground biomass of the field population. The model
was highly significant (p-value: < 1.17e-14), with moderate predictive ability R-squared
(0.4122).

6.3d Weather conditions at planting
When planting the Aberystwyth trial (Figure 6.20A) conditions were warm and dry with
maximum temperatures of approximately 20°C. Between 2 —4mm of rainfall occurred on two
daysleadingup to planting, but no rainfallis noted for approximately one week post planting.
At the Hackthorn site, planting was done under similar temperatures but with a little more
rainfall pre and post planting date. Both trials experienced a drought period for much of June

and July, requiring supplemental watering.
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Figure 6.20 Meteorological data from April 2018 — April 2019 for both trials. A — Aberystwyth. B — Hackthorn data. Aberystwyth data only until 20t
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30t May 2019.
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6.3e OctoberPhenotypingofstem countand shootheightin allplantsfrom both
Aberystwyth and Hackthorn trialin November 2018

There was a significant difference in stem number measured in October between plants
growing in Aberystwyth (Figure 6.21B) and in Hackthorn (Figure 6.22B) (p < 0.01).
Aberystwyth had on average 11 stems fewer per plant than Hackthorn. There was a significant
effect of seedling treatment on stem number at Aberystwyth (p<0.05), and Tukeys post hoc
test revealed two homogenous subsets, with some treatments fallinginto both. Lowest stem
counts (subset ‘a’ alone) included treatment H (cooler temperature and low irradiance) only
with an average stem count of 12. Highest stem counts (subset ‘b’ alone) were seen in the
commercial standard treatment (A), high compaction treatment (D) and the seedlings that
were cut back pre planting (E), with approximately 17 — 18 stems per plant. All others were
placed into both subsets (between 13 — 16 stems). There was no significant difference in stem
number between treatments within the Hackthorn trial.

Results of shoot heights were significantly different between sites (p = 0.012), with the
Hackthorn site (Figure 6.22A) yielding a slightly higher variation in height than Aberystwyth
plants (Figure 6.21A). The range of averaged shoot heights from plants at both sites was
between approximately 40cm to 52cm. There was no significant effect of seedlingtreatment

on stem height at either site (p > 0.05).
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Figure 6.21 Length of tallest stem from all plants per treatment site (A), and number of stems (B)
at the Aberystwyth site in Autumn 2018. N variable depending on survival (See table Table 6.2 for
exact survival). Homogenous subsets determined by Tukeys post hoc test (lower case letters).
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Figure 6.22 Length of tallest stem from all plants per treatment site (A), and number of stems (B)
at the Hackthorn site in Autumn 2018. N variable depending on survival (See table Table 6.2 for
exact survival). Homogenous subsets determined by Tukeys post hoc test (lower case letters)
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6.3f Survivalandyield
Under glasshouse conditions temperature appeared to be a critical factor in determiningthe
number of plants surviving treatment. Survival rates were consistently 99 — 100% for all
populations grown under warmer conditions, regardless of additional treatments applied
(Table 6.2). After transplanting to field conditions, survival rates declined for all populations
over the growing season; however, survival by October was still above 70% in most cases,
with the exception of treatments G, H & | at the Aberystwyth site, groups that appeared to
have slightlyimproved survival at Hackthorn. Survival over winter was poor for many groups,
particularly in the Hackthorn field trial. Plants that originated from the warm glasshouse
treatments had a 15-20% higher survival rate in the field than those grown in other treatment
environments. Poorest survival rates in greenhouse and in field were seen in cool cabinet
conditions, which produced much smaller plants at the seedling stage, and those grown under
blue light, which also produced small plants as seedlings. Thisis consistent between both field

trials.
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Table 6.2 Survival of Miscanthus plants after ten treatments and after treated plants were grown

in the field for one growth season and after the subsequent winter period.

% survived % alive in | % harvested
Site Treatment treatment Oct March
A 100 77.3 76.1
B 100 83.1 71.9
C 100 80.5 68.3
D 100 77.9 77.9
E 99 76.9 76.9
ABR 71 F 100 73.1 73.1
G 82 67.1 51.4
H 75 52.3 46.2
| 98 67.9 57.7
J 82 80.6 67.7
A 99 77.8 60.6
B 100 78 62
C 100 81 60
D 100 80 62
HCK 35 E 100 74 49
F 100 82 51
G 80 71.3 26.3
H 77 79.2 40.3
| 98 72.4 50
J 67 83.6 28.4

(% survived treatment), percent of planted individuals that survived through the growing
season (% alive in October) and the percentage of planted individuals that were alive and

harvestable following the winter (% harvested March).
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6.3g Postwinter harvesting results for both field sites
Biomass dry weight was analysed by two way ANOVA, where treatment and site were
considered asindependent variables. There was a significant difference in dry weight biomass
between the two sites (p <0.01). There was a significant interaction between treatment and
site suggestingtreatments produced different biomass responses at the two different sites (p
=0.033). The treatment effects on biomass were therefore analysed separately for each field
trial. There was a significant degree of variation between harvest results obtained from
Aberystwyth and those obtained from Hackthorn (Figure 6.23). Results of ANOVA of above
ground biomass revealed no significant differences between Aberystwyth groups (p>0.05).
Average total above ground dry biomass for each populationatthe Aberystwyth site (Figure
6.23A) was approximately between 15 and 22g per plant. Lowest averages were seen in the
cold cabinet treatment G (approximately 15.1g/plant. The highest biomass average was
observed in the later sown population (approximately 22.2g/plant). The amount of plants in
each treatment that were alive and large enough to be harvested can be seen next to each
population barin Figure 6.23. The lowest average biomass also had the lowest number of
alive and harvestable plants (treatment H), with less than half the survival of several of the

other populations (A, B, D & E).

Results were more variable between the Hackthorn site populations (Figure 6.23 B). ANOVA
revealed a significant difference of p = 0.040 between groups but further post hoc tests did
not show significance of p < 0.05 for any individual comparisons. Tukeys HSD subset analysis
revealed two homogenous subsets ‘@’ and ‘b’. Lowest average biomass occurred in the
population of treatment G (approximately 116g/plant). Highest average dry biomass occurred
in the highly compacted population (treatment D with approximately 194g/plant). The
population with the smallest average biomass per plant (treatment population G) was placed
into subset ‘a’ alone. Treatment D with the highest average biomass was placed into subset

‘b’ alone. The remaining eight populations fell into both subsets (‘ab’).
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Figure 6.23 Average total plant dry biomass for each population harvested in April 2019.
Aberystwyth trial results (A), and Hackthorn results (B). Y-axis scale differs between charts due to
large differences in average biomass range between sites. Error bars show * 1 se with variable N.
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of harvestable size and/or alive at harvest in March 2019. Tukeys HSD homogenous subset
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Table 6.3 Comparison of phenotyping result averages between sites for stem number and shoot
height of all plants in November 2018, and harvest biomass for all plants from both trials in April

2019 for both sites. Statistical analysis done using Students T test

HCK ABR
Stem number 29.6 16
Std deviation 14.3 8.3
P value p <0.01
Shoot height (cm) 52.7 47.2
Std deviation 25.6 42
P value p=0.012
Plant biomass (g) 149.5 20.4
Std deviation 148.6 15.45
P value p <0.01

6.3h Survival and biomass correlation per treatment population

Averaged plant biomass and survival rates were compared between treatments and from
each site separately (Figure 6.24). Percentage survival in the field in March was positively
correlated with average whole plant biomass at planting (Figure 6.24 charts A and B). The
lowest survival rates in the field are correlated with the lower average biomass from
glasshouse treatments F, G, H, | and J (Figure 6.24). The treatment populationsthathad higher
overall biomass (A, B, C, D & E) are in the higher survival region of the chart, particularly at

the Hackthorn site.

The survival rates in the glasshouse per treatment population were compared against that
population’s biomass at harvest in March (see Figure 6.24 charts C & D). The correlation R?
values were 0.2261 and 0.0076 for Aberystwyth and Hackthorn sites respectively. These
results were particularly low in the Hackthorn trial suggesting little correlation for this
comparison. It can be noted however that the highest average biomass was seen in the
population with one of the highest glasshouse survival rates (population D (brown marker)).

There is a stronger correlation seen at the Aberystwyth site, particularly seenin treatment H
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(pink marker) which had both the lowest glasshouse survival and the lowest average harvest

biomass.

Field survivalin March and the average biomass produced at harvest are correlated in Figure
6.24 charts E & F. Again, the correlation at the Aberystwyth site (R* 0.3618) is stronger than
that of the Hackthorn site (R*> 0.0738). The lower harvest biomass and lower survival of
treatments G & H (yellow and pink markers respectively) encourage a higher correlation value
for Aberystwyth, although the majority of other treatments are more closely grouped, with
the exception of lower average biomassin treatment C (black marker). At the Hackthorn site,
a greater spread of results seen, but treatment G (yellow) remains lowest on all parameters.

Other treatments have lower correlation for this comparison.
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Figure 6.24 Correlations at the population level for survival per field plot. Figures A & B are
correlations based on the overall survival percentage for each population at the end of the
glasshouse phase against the known average whole plant biomass for that population taken from
the representative harvest pre-planting. Figures C & D show correlation of the survival at the end
of the first growth season per population, against the known average whole plant biomass for that
population taken from the representative harvest pre-planting. Figures E & F show correlation
between each population survival and biomass at the after winter against the known average
whole plant biomass for that population taken from the representative harvest pre-planting.
Colours represent the colour codes for each treatment in the original field plan.

214



6.3i All harvested plant biomass correlation against known and predicted May

biomass
Stem data fromindividual seedlings after growth in 10 glasshouse treatments (May 2018) was
used to predict the biomass of each seedling at planting as described above. The predicted
biomass from each plant was compared with harvested biomass from the same plant after
one growth year (March 2019). When all plantswere used, predicted above and below ground
biomass of the seedling at planting did not correlate well with harvested biomass after one

growth year at either Aberystwyth or Hackthorn, (Table 4).

Known stem length and number at planting, correlated with final biomassalso produced low

correlation at Aberystwyth and Hackthorn.

6.3] Representative destructively harvested seedling correlations against March

harvest biomass
Results for the remaining significantly different growth parameters seen between populations
in May at the population level were correlated against the same population’s average harvest
biomassin March 2019, for both field sites (Figure 6.25). Average populationleaf number in
May against harvest biomass for Aberystwyth and Hackthorn showed low correlation; R? =
0.0739 and 0.105 respectively (Figure 6.25 A and B). Dry leaf biomass of the leaves in May
correlated with harvest biomass was low for Aberystwyth and Hackthorn trials, R?= 0.0419
and 0.0247 respectively (Figure 6.25 Cand D). Known below ground average biomass for each
population in May and the harvest biomass first year field growth was also low for

Aberystwyth and Hackthorn; R>= 0.0035 and 0.0274 respectively.

A summary of populations, their treatments and their main results can be foundin Table 6.5.
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Table 4 Correlations on anindividual plant level for parameters known or modelled for each plant in
May, at each site.

Aberystwyth Hackthorn

Harvest biomass after winter

Predicted above ground seedling biomass R2 =0.017 R2 =0.0128
Predicted below ground seedling biomass R2 =0.018 R2 =0.0189
Seedling actual height R2 =0.0123 R2 =0.009

Seedling actual stem number R2 =0.0035 R2 =0.0274
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Figure 6.25 Correlations at the population level for growth parameters measured on sacrificed

representative plants compared against the same population final harvest biomass. Figures A&B
are correlations based on the seedling leaf number for each population, against average whole
plant biomass at the end of the first growth year. Figures C & D show leaf dry mass at the seedling
stage for each population, against the average biomass at the end of the first growth year. Figures
E & F show correlation between average root biomass at the seedling stage and average biomass
at the end of the first growth year. Colours represent the colour codes for each treatment in the
original field plan.
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Table 6.5. Summary table of populations, and treatment description, and subsequent morphological characteristics of the population. Various growth
and survival parameters that any particular population falls into are marked with an asterisk. Two highest or lowest average biomass were selected as
the selected two were often incredibly close in terms of yield. Highest glasshouse survival has multiple asterisks due to many of the populations having

the same (100%) survival.

Two highest Two highest Two lowest Two lowest Highest Highest Lowest Lowest
TreatmentID Treatment description Morpholo.gicaldescri?tion of | average average average average ﬁe.ld ‘fiE-|l:| ﬁe.ld fie.ld Highest Lowest
resulting population harvest harvest harvest harvest survival survival survival survival glasshouse glasshouse
biomass ABR biomass HCK biomass ABR biomass HCK ~ ABR HCK ABR HCK survival survival
Medium whole plant biomass
and root biomass. Medium
A Standard commercial i * *
level height, stem number and
leaf number
Medium/high wholeplant
B Standard commercial butlower |biomassandroot biomass. Tall * *
available PAR height. Highest leaf massand
leaf number
High whole plant biomass and
- Standard commercial but no root biomass. Medium leaf * * *
fertilizer given number and heightand
number of stems.
Highestwhole plant biomass.
D Standard cpmmercia!buthigher Highest root biomass. High leaf] * * * *
soil compaction number, stem numberand
height.
Medium whole plant biomass
c Standard commercial butmain |and root biomass. Highest stem| o
stem cut hard back pre-planting | numberwith low,/medium
height
s Low biomassin all areas.
F Standard coni:clnor:rbut2weeks Medium stem number, low * ®
young height
Cooler growth cabinet. All else Lo it sl
G g ) Low height, lowest stem * *
standard
numberand leaf number
. Lowest biomassin all areas.
H Coolergrowth cabinetand lower Low height, lowest stem * *
available PAR
numberand leaf number
Medium to low whole plant
B biomass. Low root mass.
1 Red lightalone. All else standard T S ——
number. Highest stem height
Low biomassin all areas.
1 Bluelightalone. Allelse standard [Medium to low stem number & * *
height
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6.4 Discussion

Hybrids are not genetically uniform

The aims of this trial were to attempt to produce large variation in Miscanthus seedling
morphology for populations grown under glasshouse conditions and to use simple regression
techniques to attempt to understand important indicators of good or bad first year field
performance. We hypothesized that larger plants would perform better in terms of biomass
and survival, as opposed to smaller plants. The use of controlled environments in a nursery
or glasshouse provides an opportunity to change and manipulate growth conditions before

transferto the less controlled field environment.

By manipulating nursery conditions, it was possible to produce morphologically diverse
populationsof the same Miscanthus hybrid, and to then test these morphologies under field

conditions.

6.4a Plant growth characteristics coming out of treatment environments
Six of the ten populations were grown under warm conditions in the same glasshouse (18-
26°C night/day cycle). These populations typically exhibited the largest biomass, although
there were significant differences between them. The first population (A) was the typical
commercial standard seedling, grown under standard PAR, nutrient additions and
temperature. Plants from this population appearedto fall into the mid-range for many of the
biomass parameters measured. In comparison, increased biomass, in terms of stem height,
leaf number and root biomass were observed in the second population (B), which was grown
under the same conditionsin warm temperatures but had lower levels of photosynthetically
active radiation from the glasshouse SonT lights. This population had the highest average leaf
number when measured as part of the sacrificial assessment, and exhibited longer average
main stem length. This could be a result of seedlings trying to maximise light interception,
when grown under a lower PAR. Studies using maize suggest that higher temperatures and
high photosynthetic photon flux density (PPFD) increase leaf appearance rate, but that leaf
elongation was more variable based on PPFD, and decreased mildly under increased PPFD

(Bos et al., 2000).

Highest overall biomass was produced in plugs grown in the higher density soil, within the

warm environment (treatment D). Crucially, this population also had significantly higher root
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biomass than most other populations. Reasonsfor this are likely numerous. It is probable that
higher soil density increased root — soil contact making uptake of nutrients and water easier.
It is likely that a greater soil density also had a greater water holding capacity, and greater
amount of available nutrients (Alameda and Villar, 2009). Compacted soil is often regarded
as a plant stressor, negatively affecting plant growth as a result of decreased rooting due to
soil resistance, particularly in small plants (McNearny et al., 2002). However, some studies
have shown that moderate soil compaction can have a positive effect on growth. In a study
using seedlings of 17 woody plant species, Alameda and Villar (2009) found that 53% of the
species exhibited positive growth effects from a moderate increase in soil compaction, 41%
of species increased relative growth rate, and 35% the total leaf area. Later studies using
tobacco plants also showed that soil compaction positively affected plant performance, but
only up to a certain level, after which plant growth declined (Alameda et al., 2012). In
Miscanthus our results suggest compaction treatment consistently produced plants with the
largest overall biomass, with a good source: sink balance, yielding an average root to shoot

ratio of one.

The fifth warm compartment treatment (E) involved cutting the main stem of each plant to
just below the lowest meristem, approximately one week before the plantswere phenotyped
prior to planting. This treatment had rapid effects on apical dominance and the normally
hormonally regulated responses controlling lateral stem formation, and resulted in the
production of new tillers from the base of the plant (McSteen, 2009), producingshorter and
bushier plants. It was importanttoinclude a higher stem number group of individualsin the
assessment. Higher stem numbers in mature plants correlate very strongly with harvest yield
(Robsonetal., 2019), so it would seem logical therefore to attempt to encourage variation in

these traits early on in the plant life cycle.

Lowest overall above ground biomass, height, leaf number and root biomass in the warm
environment was seen in the population that was grown two weeks later (Treatment F) than
the remaining populations. This developmental delay made a significant difference in terms
of morphology at planting, placing the population in the lower subgroups for all parameters
measured, indicating the significant impact of plant age on maturity and morphology. This

was also noted in chapter 5 where it was observed that plants grown in the glasshouse for
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the shortest period of time, appeared to have slightly lower establishment and growth than

those left in the glasshouse for longer periods.

Seedling populations G + H were both grown under cooler conditions (12-20°C night/day
cycle) with normal or low PAR from SonT lighting. Miscanthus utilises C4 photosynthesis and
most C4 plants cannot maintain effective photosynthesis under lowertemperatures (<15°C),
losing assimilatory capacity when grown under cooler conditions (Wang et al., 2008).
However, Miscanthus is unusual in exhibiting cold tolerant C4 photosynthesis (Naidu et al.,
2003), therefore the effects of cold are likely to be acting by a different mechanism(s). Soil
temperature is one of the primary factors affecting plant growth (Alvarez-Uria and Korner,
2007). In Maize plants, low temperatures at the seedling stage are known to retard
emergence and vegetative growth (Miedema et al., 1987, Bos et al., 2000). Low temperatures
forseedling growth have also been proven to reduce growth variablesin Tomato (Meltonand
Dufault, 1991), and oil-seed rape (Nykiforuk and Johnson-Flanagan, 1999), and reduce root
growth in woody plants (Alvarez-Uria and Korner, 2007). In Maize, growth of seedlings at
lower temperatures affected chloroplast structure and photosynthetic efficiency, days after
the cold treatment had been removed (Sowinski et al., 2005). The difference in PAR in the
two cooler treatments (Treatments G and H) madelittle to no difference to these populations,
but the cooler temperatures in general caused a severe arrest of growth. Under higher PAR
conditions (Treatment H), it is expected that the plants will have been subject to slightly
increased temperature as a result of heat emitted from the closer SonT lights, but this was
not enough to encourage productive growth. As a result, both of these populations produced
significantly lower total biomass, with shortest average stem lengths, lowest stem numbers,

and lowest root mass.

Seedlings grown under red and blue LED lights in growth cabinets produced highly variable
biomass. It is known that combinations of red and blue light can provide an effective light
source for alarge variety of plants (Samuoliené et al., 2010), but these wavelengths are rarely
delivered individually. Red light alone here, with no supplemental blue or far-red light
produced plants that were particularly notable for their significantly consistent long single
stem morphology, although the whole plant biomass was medium to low in comparison to
other populations. Below ground biomass did not match the above ground, creating an

imbalancein sink/source relationship, and a low root: shoot ratio. This growth response is not
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unusual, as red light is highly important for shoot and stem elongation (Schuerger et al.,
1997). Bluelight is necessary for plant health and effective photosyntheticcapacity, the lack
of which in treatment | likely affected plant physiology, as although Miscanthus grown under
red light were tall, the stem had reduced lignification and was thin and fragile. Under blue
light growth of above and below ground was significantly reduced, without the red and far-
red wavelengths to encourage biomass accumulation. Therefore, the population grown

under blue light was, for most growth parameters, placed in the same homogenous subsets

as the smallest plants grown under cold conditions.

Survival must also be taken into account when assessing treatments. Reductionin glasshouse
survival is costly in terms of seed production and glasshouse space. It also requires that
manual gap filling be undertaken prior to planting, as transport of semi filled plug trays is a
waste of transport space. Seedlings with smaller average morphology, also had reduced
average survival under glasshouse conditions, suggesting that although these treatments
created useful experimental variation, they should be avoided in commercial plug growing

operations.

Previous studies into the relationship between morphological traits of a plant and the biomass
yield in more mature plants are described in Robson et al. (2013a) to identify the largest
contributing growth trait to overall biomass yield in the plant. Biomass yield is a result of
multiple simple traits, combining to produce one complex combination of interactions
between all growth parameters. It was decided to attempt to replicate the theory of this
assessment on a simple small-scale analysis in seedlings, using the data obtained from the
destructively harvested subsamples. From assessment of simple traits in seedlings, leaf
number appeared to be the largest correlative factor to overall seedling biomass (R = 0.8).
Stem number and stem height were comparable at R? =0.61 each. This result would likely not
be applicable tofield harvests, as leaf matter is typically dropped to the ground over winter,

and the bulk biomass at harvest, consisting of remaining dry stems.
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6.4b Field planting and performance under field conditions
The lack of strongroot mass seen in the smaller populations made transplantationinto trays
and field sites difficult, due to the surrounding soil fallingaway, and as such these populations
were often planted nearly bare rooted, and required a slightly greater amount of time to
handle. The tall, thin stemmed population was potentially compromised when mulch film
was laid on top of the columns, due to stem snapping. Other than these complications, plant

morphology had no otherimpact on handlingand planting method.

When visually inspecting the field plots, it was immediately obvious, that a great variety of
morphologies existed within the field plots. It is worth noting that this variation was also
obviousinthedouble, border rows on all sides, which had not been subject to any additional
treatments. This is unsurprising, as the seeded hybrids are not clonal, unlike the typical
Miscanthus giganteus populations, and as such are not genetically uniform, and are likely to
exhibit morphological differences regardless of growth conditions. The variation in growth
was atits highest within the Hackthorn field trial, due to a significant increase in growth of all
planted populations, compared to the Aberystwyth trial, which resulted in greatly increased
error margins. The differencesin growth and biomass seen between sites are likely a result of
field environment, as opposed to glasshouse treatment, as shown in statistical analyses of all
field traits measured over the first year. The Aberystwyth site had been less intensively
managed prior to planting, and had previously been used as arable grassland before being
prepared for the trial, and as such had a much larger latent seed bank presentin the soil. The
weed issues arose quickly after planting, despite applications of herbicide, and attempts to
manage them, and likely had an adverse effect on all seedlings planted. The soil type at
Aberystwyth was predominantly low fertility clay loam, with large stones present. At
Hackthorn, more intensive crop rotation systems had depleted the soil nutrients somewhat,
but itis still described as lime rich, medium fertility grassland with sandy clay loam soil type.
The seed bank was reduced, and field trials were managed by specialized labourers to keep

on top of weed issues.

Differences in morphology between treatments within field sites were much less conclusive.
Results of the phenotypingin the autumn of 2018, and the harvesting of the senesced
biomassin early spring 2019, did not produce the same quantity of significant differences and

biomass variability between treatments as was seen prior to planting for either field site.
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When comparing pre-and post-field planting figures, the obvious divisions seen between the
larger biomass populations A — E and the smaller biomass populations F —J had evened out
across the populations. There were some remaining trends, whereby the smallest average
planted seedlings overall (G & H) did appear to have slightly lower growth parameter
averages. Importantly, there were significant differences in survival rates between initial
morphologies and treatments at harvest. Pair wise correlations of survival and biomass at

plantingwere the strongest trait comparisons produced overall.

In many Miscanthus trials undertaken by the research team at Aberystwyth, phenotyping
and/or harvesting atthe end of the first growth season are often omitted from analysis, with
preference instead given to the third growth season onwards, as this is considered to be the
first ‘mature year’ under the climatic conditions of the UK (Clifton-Brown et al., 2008).
Correlations on an individual plant basis for pairwise assessment of the individual plant’s
biomass after the first year in field, against above and below ground (predicted) values, and
stem length and number produced R? values less than 0.1 for all comparisons, in both sites.
Whilst it can be argued that a positive correlation exists for all of the measured parameters,
this result is underwhelming, proving that, within this trial, and with the morphologies
measured at least, it is extremely difficult to confidently predict field performance based on

seedling phenotype.

Predictions of field survival appear to be more realistic than field biomass when analysing
Miscanthus seedlings. A study undertaken on five Mediterranean tree species by Tsakaldimi
et al. (2013), also evaluated nursery characteristics of seedlings, and subsequent field
performance. Their results suggested that survival in particular could be predicted from
seedling morphological characteristics, but only a selection of the characteristics were good
predictors. Theseincluded seedlingroot collar diameter, plant diameter and total dry weight.
Diameter and root collar were not measured in this study, however it could be possible to
assess stem thickness and base circumference in future assessments. Previous studies using
Miscanthus sinensis and Miscanthus sacchariflorus indicated that plant basal diameter and
stem diameter provide important predictors of yield (Davey et al., 2017). However, the data
produced from analysis of tree saplings in the study by Tsakaldimi etal. (2013), does suggest
that larger plants are more likely to survive in the field, a result in agreement with results

presented here.
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It was hypothesized that larger plants coming out of the glasshouse would be superior field
plants over the first year; however, large may be in terms of stem height or total biomass.
Taller plants were not necessarily superior plants as was proven by the red light treatment,
which produced the tallest seedlings, but an imbalanced shoot:root ratio and lower overall
biomass. With some exceptions, such as stem elongation in response to shade signals
(Gommers et al., 2013), shoot height is typically correlated with higher leaf number, and it
would therefore be expected to have increased photosynthetic capacity and leaf area
available for transpiration. Taller seedlings shouldin theory, have an advantage against weed
competition. However as proved here, taller stem does not necessarily equal seedling vigour
and maturity, and could be a waste of plant resources, if root biomass accumulation is
neglected, and seedlings are cut priorto planting, or are snapped by mulch film cover or the
wind. In addition, greater leaf area could increase the risk of desiccation in drier
environments, before effective root establishment (Haase, 2008). Smaller morphologies
would, it seems, remedy much of these issues, being low to the ground, with reduced
transpiration area; however, small plants had reduced vigour and poor physiology, and when
combined with small root mass, were less likely to survive and grow well. Studies are in
agreement across seedling growth in many woody species including Douglas Fir Pseudotsuga
menziesii (Haase, 2008), Loblolly pine (South, 2000), (Cork oak Quercus suber (Chirino et al.,
2008), sugar cane (Mcintyre, 1993), that large root morphology with a strongly balanced root:

shootratioislikely the ‘holy grail’ of seedlingmorphology.

Poor performance seen in seedlings can often be a result of transplant shock, weed
competition, poor soils or unfavourable site selection and preparation (Pinto et al., 2011).
However, issues with seedling quality also play a large part (Jacobs et al., 2012). In a similar
study based on establishment of Pine seedlings, South (2000) described a hierarchy model
illustrating the importance of factors affecting survival of transplanted pine seedlings,
although it can be reasonably applied here also (Figure 6.26). The most important factor in
the model was the environment of choice for where the seedlings will be planted. This factor
includes a range of variables including soil type, water content at the time of planting,
temperatures at establishment, rainfall after planting and other weather conditions (e.g
frosts), weed competition and herbivory. The second factor surrounds the handling of the

plants prior to planting. This can include machines used, cold storage length and temperature,
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depth of planting, and post planting care (for example applications of mulch films). In the third
out of four factors we find seedling morphology, including many of the factors assessed here,
for example root: shoot ratio, root mass, secondary foliage and seedling height. Fourthly is
seedling physiology, which can be influenced by the nursery environment, although is
described as being difficult to evaluate, as it is not visually obvious, but can be affected by

nursery growth conditions (South, 2000).

Based on the differences seen between sites, it can be safely assumed that environment was
indeed one of the biggest growth influences seen over the first year. It is difficult or near
impossible to find a homogenous target site in which to plant a test trial such as this. Field
sites are extremely heterogenous by their nature, with levels of nitrogen, phosphorous and
potassium likely differing vastly across the site. Presence of stones or harder soil clumps could
mean some plants cannot extend roots as easily as others. Some areas may have more weed
competition than others, while otherareas may be more proneto insect or herbivoreissues.
The levelling out of the extreme morphological differences seen at the seedling stage, and
the relatively comparable harvest biomass for each population does suggest that
environmental heterogeneity could be of greaterimportance thaninitial morphology in terms
of growth potential. The morphology and physiology of the seedlings have a potentially
greater effect on the survival rate of a population, rather than biomass accumulation over the
season. Much consideration should be given to the biomass accumulation potential of a
specific genotype over the course of a growth season. Maximum growth rate is correlated
with timingand duration of the logarithmicgrowth phase asreported by Robson et al. (2019).
It was noted that compensatory interactions are involved in growth rates, for example if a
plant had a higher maximal growth rate, then a shorter period of logarithmic growth was
observed. This suggests that plants may reach similar levels of biomass accumulation over the

growth season by way of different methods, dependingon size at planting.

Competition is also a strong factor affecting plant growth in a monoculture such as a
Miscanthus sward (Weiner, 1985) . During the plug plant phase under glasshouse conditions,
it is likely that rates of competition would be low, as plants are grown in identical plug
volumes, with the same access to light and water, and would likely not affect each other,
especially when small. Therefore, it is probable that growth differences under these

conditions stem from other sources, such as the genotypic heterogeneity seen in seeded
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plants asdiscussed earlier, or potentially heterogeneity of resources withinthe plug. Identical
nutrient availability and soil volume within each plug would be impossible to achieve under
mass planting conditions, as would assessments of the resources available in each seed,
therefore making the optimisation of the external growth conditions even more important.
Under field conditions, plants would have to compete for resources, particularly under high
densities. Density of planting is not currently in the remit of this project, but has a vital part
to play in the homogeneity of Miscanthus field plots (Danalatos et al., 2007). Weed
competition would likely be more of a factor for smaller plants with reduced lead canopy,

furtheraddingto the potential reasonsfor larger plants producing higher establishment rates.

These results can be described as both positive and negative for the Miscanthus plug plant
growing regime. On the one hand, it makes it harder to be certain that a larger morphology
of seedling will perform well in a variety of soils and environments. On the other hand, it
reveals that most seedling types have potential for producing competitive biomass, if
conditions are favourable. It is therefore important to select smartly, to combine best
environment, seedling type, handling practice and after care for achieving maximal survival.
This experiment proved that larger plants, grown under higher soil density, and in warmer
conditions produces a strong plant morphology with a good root: shoot ratio and as such
these plants tended to have the higher survival both in glasshouse and field, and trended
towards larger biomass under field conditions. It is therefore important to aim for this level
of seedling maturity. The importance of careful site selection should therefore be heavily
considered, potentially placing bigger plants with well-formed roots on the less favourable
areas, andin the pursuit of not wasting smaller morphologies, plant them in more productive

land, with careful aftercare.
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Figure 6.26 Model of importance of four factors affecting the performance of newly transplanted se edlings.

Image courtesy of South (2000)

6.5 Conclusion and further comments
Survival rate is one of the highest priority field assessments when plantinglarge numbers of
biomass crops such as Miscanthus, because of the high costs involved when gaps appear in
field trials, in terms of neighbouring plant biomass, gap filling costs and labour, and final
harvestable biomass for that plot at the end of the growth season. As such, the survival of a
plantinthefield is of highestimportance. Typically, it will take a Miscanthus field three years
at minimum to reach maturity and maximal yield. Often by this point, the high heterogeneity
within the trial tendsto even out, producingan even sward. For non-clonal plug plant hybrids,
patchy establishment and variable growth are commonplace, and are currently a serious
drawback to the plug planting system. It is not likely that any one aspect of plugplant supply
chain and field conditions will fix this issue. All aspects of the methods should be optimized,
from genotypicselection and domestication, to nursery practices described here to produce

optimal plugplants, and through to site selection and handling.

While there is no ‘landslide’ victory for any one of the nursery populations produced here,
there are definite trends. The compact soil treatment appeared to be consistently highest

performing over all parameters measured, both pre and post planting phase. It is likely that
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this was due to advanced maturity as a result of a larger root system. Field establishment in
many crops may be improved by promoting development of a deep, well-structured root
system, which can then facilitate increased water and nutrient uptake, thus promoting above
ground growth, and producing a strong seedling (Chirino et al., 2008). Those with smaller
average root morphology before planting appeared to have lower survival rates, and lower

average biomass, despite the lack of statistical significance.

From this experiment, it is concluded overall that larger plant biomass should be the goal of
plug plant production, due to improved rates of survival, and overall biomass under field
conditions. The best glasshouse practice for encouraging larger plants, are a combination of
high growth temperatures of between 20 — 25 °C, higher compaction within the plug cell,
although thisshould be carefully managed, to prevent compaction being too high, and lighting
that encompasses all spectra to meet a plant’s needs, and at alevel between 100 — 250 umol
m~? s . When using SonT lighting, care should be taken that lightsare not so low as to produce
leaf burning or a reduction in leaf elongation. The optimum plug plant should have a
root:shootratioasclosetooneas possible, andso anyimbalance in growth of above to below
ground should be minimized where possible by applying the techniques above. While these
techniqgues may not guarantee homogenous and maximal first year growth, they go a long
way to ensuringthat field survival rates areincreased, and that a planthasthe best chance of

competing with weeds and with each other in a field monoculture.

It is likely that further work is needed in this area, to assess parameters of growth that have
not been measured here, including leaf area, stem diameter, and numbers of new stem nodes
at planting time. It would be highly informative to be able to produce properly replicated
block trials of several key seedling phenotypes, across a higher range of environments, with

greater in depth knowledge of the environmental sites.
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7 Optimising control of Miscanthus senescence by experimentation
with the phytohormones Methyl Jasmonate and Ethephon, at

various concentrations

3 —January/Feb
Sowing seed into modules, and
growing the plants in variable

experimental environments
under glasshouse conditions

2 - December/January
Threshing and cleaning
seed ready for

germination tests, and 2 >
final sowing

4 - February — April.
Assessment growth and
dvelopment in the
glasshouse environments
__ via In situ measurements
A | and destructive harvests

The circle of life
The optimisation of
Miscanthus seeded

hybrids -
Assessment of the
first year success

5 — April = June.
Planting of the resultant
population into prepared
field plots, and covering

with mulch films

1- October/November
Collection of seeds
from parent panicles
(Catania)

6 — September - November
Phenotypic measurements
and survival assessments,
to assess establishment and
growth over the season

8 — March/April
Plot harvests and
establishment counts for
all experimental field
plots

7 — November — March
Winter senescence and
dry down, ready for re-
emergence in Spring

Figure 7.1 The Miscanthus annual cycle. Circled is the area of the cycle that will form the focus of
this chapter

7.1 Introduction
Miscanthus is a genus primarily originating from a large range of latitudes, although typically
tropical, allowing for good species adaptability to different environments (Clifton-Brown et
al., 2015). Introduced from Japan in the 1930s it was grown as an ornamental grass in many
areas of Europe (Lewandowski et al., 2000). After the observation in the 1930s that a
particular hybrid named Miscanthus x giganteus (or Mxg), the sterile progeny of a naturally
occurring cross between two Miscanthus species (Miscanthus sinensis and Miscanthus
sacchariflorus), had exceptionally vigorous growth, interest began to grow in the biomass
potential of the crop. This eventually led to a research programme initiated in 1989 to
investigate the potential of Miscanthus as a biomass crop in Europe (Lewandowski et al.,

2000). Miscanthus has many characteristics that make it particularly well suited as a biomass
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crop including high yields, annual harvests, perenniality, and ability to grow on lower value
land reducing the competition with food crops and low fertilizer requirements (Atkinson,
2009, Hastings et al., 2008). The Miscanthus crop is traditionally harvested in spring, when
nutrients have been remobilized to the below ground rhizome and moisture contentis low,
and thecropis fully senesced (Purdy etal., 2015, Robson etal., 2012). The rhizome is primarily
involved in the storage and translocation of nutrients, and is the plant organ that allows
perennial regrowth after survival over winter (Lewandowski et al.,2000). After harvest
nutrients translocated to the rhizome are available for new spring growth (Clifton-Brown and

Lewandowski, 2000).

Senescence is the termination of active plant growth, leadingto the subsequent initiation of
cell deathinthe plantandisthe final developmental stage of plant cells, tissues, organs, orin
the case of monocarpicplants resultsin death of the entire plant (Distelfeld et al., 2014). This
process can be seen particularly in autumn months as many trees turn brown and lose their
leaves. Annual senescence of aboveground tissues in perennial plants, particularly in
temperate climates, is the key to winter survival and spring regrowth (Boersma et al., 2015).
Ultimately, senescence is the process, which can determine the control of photosynthesis
fromthelevel of individual photosynthetic organs, to a whole plant basis. The overall function
of senescence is therefore to maintain the optimal conditions for plant photosynthesis and
survival by way of nutrient use efficiency (Robson et al., 2012). It will achieve this by removing
the nutrients given to leaves deemed no longer of photosynthetic benefit, and re-assimilating
the nutrients to leaves more likely to achieve good net productivity, for example leaves higher
up the canopy (Robson et al., 2012). Once senescence has been initiated the next stage is
mobilization of nutrients from the senescing parts to the developing sinks, such as seeds,
grains or plant rhizome (Distelfeld et al., 2014). The timing of this process determines where
the mineral and nutrient deposits will predominantly be and when (Boersma et al., 2015). In
perennials such as Miscanthus, the process of senescence also allows for the survival of the
crop over winter because the nutrient and photosynthate is remobilized into the storage

organs for use in the next growth season.

7.1a Control of senescence

Timing and control of senescence is a difficult trait to study. It is likely to be modified and

altered by a number of physiological processes, abiotic stresses and environmental stimuli
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(Leopold, 1961). These include metabolite and hormone regulation on a genotype specific
basis, external stresses such as drought, biotic stress from pests, and possibly more
importantly the changes in the surrounding environment in terms of day length and

temperature (Noodén etal., 2004, Jibran et al., 2013, Gregersen et al., 2013).

The majority of crop plants go through three development phases from germinationto death
ordormancy; an expansion phase, a maturity phase and finally the senescence phase (Munné-
Bosch, 2008). In many species the beginning of senescence can be linked to the maturation
and development of reproductive organs such as seeds or grains. As a static organism,
incapable of relocating itself if conditions are not favourable, plants have developed other
ways to attempt to survive adverse environmental conditions. During a growth season,
exposure to less favourable external conditions occurs frequently, a phenomenon associated
with great losses in productivity (Gregerson et al., 2013). This is frequently known to induce
senescence in leaves especially. Induction of senescence can be triggered by plant hormones
synthesized during plant stress, including Abscisic acid (ABA), Jasmonicacid (JA, and Salicylic
acid (SA) (Peleg and Blumwald, 2011). Shaded and dark environments are an important trigger
of senescence of lower leaves in the canopy. This is beneficial to the plant as the leaves lower
down the canopy will not be able to perform photosynthesis efficiently, so assimilates and
nutrients are re-mobilized to the upper plant parts (Gregerson et al., 2013). Water stress is
responsible for a large percentage of crop loss worldwide, leading to the development and
selection of more drought hardy genotypes for many crop plants. Prolonged drought stress
could be a cause of early leaf senescence, possibly leading to premature whole plant
senescence. Higher or lower light and heat intensities can alsoinduce senescence. Plants have
therefore developed ways for surviving low winter temperatures. In perennials this can be
seen as an annual cycle of active meristematic growth, interspersed with period of dormancy
which reduces the negative effects of low temperature, unfavourable temperature or light

balance, which could affect photo-respiration, leading to tissue injury or whole plant death

(Atkinson et al., 2013).

7.1b Miscanthus and overwintering

Sustainability of the Miscanthus crop relies upon the plants undergoing effective senescence
priorto the winter period. A lack of senescence results in reduced nutrients available for new

growth or ultimately complete death due to colder winter temperatures, a concern of great
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importance in more temperate climates. It is imperative that plants are harvested when the
crop is sufficiently dry and nutrients relocated away from the harvested aerial biomass. If this
is not completed properly, adverse effects on transport and thermal conversion efficiency as
well as increasing the risk of post-harvest spoilage may occur (Robson et al., 2012). The
intricacies of combustion properties and the influence of agronomy on the final product are
described thoroughlyin a paper by Baxter et al. (2014). In additionto testing fertilizer inputs
during growth, and their effects on combustion quality, they conclude that later harvested
Miscanthus samples have improved fuel quality, due to lower nutrient contents. Effective
senescence in addition to optimal fertilizer additions is the primary driver for this improved
quality. Higher levels of elements such as Cl, S, K and Fe are responsible for increased ash
content, which leads to slagging, fouling and corrosion of the combustion system (Baxter et
al., 2014). Effective dry down and reduced moisture content is also important for improving
the calorific value of the biomass, reducing the risk of microbial breakdown of the biomass

when stored in bales, and reduces bale weight (Clifton-Brown etal., 2017)

Due to the genetic basis for the control of senescence in cereal crops, it has been selected as
a suitable trait for genetic selection of Miscanthus plants, in an attempt to improve the
germplasm of commercially used genotypes. The onset and rate of senescence can influence
some key agronomic traits including yield by impacting growth duration (Distelfeld et al.,
2014). Delayed senescence in ‘stay green’ varieties may allow for a longer growing season and
greater drought resistance, subsequentlyincreasing yield accumulation over the season, but
also carries the risks of reduced nutrient use efficiency and crop quality as a result of a non-
senesced offtake, due to the issues regarding spoilage and ash content described above
(Robson et al., 2012). Earlier senescing genotypes may over winter better and have better

qualityyield but could resultin lower the amount of accumulated biomass yield at harvest.

Ideally harvested Miscanthus biomass would have low N and P, which would reduce the need
for subsequent fertilizer inputs (Lewandowski and Heinz, 2003). Material should also have
low K and Cl for reduction of corrosion risk in boilers and low Si and ash contents (Jensen et
al., 2017). Autumn senescence has been proved to reduce all of these variables, and improve

overall combustion quality, as well as over winter survival (Mos et al., 2013).

Temperate climates are characterized by a seasonal phase, whereby suboptimal

temperatures can restrict and terminate plant growth (Atkinson et al., 2013). The sub-tropical
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origins of some Miscanthus genotypes means they do not senesce properly and are
vulnerable to loss over winter (Scally et al., 2001). However, senescence in Miscanthus is not
just affected by geographical origin but also appears to be greatly affected by stand age. A
study in lowa in 2009, 2010 and 2011 assessed senescence parameters in first, second and
third year stands of Miscanthus x giganteus (Boersma et al., 2015) and found that at the end
of the growing season, first year plants retained more photosynthesis and leaf N
concentration in comparisonto the third year stands. This retention of leaf activity after year
1 growth suggests that young plants do not complete senesce and re-assimilate nutrients
before the first killing frosts, significantly reducing successful overwinter dry down and thus
increasing the chances of plant injury or death to cold temperatures (Boersma et al., 2015).
Importantly senescence appeared normal after growth seasonsinyear 2 and 3. Early studies
of overwintering in Miscanthus x giganteus across Europe concluded observations of poor
overwinteringin the first year at some locationsin Northern Europe, but better overwintering
in other areas was not correlated with extent of early senescence (Clifton-Brown and
Lewandowski, 2000). The study proved the importance and potential for identification of

genotypes with improved overwinter survival.

Interactions between a species specific developmental programme and external
environmental signals are the combination that ultimately determines the onset of leaf
senescence (Jibran et al., 2013). It is hypothesised that the developmental programme in a
mature Miscanthus stand will induce senescence earlierin the season than a first year stand
dueto more developed rhizome. Itis therefore, important to experiment with potential ways
to trigger plant senescence in the first growth season, when natural senescence processes
appearto be slower. It is hypothesised that once the plants have survived the first winter an
earlier senescence, as indicated by Boersma et al., 2015, and improved winter survival in
subsequent years will mean no further manipulation will be required and genotypic control
of senesce will be sufficient. Manipulating growth conditions is impossible under field

conditions butitis practical to applyinducers such as plant growth regulators.

Senescence processes are influenced by several phytohormones, with cytokinins and
ethylene having the most well-known roles in the delay or induction of senescence
respectively, but other hormones such as Abscisicacid, auxin, jasmonicacid and salicylicacid

also affect the process (Schippers et al., 2007). However, it is difficult to establish the
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intricacies of how different hormones regulate the onset and progression of leaf senescence
(Jibran et al., 2013). In this study, two Miscanthus genotypes known to exhibit slow
senescence rates duringautumn, were treated with foliar hormonal plant growth regulatory
treatments of various concentrations of Methyl Jasmonate or ethephon (the liquid form of

ethylene) to assess effects, if any, on senescence and late season growth.

Artificial plant growth regulators (PGRs) are syntheticcompounds which are used to alter the
morphological structure of plants, usually by way of reducing cell elongation and/or altering
the rate of cell division. These compounds usually work as antagonists for example of
gibberellins and auxins, and have been used by farmers with many different types of crop
(Rademacher, 2000). PGRs have a number of practical application uses, such as reducing
lodging after high rain or winds, compacting fruit trees or other ornamental species, and
encouraging ripening (Rademacher, 2000). Growth regulators are classed into two major
groups; ethylene releasing compounds such as ethephon, and inhibitors of gibberellin
biosynthesis. Ethylene is a plant hormone known to influence many aspects of plant growth
and development, including forms of programmed senescence (Grbié¢ and Bleecker, 1995).
Many plant stresses resultin increased ethylene synthesisincluding cold stress which increase
levels of 1 aminocyclopropane —1 carboxylicacid (ACC) synthase activity, which is a precursor
of ethylene (Wang, 1989). Increased levels of ethylene are known to induce leaf senescence
through chlorophyll degradation. Ethylene is a gaseous hormone but liquid ethephon elicits
ethylene related responses such as fruit ripening by metabolizing the active ingredient to

ethylene within the planttissues (Diesburg, 1999).

Jasmonic acid (JA) and the derivative methyl jasmonate (Mela) are known to promote leaf
senescence when applied exogenously (Creelman and Mullet, 1997) and were first identified
as senescence promoters in detached oat (Avena sativa) leaves in 1980 (Ueda and Kato,
1980). The effects of exogenous application of this hormone have been reported extensively
across a range of species, with many positive effects reported in areas such as fruit ripening
and abscission (Khan and Singh, 2007, Mukkun and Singh, 2009), flower senescence (Porat et
al., 1993) and induced senescence in the flagleaves, and ears of wheat (Beltrano et al., 1998).
Exogenous applications of varying concentrations of methyl jasmonate have a regulatory and
often inducing effect on senescence in both monocots and dicots, but responses may be

species specific (Herrmann et al., 1989).
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7.1c Aimsandobjectives
The aims of this section of the project were to discover a method of inducing senescence in
Miscanthus that would allow manipulation of senescence timing in field grown crops. This
would allow senescence to be induced in plants in more northern latitudes, leading to
increased survival and effective overwintering and spring re-growth. Methods of inducing
senescence should be scalable and practical under field conditions. Therefore, it was decided
to test variable concentrations of the hormones jasmonicacid and ethylene described above,

to be applied as a spray to experimental plants grown under polytunnel conditions.
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7.2 Experiment 1-The effects of variable concentrations of exogenously applied Methyl
Jasmonate and Ethephon on senescence rates of Miscanthus genotype Mx 2468 in

2017

7.2a Methods

The first experiment used clonally propagated two year old accessions of the Miscanthus
hybrid Mx2468 (GNT13) to test exogenous applications of Methyl Jasmonate and ethephon

at a range of concentrations from low to high.

Germplasmand growth conditions

The genotype chosen for this assessment was a hybrid cross of Miscanthus floridulus and
Miscanthus sinensis known within the institute as Mx 2468 or ‘GNT13’. This genotype has
been trialled in observation nurseries within field trial conditions and has been described as
having promising growth parameters but poor ability to senesce in autumn in the UK.
Subsequent biomass production from GNT13 was low due to the resulting poor overwinter
survival. Established plants were used that were at the start of their second growth season
duetoalack of viable newseed for the hybrid at the start of the experiment. The plants were
re potted from 3-inch potsinto 9-inch pots at the startof the second growth year (2017), with
standard John Innes compost, and were grown in a polytunnel for the rest of the growth
season under natural day length conditions. Watering was on an as needed basis, which was

often daily on warmer days.

Baseline measurements and design

Plants were arranged in 6 replicate blocks containing 9 plantsin a 3 x 3 grid, with the nine
treatments (eight hormonal variables and one control) assigned to each of the plants at
random (Figure 7.2). Plants were placed in the design from early July onwards. From this
point, all plants were measured on a fortnightly basis, which continued after the application
of hormones. A single tallest stem was chosen from each plant. A label was tied around the
fifth leaf from the base of the stem, to signify the experimental stem, the plant ID, and to
identify the leaf to aid in further leaf counts. At each measurement time point, the stem was
measured for height, from the base of the plantto the newest leaf ligule. On the same stem,
all leaves were assigned a number from a senescence score from 1 — 4. Leaves assigned 1

would have 0-10% senescent brown leaf visible. 2 was between 11-50% senescent brown leaf.
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A score of 3 was between 51 — 80% senescent brown leaf, and 4 was 80% + almost entirely
senesced to completely senesced leaf (Figure 7.3). The youngest fully expanded leaf was
assessed usinga chlorophyll meter SPAD 502 plus Konica Minolta, Osaka Japan). Assessment

of chlorophyll level was taken at the proximal, middle, and distal end of theleafand the values

averaged for each leaf.

Block 1 Block 2 Block 3 Block 4 Block 5 Block 6

Figure 7.2 Polytunnel experimental design for Mx2468 plants in 2017. Six replicate blocks with 9
plants arranged randomly in 3 x 3 grid. Each of the 9 plants was assigned one of the 9 treatments
of Ethephon or Methyl Jasmonate (including control treatment with solution lacking active
ingredients).

Applications

Plants were sprayed with one of eight treatment applications. Two hormones at four different
concentrations each. The hormone ethephon was purchased locally from a farmingsupplier,
under the agricultural name ‘Padawan’. This solution was a soluble concentrate formulation
containing 480 g/l (39.6% w/w) ethephon, (2- chloroethylphosphonic acid), and is typically
used as a growth regulator for use in winter and springvarieties of barely and winter wheat,
rye and triticale. The solution was diluted to four concentrations of 2g, 1g, 500mg and 250mg
L of ethephon. The second hormone was Methyl Jasmonate (Mela, synonym: 3-Oxo-2-(2-
pentenyl)cyclopentaneacetic acid, methyl ester, Methyl 3-oxo-2-(2-pentenyl)
cyclopentaneacetate) at 95% concentration (Sigma Aldrich). Four dilutions were prepared of
200, 100, 50 and 25 pM Mela L™ in water in a fume hood. Each hormone dilution was applied
to the plants using an 800ml spray bottle. Plants were sprayed in October and were moved
into well-spaced groups of the same treatment before sprayingto avoid cross contamination.
Full personal protective equipmentwas worn to apply the treatments. Each plant was sprayed
with the solution until leaves were dripping. Plants were then left for 48 hours to allow
dissipation of any remainingsprayin the air, before being placed back into the experimental

design.
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Plant harvest

After the winter dormancy period, each plant was harvested for both above and below
ground biomass. Plants were removed from their pots and the soil carefully washed off the
roots and rhizome. Stems were cut away from the roots with secateurs as close as possible to
the base. All above ground material was placed into a clear plastic porous packets and
weighed. Below ground material was placed in net sacks and weighed. All samples were then
taken to a large drying oven and dried at 105°C until a constant dry weight was reached. All

samples were then weighed again and moisture contents calculated.

Stage 1 Stage 3
W, | B \ \

Figure 7.3 Grading of Miscanthus leaf senescence stage 1 -4 shown visually from L - R.
Representative leaves for each grade. 1 =0 — 10% senesced. 2 = 11 — 50% senesced. 3 =51 —90%
senesced. 4 = 91% + senesced.
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7.2b Results- Experiment 1 —effectsof four concentrations of Methyl jasmonate

and four concentrations of Ethephon on 2-year-old GNT13 hybridsin 2017

Statistical analysis of variation within treatment groups prior to any treatment being applied
showed no significant difference in baseline assessments of plant height or SPAD relative

chlorophyll content readingin July 2017 (p>0.05).

The percentage of totally senesced leaves increased over time but there was no significant
difference between treatments for either ethephon treated plants or Methyl Jasmonate
(results of ANOVA p>0.05 for both hormones) (Figure 7.4 A & B). Percentage of totally
senesced leavesincreased steadily from between 30-45% for all treatmentsin mid-July, to 58-
72% by the end of August. After application of solutions in October, all treatment groups
displayed between 74 — 90% completely senesced leaves, the largest amount seen in the
control group with 90% in early November (s.e - 2.9), and the lowest in the third Methyl
Jasmonate group with 73% senesced leaf (s.e -4.27). By the middle of January all groups reach

similar averages for all treatments of 89-99% complete senescence.

There was no significant difference in height within ethephon groups or Methyl Jasmonate
groups at any time point (ANOVA between groups p > 0.05). Height increased slightly over
time for all treatments, although more obviously so in the group treated with the highest
strength ethephon, reachinga peak of approximately 62 cm on average but with a large error
margin (s.e - 7.07). Other groups reach an average maximum height of 47 — 56 cm by the end
of 2017, with no significance found between any groups (p> 0.05). There were no significant
differences for relative chlorophyll content (SPAD) between either ethephon or Methyl
jasmonate treatment groups (Resultsof ANOVA p >0.05) (Figure 7.5 C&D). A typical reduction
in greenness over time was observed, from the first assessments in July until the final
assessments in early January of 2018, but decrease in chlorophyll content over time was
comparable across all treatment groups, the control group remaining consistently lower than
all treated groups, although not significantly so. Thereductionsin green leaf and chlorophyll

content over time in the plants can be seen visuallyin Figure 7.6.
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Figure 7.4 Percent of completely senesced leaves over time (labelled as grade 4) for Ethephon (A)
and Methyl jasmonate (Mela) (B). Ethephon applications are labelled 1 - 4 from lowest
concentration to highest (250mg/L, 500mg/L, 1000mg/L and 2000mg/L). Methyl jasmonate
applications 1 — 4 are from lowest concentration to highest (25uM, 50uM, 100pM and 200uM
Methyl jasmonate solution). Lowest concentration for each hormone is shown in grey with grey
triangles. Second lowest shown in darker grey with grey squares. Second highest is black with
black squares. Highest concentration is black with black triangles. Control is black with open
triangles and is the same group for both solutions. Spraying time is shown on all charts, and was
done 25t Oct 2017 (day of year 298). For all time points N=6, with StdE.
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Figure 7.5 Height increase from summer to winter of a selected stem for Ethephon (A) and Methyl
jasmonate (B), Average SPAD score over the same time scale for Ethephon (C) and Methyl
jasmonate (D). Ethephon applications are labelled 1 — 4 from lowest concentration to highest
(250mg/L, 500mg/L, 1000mg/L and 2000mg/L). Methyl jasmonate applications 1 — 4 are from
lowest concentration to highest (25uM, 50uM, 100uM and 200uM Methyl jasmonate solution.
Lowest concentration for each hormone is shown in grey with grey triangles. Second lowest shown
in darker grey with grey squares. Second highest is black with black squares. Highest concentration
is black with black triangles. Control is black with open triangles and is the same group for both
solutions Spraying time is shown on all charts, and was applied 25th Oct 2017 (day of year 298). At
each time point N = 6 with Std E.
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Oct 2017

Figure 7.6. Senescence progression of the experimental blocks over 9 months. Photographs of
experimental plants taken before treatment in July 2017 (A), 3 days post treatment in Oct 2017
(B), and the next spring (2018) (C).
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Harvest of experimental plantsin spring 2018

There were no significant differences between the above ground biomass within ethephon or
Methyl jasmonate treatmentgroups (p>0.05 for both) (Figure 7.7A). There was no significant
difference in moisture content within thephon or Methyl jasmonate treatment groups (p>
0.05 for both) (Figure 7.7C). There was no significant difference in the below ground biomass
within ethephon or Methyl jasmonate treatment groups (p > 0.05 for both) (Figure 7.7B), or

moisture content (p > 0.05 for both) (Figure 7.7D).
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Figure 7.7 Results of above ground biomass (A) and moisture content (C), and below ground
biomass (B) and moisture content (D) during the harvest of all experimental plants in April 2018
the spring after treatment in October 2017 with varying concentrations of Ethephon from low to
high (Eth 1 — 4) and Methyl Jasmonate low to high (Mela 1 - 4) with same control group for
comparison with both hormones. N = 6 for each result. Circles denote outliers, and asterisks
denote extreme outliers.
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7.3 Experiment 2 — The effects of exogenous applications of three concentrations of
Methyl Jasmonate and Ethephon on the growth and vigour of young seedlings of

Arabidopsis thaliana type Colombia, and Miscanthus GNT14.

Experiment 2 was designed in order to quell doubts about the potential efficacy of the
solutions used in experiment 1. It was theorized that the older Miscanthus plants used in
experiment 1 were likely bolstered by the presence of well-formed rhizome, and as such were
unaffected by the exogenous solutions applied. However, it could not be ruled out that the
solutions themselves may have been ineffective or the concentrations far too low to have any
effect on such large plants. Therefore, it was decided before proceeding to test stronger
concentrations on a new population of large Miscanthus plants, it would be useful to test the
concentrations on young seedlings, which as yet had little to no rhizomatous maturity, and
should be susceptible to active ingredientsin the solutions. The decision was made to include
a population of Arabidopsis plants alongside the Miscanthus seedlings, due to the popularity
of using Arabidopsis as a ‘model plant’. It was assumed that even if the solutions had no effect
on Miscanthus species of any age, they would likely produce some effect on Arabidopsis, thus
helping to reach a conclusion as to whether the solutions were active. Arabidopsis thaliana
has been the subject of many studies of exogenous hormone application (Chen et al., 2017,

Changand Stadler, 2001, Gazzarriniand McCourt, 2003).

Plant material

Seeds of Arabidopsis thaliana type Col 1 and Miscanthus genotype GNT14, were sown onto
compost in a petri dish and germinated at 25°C in a growth cabinet. After approximately 1
week all seedlings were transplanted using tweezers into square 3” pots into standard John
Innes compost. All plants were then placed into a controlled glasshouse environment at
approx. 18 — 25°C night/day cycle. Lighting was natural lighting with SonT supplemental

glasshouse lights positioned approximately 1.5m above the plants.

Experiment design

To encompass two species and seven treatment variables, a matched pairs block design was
chosen, whereby five experimental blocks of seven plants was doubled to encompass the
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Miscanthus experimental block, alongside an Arabidopsis experimental block. Treatments

were randomly assigned to one plant out of seven within the block (Figure 7.8).

A M A M A M
1 3 5 1 2 6 3
2 1 - 2 3 1
3 5 6 2 5
a4 6 2 5 6
5 2 3 1 5 2
6 1 3 6
7 6 5 3
Treatment
1 Control
2 Mela low
3 Mela med
4
5 Eth - low
6 Eth med
7

Figure 7.8 Glasshouse design for Arabidopsis and Miscanthus seedlings treated with one of 6
hormonal applications or a non-treated control. Treatments are colour coded with a key included
below. A - Arabidopsis column. M - Miscanthus column

Plants were sprayed with one of six treatment applications. The same hormones used in
experiment 1 were used here but at higher concentrations. The hormone ethephon was
diluted from the stock 480g L™ to three concentrations ‘low’ concentration of 5g L%, ‘medium’
concentration of 10g L?, and ‘high’ concentration of 20g L* of ethephon. The second
hormone, Methyl Jasmonate (Mela) was diluted to three concentrations ‘low’ 200uM L?,
‘medium’ 500 pM L' and ‘high’ 1000 uM L! Mela in water. Once all plants were
approximately 3 weeks old, they were taken out of the block design and grouped into
treatments in an aerated unused glasshouse environment, with sufficient space between
treatment groups to avoid cross contamination. Plants were sprayed until the leaves were
dripping, and then left for 48 hours to allow excess vapour to dissipate, before being placed

back into the original block design (Figure 7.8).

Plants were measured the day before treatment and then weekly afterwards for 1 month.
Measurements for Miscanthus seedlings and Arabidopsis seedlings differed due to
morphological differences. Miscanthus seedlings were assessed for height by measuring from
the base of the plant, to the newest ligule of the tallest stem. Chlorophyllassessments were

taken by using a SPAD meter on the newest fully expanded leaf at three points along the
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blade, averaging the results. Stem number was also recorded, adding in any basal node that
supported its own leaf. For Arabidopsis plants, flowering began sooner than expected.
Therefore, measurements were taken once prior to treatment which included rosette radius
alongthe longest angle, and whether flowering was beginning. Photographs were also taken
of each plant the day before treatment and 4 days afterwards, usinga Canon DSLR camera.
Measurements for Arabidopsis only continued until a treatment effect was seen, to test the

efficacy of the hormonal applications, and ensure the chemicals were active.
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7.3a Resultsof Experiment 2 —testing the efficacy of newsolution concentrations
of Ethephon and Methyl jasmonate (Mela) on young Miscanthus and

Arabidopsis seedlings
Assessments of stem number in the Miscanthus seedlings showed no significant treatment
effect at 7 days post spraying, for any treatment (Figure 7.9C). By 20 days post spraying the
highest concentration of ethephon had significantly lower stem number (<0.05) than all other
groups with the exception of the medium concentration of ethephon (Figure 7.9B). The
lowest concentration of ethephon had significantly higher stem number (p< 0.05) than all
other treatment groups, with the exception of the control treatment. After a month (Figure
7.9A), no significant differences were seen in the number of stems between treatment

groups.
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Figure 7.9. Stem number of Miscanthus at 7 days post spraying (C), 20 days post spraying (B), and a
month post spray (A) with one of six hormonal applications of ethephon low to high (Eth — orange)
or Methyl jasmonate low to high (Mela - green) and control group (white). N = 5, statistical
analysis was undertaken using ANOVA, subgroups were assigned using Tukeys HSD post hoc
testing.
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Plant height assessments in the Miscanthus seedlings revealed no significant differences
between average plant heights of any groups (Figure 7.10A). After 7 days, the plants treated
with ethephon had reduced elongation, with the low and high treatment being significantly
shorterthan the control group and all Mela treatments (p< 0.05). The medium concentration
was also lower than all Mela groups and the control, but was only significantly lower than the
medium Mela treatment (Figure 7.10B). After 20 days, all ethephon treated plants were
significantly shorter than all Mela groups and the control (p< 0.05). There was no significant
difference seen between the Mela and control groups (p > 0.05). After 1 month, the
significantly shorter stem height average in the ethephon groups remained and post hoc
testingplaced theminto the lowest height subset (a), although the lowest concentration was
alsoinsubsetb, alongside all MeJa and control groups, with the exception ofthe highest Mela

concentration, placed into the highest subset ‘c’ alone.
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Figure 7.10 Height of tallest stem of Miscanthus prior to spraying (A) 7 days post spraying (B), 20
days post spraying (C), and a month post spray (D) with one of six hormonal applications of
ethephon low to high (Eth — orange) or Methyl jasmonate low to high (Mela - green) and control
group (white). N = 5, statistical analysis was undertaken using ANOVA, subgroups were assigned
using Tukeys HSD post hoc test
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Assessment of greenness over all populations was not significantly different prior to
treatment (p > 0.05) (Figure 7.11A). After 7 days post spraying (Figure 7.11B), the highest
ethephon concentration group had significantly lower greenness scores than the lowest
ethephon group and medium Mela group. Variability in greenness scores increased in most
groups at 20 days (Figure 7.11C) and a month (Figure 7.11D) post treatment, over most

populationsand no significant differences were observed.
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Figure 7.11 Greenness assessment (SPAD)of Miscanthus seedlings prior to spraying (A), 7 days post
spraying (B), 20 days post spraying (C), and a month post spray (D) with one of six hormonal
applications of Ethephon low to high (Eth — orange) or Methyl jasmonate low to high (Mela -

green) and control group (white). N =5, statistical analysis was undertaken using ANOVA,
subgroups were assigned using Tukeys HSD post hoc test

Testing of the same solutions on Arabidopsis model plants caused plants treated with all
ethephon concentrations to die within 24 — 48 hours of treatment, and as such, assessment
was discontinued. There was no significant difference in rosette radius before treatment
between populations (Figure 7.12A). 7 days post spraying all ethephon treated plants had
died, and no significant difference was noted between the control and Mela populations
(Figure 7.12B). Photographs of experimental plants a few days priorto spraying and again at
the same orientation 24 hours later, visually depict the effect that ethephon had, and confirm
the efficacy of the solution. There was no visual effect of Mela on Arabidopsis plants (Figure

7.13).
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Figure 7.12 Arabidopsis rosette radius prior to spraying (A), and 7 days post spraying (B) with one
of six hormonal applications of Ethephon low to high (Eth — orange) or Methyl jasmonate low to
high (Mela - green) and control group (white). D denotes dead treatment group. N = 5, statistical
analysis was undertaken using ANOVA, subgroups were assigned using Tukeys HSD post hoc test.
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MelJa Low Mela Med MelJa High Ethephon Low Ethephon Med Ethephon High

Figure 7.13 Arabidopsis plants from rows 2, 4 & 6 from each treatment. Top image shows plants
pre-spraying on 31st July 2019. Bottom picture shows the same plants 24 hours post spraying on
3rd of August 2019.
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Figure 7.14 Miscanthus seedlings a week post treatment with one of 6 foliar applications at
concentrations of Methyl Jasmonate (right) at ‘low’ 200uM/L, ‘medium’ 500 uM/L and ‘high’
1000 uM/L MelJa or Ethephon (left) at ‘low’ 5g/L, ‘medium’ 10g/L or ‘high’ 20g/L. Control plants
can be seen below.
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7.4 Experiment 3 — The effects of varying concentrations of exogenously applied
ethephon treatment to the growth and senescence of 1% year plants of Miscanthus

genotype GNT14 (Mx 2779).

Based on the results of experiment 2 it was decided to continue with the chosen Ethephon
treatments, and use them on more mature first year Miscanthus plantsto attempttoinduce
1** year autumn senescence. The lack of any growth alterations as a result of Methyl

jasmonate treatment on either Miscanthus or Arabidopsis thaliana led to a decision to

remove this hormone from the final experiment.

7.4a Methods

Miscanthus were grown from seed produce a true year 1 growth phenotype and tested with

very high concentrations of ethephon.

Germplasm and experimental design

Seeds of GNT14 from threshingyear 2016 were sown on the 10" Jan 2018, onto bluerollina
petri dish, kept damp, and placed in a 25°C growth chamber for a week. After 7 days
germinated seedlings were transferred into 3-inch square pots and placed in a heated
glasshouse with an 18/25°C 12h night/day cycle. 65 plants were potted on into 9-inch large
pots of approximately 7.2L soil volume, on the 22" April 2018, and grown in a polytunnel
under natural light and temperature cycles. The plants were watered as needed but received
no additional nutrients. At the end of the summer, plants were arranged into the
experimental design (Figure 7.15). 40 of the 65 plants were selected to form the experimental
group which was chosen to be as uniform as possible when using non genetically uniform
hybrids. Uniformity was based height measurements, with those chosen beingas close to the

population average height as possible.

The hormonal applicationsthat showed growth effects during experiment 2 were used again
on the larger plants. In addition to this, it was decided to experiment with undiluted
commercial ethephon. Therefore, the four treatments were a ‘low’ dose of 5g L' ethephon,
a ‘medium’ dose of 10g L™ ethephon, a ‘high’ dose of 20g L™ ethephon and ‘maximum’ dose
of 480g L* solution plus control treatment lacking ethephon. Due to space confinements in
the polytunnel and the size of the plants, each of the five treatments had eight replicates,
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arranged in two blocks of twenty plants. Within each block were four rows of five plants, with
each ofthe five plants assigned one of the treatments (Figure 7.15). Plants were spaced close
togetherin double rows, with approximately a metre gap between the double rows for ease

of access to each plant, and approximately 70cm gap between columns.

Polytunnel door

A Control
5 s 3 [ ] B EthLlow
e : Cs ] 0 5 i o
E Eth Max
15 TR 13 12
16 17 19 0
u 23 22 o
26 28 29 30
35 34 o2 o3
36 37 38 40

Figure 7.15 Polytunnel design of GNT14 1st year plants, treated with one of four ethephon
treatments and a control. Plants 1 — 20 form one replicate block, and plants 21 — 40 form the
second. Each treatment is replicated four times within each block. All treatments are colour

coded.

Growth and analysis

Prior treatment plantswere tested for any pre-existing significant differences that might be a
result of variable growth or positional effects in the polytunnel, including height assessment
and SPAD relative chlorophyll content of the top ligule leaf. Plants were grouped by choosing
40 plants of similar size, and placing randomly into groups of 8.0nce it was established that
there were no significant differences prior to any treatment being applied; measurements
were taken approximately every 10 days. Measurements commenced in early Septemberand
continued after treatments were applied onthe 4™ of October 2019. Measurements were the
same as in Experiment 1. Length of tallest stem, SPAD assessment at three places along the
blade of the newest fully expanded leaf, and visual assessment of leaf senescence from 1 — 4.
In addition to these, assessment of photosynthetic rate and fluorescence were undertaken
approximately 10 days after spraying using a Walz Portable Gas Exchange Fluorescence

system Infra-red gas analysis system (Walz, GSF3000 Effektrich, Germany).
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Statistical analysis

Data was imported and manipulated using Microsoft Excel 2016. Statistical analysis was done
using IBM SPSS statistics Version 21. Data was analysed for normality using Shapiro Wilks, and
then for analysis between populations using One Way ANOVA, with Tukeys HSD post hoc

tests. Where non-equal variance was detected, an independent samples non-parametric test

was performed.

IRGA measurements

Assessments of photosynthetic rate — A (umol CO; m™ s*) and stress responses in the form of
chlorophyll fluorescence (Fv/Fm) were undertaken 2 weeks post treatment on the 16™
October 2019, using a Walz GFS3000 Infra-Red Gas Analysis system. The IRGA was set up
inside the polytunnel and the leaf to be measured fixed in a 4 x1cm measurement cuvette
(Figure 7.16). The cuvette conditions were set as follows: Light source illuminating from above
the leaf at 500 umol m™s PAR; flow rate 700ml min™; ambient CO; level 400ppm; cuvette
temperature 25 °C. The leaf was retained in the chamber until a stable reading was obtained
on the IRGA. All the readings were taken between 12:00 and 15:00 on an overcast day to
reduce the effects of external environment. A top ligule leaf was selected for each plant from
control plants, and high and maximum ethephon plants were tested. The low and medium

ethephon treatmentswere not analysed by IRGA due to time limitations.
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Figure 7.16 Miscanthus leaf being measured by Walz IRGA on 16" October 2019, 12 days after
plants were treated with one of four applications of ethephon

Final assessments

The final assessments of senescence scores, height and greenness were undertaken on the
16" November 2019. In addition to the senesced leaf scores on the selected stem of each
plant, an additional entire plant score was given to each experimental plant, based on visual
inspection of the amount of senesced above ground biomass based on a 0 — 10 grading

system. O being no senescent material observed, and 10 being 91 — 100% senesced plant

material as described in Robson et al., 2013.

12 days post treatment leaf samples of a top ligule leaf without the midrib were flash frozen
inliquid N for sequencingto assess expression of senescence-associated genes (SAGs). Results

will be available after project completion.
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7.4b Experiment 3 — Results. Effects of four concentrations of ethephon applied

to first year GNT14 potted hybrids, on leaf senescence

Growth and leaf senescence progression

There was no treatment effect on extension rate between treated populations at any
measured time point (p >0.05) (Figure 7.17A). Relative chlorophyll content (SPAD) scores
were non-significant between groups untiltreatment was applied (Figure 7.17B). On October
12" a week post treatment, there was a significant difference of p = 0.010 between groups,
and post hoc tests revealed that the maximum ethephon treatment group had significantly
lower greenness scores than both control and the medium ethephon treatment plants (p<
0.05). On October 24", greenness in all populations had declined, with the maximum
ethephon treatment being significantly lower than all other treatment groups including
control, with the exception of the high concentration. Greennessscores continued to reduce
in all treatment groups through November. On November 3™ there was no significant
difference between groups as other groups had steadily reduced to a comparably low
greenness score with the maximum ethephon treatment. This trend continued until

measurements finished on the 16" November 2019.
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Figure 7.17 Average height over time for each population (A), and average greenness (SPAD) score
over the same period of time for each plant in each group. Control shown as a black line with clear
triangles; Low Ethephon shown as a grey line with triangles. Ethephon medium shown as grey line
with squares. Ethephon High shown as black line with triangles. Ethephon max shown as black line
with squares. Measurements started on the 14t September 2019. Treatment was applied on the
4t October 2019. Measurements continued for 6 weeks post treatment. n = 8 + std e. * indicates a
significant difference between groups (p<0.05).
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There was a significant difference in percent of senesced leaves between groups prior to
starting treatment (Figure 7.18A) (p< 0.05). On the 14" September, control plants had on
average 56.9% (+ 1.7) senesced leaf and other groups had between 42.9 — 45.3 % senesced
leaf. This difference continued until the treatment was applied. Measurements taken a week
later showed no significant difference between groups as all other treatment groups had
increased percentage senesced leafto a comparable amount each. On the 24" of Oct, 20 days
post treatment, there was a significant difference between groups (p < 0.001), and post hoc
tests revealed the maximum ethephon treatment had a significantly higher senesced leaf
average of 88% (+ 4.3), than all other groups with between 64+ 3 to 68 +2.1 % senesced leaf.
No significant differences were seen during November measurements as other groups
reached comparable senescence rates over time. Senescence scores and greenness readings
were harder to assess in maximum ethephon treated plants due to slightly differing

colouration changes than was typical of normal senescence (Figure 7.19 & Figure 7.20)
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Figure 7.18 Chart A - Percentage of totally senesced leaves (grade 4). Control group is shown as a
black line with clear triangles. Ethephon low shown as grey line with triangles. Ethephon medium
shown as grey line with squares. Ethephon High shown as black line with triangles. Ethephon max
is black line with squares. Measurements started on the 14" September 2019. Treatment was
applied on the 4™ October 2019. Measurements continued for 6 weeks post treatment. N = 8, * std
e. * = p <0.05, ** = p< 0.01, *** = p < 0.001.
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Figure 7.19 Leaf and plant colour change under typical senescence progress seen in control plants.
Leaves and stems go gradually yellow over time and shrivel up. Image taken on October 12t 2019.

Figure 7.20 Leaf and plant colour change in plants treated with maximum concentration of
ethephon. Leaves lost green colour but colouration was greyer yellow and more chlorotic,
affecting some parts of the leaf and not others. Image taken on October 12t" 2019, 8 days post

treatment.
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Walz GFS3000IRGA results

Photosyntheticrates in the maximum ethephon treatment were significantly lower than the
control group. The high ethephon treatment was not significantly different from either the
control orthe Maximum ethephon treatment. Photographs of five randomly selected control
plants, high ethephon treated plants, and maximum ethephon treated plants can be seen in

Figure 7.22.
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Figure 7.21 Walz IRGA measurements of photosynthetic rate (chart A), and dark-adapted stress
response Fv/Fm (chart B). Measurements taken on the control and two highest Ethephon
concentrations only. N = 8. Assessments taken under polytunnel conditions approximately 12 days
post treatment. Letters above box plots denote Tukeys subset groupings.
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Figure 7.22 Photographs of whole plants, 3 weeks post spraying. Top row photographs of 5 control
plants. Middle row photographs of high concentration (20g/L Ethephon). Bottom row photographs
of 5 maximum concentration plants (470g/L Ethephon).

The breakdown of percentage of the 1 (<10% senescence) leaves to 4 (totally senesced) leaves
over time for each treatment group can be seen averaged as percentage of the entire leaf
material on a single followed stem over time in Figure 7.23. The percent of totally senesced
leafincreases overamonthinall groups including control. The ethephon maximum treatment
is the only treatment to have on average no leaves of grade 1 or 2 left on the selected stem

by the start of November.
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Figure 7.23 Average total leaf colouration percentage breakdown on a selected stem for each treatment. Results are based on a single stem repeatedly
measured over time for percent of totally senesced leaves (labelled 4 in dark grey), to the percent of semi senesced labelled 2 & 3 (mid grey colours) and
finally percent of green leaf (1) (lightest grey colour). Top row of charts represent the leaf ratio 3 days prior to being treated. The middle charts
represent the same stem 8 days post treatment, and the bottom charts show the same plants, a month post treatment. For all assessments N=8
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Whole plant senescence score at the end of the experimental period showed significantly
higher scoresin the ethephon maximum treated population of on average 81% total senesced
material (+3.9), in comparison to the ethephon high and control populations which averaged

65% (*+ 3.3) and 63% (* 3.2) total senescence.
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Figure 7.24. Average complete plant senescence score for each treatment group at the end of the
measurement period in mid-November 2019. Plants were scored from 0 — 10, 0 being no senesced
material, and 10 being 100% senesced material. For each data point N = 8, + Std Error. Letters
denote tukeys subset from ANOVA.
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7.5 Discussion
Thereis significant geneticvariation in senescence within Miscanthus genotypes; however, if
a new seeded hybrid of interest scores highly on all other growth and development
characteristics, but exhibits poor overwintering then it would be adventitious to be able to

identify ways to induce senescence especially after the first growth year.

Plant growth regulators are a group of syntheticcompounds which can be utilized by growers
and farmers to elicit morphological changes in plants of interest, by interfering with synthesis
of gibberellins and auxins to modify growth characteristics (Rademacher, 2000). Within this
study, two hormones were tested at different concentrations, in an attempt to force mature
Miscanthus to senesce. The hormones chosen were Methyl Jasmonate, a well- known
phytohormone expressed in multiple plant stress responses, and ethephon, which is

metabolized within plant tissues to ethylene a hormone that promotes senescence.

7.5a Effects of low dose Melaand ethephonon GNT13 second year hybrids

The literature has a variety of studies usingboth hormones, on a large array of plant species,
and concentrations. Methyl jasmonate was shown to effectively promote senescence in 7 day
old zucchiniseedlings using a concentration of 100uM (Ananieva et al., 2007). Success using
JA was also seen in detached Arabidopsis leaves grown on 30uM JA for 12 days, where visible
yellowing was observed (He et al., 2002). More recently Chen et al. (2017) discovered that
Mela worked as a more intense plant growth inhibiter and senescence promoter when 20uM
of Mela was applied to Arabidopsis seedlings (Wild type Col —0) alongside 100Mm NaCl salt
stress treatment. Experiments using ethephon are also widespread. Uses of ethephon on
sugarcane plantationswere reported to have multiple benefitsin a study conducted by Li and
Solomon (2003). Benefits included promotion of seed cane sprouting, improved tilleringand
crucially, advancement in cane maturity, allowing flexible harvest times. The majority of
studies based on sugarcane foliar applications of senescence used concentrations in the
region of 50mg/L, to 200mg/L. Treatments with ethephon promoted colour change and
mature fruit abscission in citrus fruits using concentrations of 400mg/L of ethephon applied
by hand sprayer to tree canopy sectors until application run off (Alferez et al., 2006). Results
of ethephon and Mela applications on blueberry harvesting revealed a concentration of
1500g/L or more of ethephon was required to have a significant effect on fruit drop. Mela

applications resulted in leaf yellowing and necrosis of leaf tips and margins, especially at
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20mM or greater concentrations (Malladi et al., 2012). These results formed a basis for
startingethephontreatments at 250, 500, 1000 & 2000mg/L and MelJa at 200, 100, 50 and 25
UM. Results of the first attempt to encourage leaf senescence in Miscanthus using 2-year-old
plants treated with methyl jasmonate and ethylene were inconclusive because plants
senesced at similar rates regardless of treatment (Figure 7.4). There were additional
confounding factors including variability within the phenotypes of the plants to begin with,
despite all beingthe same age and genotype. This made it difficult to draw conclusive results

from height and relative chlorophyll (SPAD) measurements.

Potential reasons why the treatment effects were not significant include that these plants
were in their second year and may have more rhizome reserve to buffer against hormone
treatments which plants after year 1 growth would lack. It is possible that the solutions
applied were too weak to have an effect on plants of such a size as mature Miscanthus. There
are no known published experiments using Mela and ethylene on Miscanthus plants, so the
concentrations applied had to be estimated from experiments in other plant species. It was
decided to increase the concentrations compared with published literature; however, the
increase may not have been enough to elicit a response. It was also considered that the
solutions applied were potentially inactive, this was tested by using the model species
Arabidopsis in which many published studies were available. A final possibility is that
Miscanthus plants might not have the pathways required to promote leaf senescence in
response to Mela or ethylene. The latter possibility is unlikely since hormone pathways are

well conserved across species (Jing et al., 2003).

7.5b Effects of methyl jasmonate and ethylene hormone treatment on

Arabidopsis and Miscanthus seedlings
Hormones were applied to young Miscanthus plants, which had not yet formed any
discernible root/rhizome. In addition, the solutions were tested on the model plant
Arabidopsis (Colombia) in an attempt to gauge the efficacy of the solutions. If Mela and
ethephon had obvious effects upon the model plant Arabidopsis, but little to no effect on
Miscanthus seedlings of similar age, then it could be assumed that there was something
within the Miscanthus metabolism or genome that makes it unresponsive to hormone

treatments.
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The effect of the new higher concentrations (5, 10 & 20g L?) of ethephon on the young plants
of Arabidopsis Col type in experiment 2 was rapid and fatal after a single dose (Figure 7.13),
and in Miscanthus seedlings produced higher tillering but reduced height and vigour,
dependent on dosage. The necrosis and death seen in the Arabidopsis plants showed that
there was an active ingredient withinthe solution, but due to the high concentration probably
caused a herbicidal effect. In a study using ethephon on several herbaceous perennials,
spraying three times with 1000mg L™ caused necrosis in foliage of one species of bergamot
(Monarda didyma) (Hayashi et al., 2001). This dosage was lower than that used here, even at

the lowest applied concentration.

Ethephon is often used horticulturally to retard stem growth and increase lateral branching
(Hayashi et al., 2001), so the result in the Miscanthus seedlings can be considered in
agreement with other studies. The doses used in Experiment 2 produced increasingly negative
effects on plant vigour as the doses increased. Most lateral branching was seen in seedlings
treated with the lowest dose of 5g L™ (Figure 7.10), although initially all plants appeared to
suffer because of treatment and became limp and weak, with arrested growth (Figure 7.14).
None of the plants produced any severe yellowing effects; however, although some reduction
in greenness was observed at the highest levels of ethephon treatment (Figure 7.11B). 5, 10
and 20g L™ of ethephon affected Miscanthus seedling growth and vigour but appeared to
have little effect on colouration and leaf chlorophyll content. Senescence is critically
dependent on developmental stage, suggesting it cannot be induced until a certain
developmental stageisreached (Jibran etal., 2013) so itis possible that the Miscanthus plants

were not competentto respond to the hormonal signals.

The Methyl jasmonate treatment produced no discernible differences in either the
Arabidopsis or Miscanthus seedlings (Figure 7.13 & Figure 7.14). The lack of any effect on
Arabidopsis was surprising and it is unlikely that the ecotype used was insensitive to the
hormone so other causes were considered. Many of the studies using Mela used methods
thatinvolved testing using detached leaf and exposure to the hormone for longer periods of
time, either by way of multiple treatment events, immersing plantsin solution or growing the
plantsinagar with Mela (He et al., 2002). Others used concentrations of hormone that were
far higher than those used here such as 10, 20and 30mM as opposed to uM amounts (Malladi

et al., 2012). Additionally, some studies used hormones in addition to other test variables
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such as darkness treatments, salinity, or in combination with other hormone treatments.
More recent studies have discovered that in higher plants, leaf senescence is tightly
interconnected with circadian clock (Wang et al., 2018). Zhang et al. (2019) report on the
existence of what they call the ‘evening complex’ (EC) in Arabidopsis plants. When testing
effects of Jasmonates on senescence in Arabidopsis plants with and without the ECthey found
that EC mutants had accelerated leaf senescence when detached leaves were floated in
100uM Mela under dark conditions. They concluded that molecular mechanisms exist within
Arabidopsis types, that the circadian clock is a strong regulator of leaf senescence under
Jasmonate signalling. Whatever the reason for the lack of response to Mela, it was decided

to focus the treatments on the more active ethephon solutions.

7.5c Ethephoninduced senescencein GNT14
Ethephon solutions were tested on mature Miscanthus plants at the end of the first growth
year in experiment 3. By the time of treatmentin October, plants were already beginningto
show some signs of senescence and therefore any possibility of lacking competence to
respond toinductive signals was less likely. The control group had significantly higher percent
of senescent leaves on the chosen stems pre-treatment, despite attempts to homogenize
populations. However, following treatment, this significance disappeared, as all treated
populations caught up rapidly. The highest rate of senescence increase was in treatments
using the maximum concentration of ethephon; plants in this group had the lowest
percentage senescence but reached 90% senescence within days of treatment (Figure 7.18).

Other treated plants achieved a similar level of senescence but thistook several weeks.

The stock solution sold by agricultural suppliers is typically used to be used as a growth
regulator on winterand springvarieties of barley and wheat, rye and triticale, as a method of
reducinglodging. Instructions for use on Agro base suggest varyingthe amount dependingon
the crop type from 0.5L/ha to 1L/ha, with between 200-400 L/ha of water. The effect of
treating Miscanthus with the maximum concentration was quickly visually apparent as leaves
became yellow after 24 — 48 hours. The response did not appear to follow the usual yellowing
pathway seen in natural senescence (Figure 7.19). As shown in Figure 7.20, chlorophyll
bleachingis evident, but on some leaves, only partly, with green leaf remainingin some areas
of the leaf, interspersed with chlorophyll degradation. When visually assessing leaves to give

a senescence score the patchy phenotype, along with the grey to yellow colouration of the
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affected leaves made it hard to judge what could be classed as true senescence. The gas
exchange measurements from plants treated with control solutions and high concentrations
of ethephon indicated low levels of photosynthesis was occurring in the hormone treated
plants, suggesting treatment had effectively triggered a senescence like processes, but had
not killed the plant. The mechanisms by which ethephon and ethylene regulate leaf changes
are not fully understood. Progressive leaf yellowing is the most obvious sign of senescence,
and the final stage of leaf development, involving the mobilization of nutrients from older
plant material, to more useful plant organs such as leaves higher up the canopy, or the
rhizome (Koyama et al., 2013). There is little doubt that externally applied ethephon,
particularly at large concentrations had a large and rapid effect on the leaves and stems of
Miscanthus plants. What is harder to conclude is whether the signalling pathways activated
by the application, follow similar pathways to what would be seen under true senescence.
Despite the large literature base in botanical studies using ethylene, little is known about the
intricacies and downstream molecular networks responsible for many of the responses seen
in ethylene treated plants (Stepanova and Alonso, 2009). What is even less studied is the
potential for ethylene or ethephon as a senescence inducing plant growth regulatorin C4
crops such as Miscanthus. Biological responses to ethylene depends on tissue sensitivity,
maturity, and species sensitivity to hormonal application (Igbal et al., 2017). The visual signs
of senescence include yellowing, chlorophyll degradation and eventual leaf abscission.
Yellowing and chlorophyll degradation were obvious in the Miscanthus hybrids that were
treated with maximum concentration in experiment 3, but not in the low, medium and high
concentrations, suggesting Miscanthus does have a sensitivity pathway to ethylene, but
potentially requires high dosage to activate it. Chlorophyll degradation was obvious across
the entire plant after treatment, but assessments at a molecular level are required to be
certain about the genes and signalling pathways activated by treatment. Samples of leaf
tissue from the control, maximum concentration and high concentration plants were flash
frozen and will be analysed for expression of senescence-associated genes, results of which
are pending. Current models of the physiological processes of ethylene suggest complex
signalling pathways, composed of several phosphorylation cascades, feedback regulated
networks and protein and mRNA turnover regulatory modules (Stepanova and Alonso, 2009).

Photosynthetic rate decreased significantly alongside the Fv/Fm (Figure 7.21) proving that
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systemically, the plants were more stressed, with reduced active photosynthesis, which is a

key sign of senescence(Boersmaetal., 2015) .

By the time of final assessment (16" November) most of the plants appeared to be forming
new basal shoots (Figure 7.25A), including those treated with the maximum concentration.
Other observationsincluded remaining green leaves higher up the canopy (Figure 7.25B), and
that many leaves still retained the chlorotic appearance with some green areas, possibly
where sprayed solution had not been distributed homogenously (Figure 7.25C). The
conditions within the polytunnel may be a contributingfactor to the formation of new basal
shoots as, while it is an adequate intermediate environment between glasshouse and field,
plants would stillhave had some protection from cold and frost events. This suggests that the
treatments have not killed the Miscanthus plants and that Miscanthus does not require a

vernalization period to initiate new reproductive growth, and where conditions allow, will

keep producing biomass (Kim et al., 2009).

Figure 7.25 Photographs of the maximum concentrated treated plants at the final assessment date
on 16" November 2019, 6 weeks post treatment. A — base of plants showing new shoots growing
from the rhizome. B — Green leaf left at the top of the stem. C — Remaining chlorotic appearance

on treated leaves, interspersed with some green areas
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7.5d Conclusion and final remarks
Overall, it can be concluded that ethephondoes have the potentialto encourage senescence
in large Miscanthus hybrids, but that dosage needs to be far higher than is typically used in
other speciesin the literature. The maximum concentration used here, of 480g L* ethephon
stock solution straightfrom the agricultural supplier was the only solution to produce obvious
acceleration of leaf senescence but at such high concentrationsthat it would be expensive to
apply to large areas of crop. It was unknown how Miscanthus would react to applications of
ethephon, or the concentration that would be required to induce senescence signalling
pathways. As this was simply an experimental concentration it is probable that much lower
concentrations, or treatments of combinations of hormones or surfactants, would achieve
similar results and this should be further researched. Methyl jasmonate had no effect on
senescence rates in Miscanthus at any concentration tested. When tested on model plant
Arabidopsis thaliana, on which there are many successful studies using the same hormone,
again no change was observed in leaf colouration or architecture. Reasons for this remain
unclear, but are likely related to concentrations not being sufficient, and/or a requirement
for a longer period or multiple periods of treatment to produce an effect. Use of ethephon
seems more practical, the compound is already readily available from agricultural supplies,
undervarious namesincluding ‘Padawan’ and ‘Ipanema’, andis used regularly on other crops,
suggesting the infrastructure for use is already in place across many crop farms. Further
assessmentinto Senescence associated genes (SAGs) from the leaf samples taken from plants
after treatment here will improve the conclusions of this study, allowing more definitive

answers as to the nature of the senescence activated by ethephon treatment of Miscanthus.
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8 Overall conclusions and discussion

8.1 Project context and aims
This project was developed as a collaboration between Aberystwyth University and leading
bio-energy company Terravesta, to aid in the understanding, uptake and domestication of
bioenergy crops of the genus Miscanthus. This is an area of high current importance, with
research and development beingimplemented across the globe, with the aims of combatting
the largest global threat facing the world today. Atmospheric CO, concentrations have risen
by 31% since the 18" century as a result of fossil fuel combustion for energy purposes, and
vast land use changes for increased agriculture, industry, and other anthropogenicuses (Lal,
2004). This is becoming an increasingly important matter for the global environment and,
amongotheranthropogenicactivities is contributingto the increase of freak weather events,
global warming and biodiversity loss (IPCC, 2018). Crucially, these issues are now gaining the
concern and mitigation measuresthey deserve as a result of growingawareness both publicly
and politically. The remedial actions being taken are widespread and variable, depending on
science innovations throughout a plethora of sectors. Progress is slow however, and the
impacts of research in these sectors are vital. Biomass productionis one such sector, seeking
to mitigate the increasing atmospheric carbon concentrations, and reducing them to more
manageable levels. Dedicated perennial biomass crops possess growth characteristics and
traits that are desirable for sequestering atmospheric carbon and storing it until it can be
processed to produce liquid transport fuels, combustion fuel, or other end uses when
required (Clifton-Brown et al., 2008). Miscanthus species are one of these perennial crops.
Miscanthus can produce more biomass per hectare than most other energy crops such as
Maize (Dohleman and Long, 2009), and as such it is of great importance that research is
funded to ensure the full potential of this crop is realisable in a short time frame. While this
may sound like the ultimate answer to carbon sequestration and moving toward a carbon
neutral economy, the reality of mass uptake of a largely unheard-of biomass crop is fraught
with barriers, some of which have been tackled in this project. The development of second-
generation energy crops is still in its relative infancy, and as such has not received the
breeding and agronomic improvements to the level of many other staple crops. It is also
crucial that energy crops do not negatively affect the production of food crops, as

intensification of food production is an equally importantglobal issue (Valentine et al., 2012).
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As such, compromise has been found in the area of marginal or ‘lesser valued’ agricultural
land that is not profitable for food production, that may be currently unused, or negatively
affecting farming income due to the high levels of inputs required. This being said, a recent
study by Helliwell (2018), suggests that the scheme that energy crops were aimed at marginal
land was acting as a barrier to uptake by farmers, many of whom did not consider their land
‘marginal enough’. The study highlights the importance of working closely with farmers and
growers, whose cultural values and farm practices, which may have been handed down over
generations, may be resistant to a change from the status quo, and a move into a novel crop.
Thisincreases the value of developing a product which can be trusted, and will bringin reliable
revenue, using known farm practices where possible. This emphasizes the significance of the
work, domestication and improvements on Miscanthus germplasm by the team at
Aberystwyth University, to provide successful methods of establishing Miscanthus in the first
place, and for businesses such as Terravesta Ltd, to aid farmers in the process, and provide a

market to which growers can sell their end product for a competitive price.

These aims formed the basis for the foundations of this project, working with both the
breedingteam at Aberystwyth, and the business partners, at Terravesta. Because Miscanthus
cultivation is focussed toward poor quality land, then the crops must be able to thrive and
flourish under such conditions. In addition to the successful establishment of a new
plantation, itisimportant that economicreturn for growers is generated as soon as possible,
inorder toincrease confidencein the crop as a business venture. The perennial nature of the
crop also means that successful winter die back and return in spring is the final hurdle for
young plants during the first year. Any one of the many potential processes contributing to
crop establishment and overwintering can mean the difference between a successful
plantation and crop failure. One significant change in recent years has been the change from
clonal rhizome planting, to a seeded hybrid system, due to high propagation costs, and low
multiplication rates (Clifton-Brown et al., 2017). Adoption of seed propagation has resulted
in new challenges but is far more efficient at producing sufficient plants to allow large scale
adoption of Miscanthus across the significant land areas needed to have the hoped-for global
impact. Direct seeding into field trials may be a tried and tested method of planting for many
agricultural crops, but due to the small size of Miscanthus seed and its high thermal

requirements, is not currently a viable option especiallyin the high latitude, temperate areas
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of the globe where Miscanthus is being cultivated (Clifton-Brown et al., 2011). As such sowing
seeds into plugs under glasshouses conditions provides greater assurance of success while
testing of direct seed methodsis ongoing. As a relatively new advancementin the Miscanthus
growing system, there is therefore much scope for improvement of the agronomy of the

method of plug plant propagation for Miscanthus.

8.2 Plugplantglasshouse establishment improvement techniques
Throughout this project the aim of improving the establishment of Miscanthus via plug plants
has been a key element and has formed the basis for the majority of the chapters. From
germination biology, to glasshouse conditions, field planting, and subsequent crop
husbandry, there have been many potential opportunities for experimentation within this
project, more than could reasonably be donein the time given. In chapter 3 the establishment
of plugplants ofan important hybrid ‘GNT5’ was tested by the application of clear film at the
germination phase. This is a method to accelerate growth and seedling establishment
typically used to create a microclimate around the crop under field conditions that has been
used to great effect in temperate climates (Ashman et al., 2018, O'Loughlin et al., 2017).
Mulch film was trialled successfully as an inexpensive way to enhance the temperature and
reduce water evapotranspirationunder glasshouse conditions. The trial proved that this was
aninexpensive method to speed up Miscanthus seed germination and accelerate the seedling
maturation process, under glasshouse conditions in addition to its more conventional use in
the field. Developmentally enhancing seedling growth at germination continued to have a
positive effect under field conditions, albeit at a less obvious scale. When selected plants were
analysed in detail from two-week-old seedlings until the end of the first year this trial
suggested that there may not be a strong correlation between size at planting and the
accumulation of biomass at the end of the first growth year. This was not expected and
prompted further assessment of the potential factors around seedling growth that are
responsible for subsequent biomass accumulation when plants were transferred to the field

(chapter 6).

The design of the plug in which Miscanthus seedlings were grown in the glasshouse
environment was one factor tested (chapter 5). It was demonstrated that module size had a
significantimpact on seedling development. A small module benefits from more efficient use

of glasshouse space, but risks growth problems from root binding and resource depletion
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(chapter 5). Larger modules reduce these risks, but cost more in terms of space, growth
medium and initial purchase price. Through analysis of four incrementally increasing module
sizes it was determined that the then commercial size of 25cm? soil volume was not giving
plug plants the optimal chance of establishment under the temperate field conditions of
places such as the UK. Additionally, the largest module size tested, while providing high
establishment and growth rates, was potentially too large for the extent of glasshouse space
required, for the number of plugs needed. Comparably good growth and establishment was
also observed in plants grown in the second largest module. The majority of the increase in
volume was in the depth of the module rather than width, maintaining competitive space
requirements with the smaller modules, and as such this plug size was chosen for mass roll

out of subsequent trials both within this project, and for the planting of other projects.

Planting conditions during the transfer from glasshouse to field of plug-grown Miscanthus
were important in growth and establishment. The extent of significant differences in
establishment and growth noted when planting date was varied was considerable, with
consequences that remained significantin subsequent years. The length of time in plugs is of
great importance and can affect success when planted into the field. The extent of root
impaction seenin plants keptin smallmodules for an extended period was a significant factor
when choosing the module size (Figure 5.9). The larger modules allowed seedlings to grow
well under glasshouse conditions for a longer period where necessary, allowing flexibility in
the plantingwindow to allow more weather dependent plantingtime. Smaller modules used
prior to this assessment were more limited, as restriction of roots was a large issue after a
shorter glasshouse period. If meteorological conditions were suboptimal by the time that
plants were outgrowing the modules then planting would either have to be done under the
suboptimal conditions, or postponed, which had a negative effect on small modules noted at
later plantings in chapter 5. When taking into account the highly unpredictable

meteorological conditions in more temperate regions it makes most sense to encourage

plantingtime flexibility where possible, furthering the decision to move to the larger module.

8.3 Testing seedling morphology
Due to the lower than was expected correlations between large seedlings after growth in the
glasshouse, and large plantsin the field (chapter 3) a large study was undertaken in 2018 with

the aim of encouraging a variety of seedling phenotypes within the same hybrid, and following
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the progression of this highly variable population under field conditions. Using the new
module size suggested in chapter 6 ten treatments were devised that aimed to alter plant
morphology, and the resulting populations were planted into two large field trials at two
contrasting sites in the UK. The largest seedlings were produced by increasing soil density
within the plug module, and growing seedlings under warm (>25°C) glasshouse conditions.
Taller seedlings with reduced overall biomass were produced by controlled environments
under red light. A shorter morphology with higher lateral stem density was produced by
cutting the main stem. Smaller growth was produced in cooler temperatures (<18°C). The
experiment demonstrated that seedling morphology affected two important processes,
establishment (survival) rate and biomass accumulation, differently. Higher biomass pants at
the plug plant stage with higher root and above ground biomass had significantly better
survival rates both under glasshouse and field conditions. Results of the final accumulated
biomass yield; however, were less conclusive. Yield was affected to a greater extent by the
environment rather than initial plant size in the plug. However, based on the survival rate and
the marginally higher likelihood of a strong plant coming from a strong seedling, it was
concluded that larger seedlings with a roughly equal root: shoot ratio is the morphotype
required at field planting. Much like the effects seen in chapter 5, the results suggested a
greater effect of environment during planting, and post planting husbandry on the resulting
growth and vyield, than the initial seedling morphology. This was an extremely common
phenomenonnoted duringfield trialsin chapters 3, 5 and 6. While it cannot be understated
that seedling morphology is of great importance to establishment rate in particular, a
common trend seen throughout assessments of glasshouse to plantingin this project is the
inability to predict which seedlings would produce the most end of first year biomass. During
the first trial, larger seedlings were encouraged by germinating faster under mulch film, which
accelerated their growth, but the field phase diluted much of this initial competitive
advantage. The large variation in seedling morphology entering the field as a result of the
glasshouse treatments in chapter 6, also evened out when yield data was assessed. Similarly,
in the testing of plug sizes, the larger plug modules produced significantly larger plants upon
exit from glasshouse conditions, but this significance was lost in the harvest data, where the
largest differences were seen as a result of plantingtime and conditions, with the exception
of the final planting. Possible reasons for this are likely a result of the newly unlimited supply
of necessary growth conditions available to plants once removed from restricted pots and
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placed in the field. With no restriction on the amount of rooting space, light, ground water,
and nutrient supply all plants are able to maximize their growth rates approximately equally,
until a ceiling is reached as a result of genotype or reductionin solar hours. Large plants will
likely reach this ceiling quicker than the smaller morphologies, but these will likely catch up
when allowed to do so by adequate growth season and thermal time. The later planting
differences observed in chapter 5 are proof that when planted later, the amount of growing
degree days and thermal timeis reduced before autumn reductionsin temperature and solar
hours occur. This likely has a negative effect oninitially smaller morphologies, as they cannot
maximise their potential before needing to assimilate all resources to the below ground
rhizome for over winter, as is proved by the significant differences in large and small plug

modules seenin Figure 5.16.

8.4 Beneficial bacteria and the prospect of biofertilization
One method of growth promotion of increasinginterest over many botanicaland agricultural
sectors, is the addition of natural beneficial endophytes as a method of biofertilization that
encourages a move away from energy intensive synthetic fertilizers that can damage
ecosystems (Fei et al., 2019). Duringthe start of the Miscanthus upscalingtechnology project
in 2016, an exciting opportunity presented itself to work with a company specializing in
developingendophyte delivery systems for a range of plant species that could improve many
plant traitsincluding biomass accumulation, nitrogen fixation under low nitrogen conditions,
plant stresstolerance and herbivory resistance. This level of plant performance promotion is
particularlyinteresting for biomass crop production, due tothe necessity of planting the crops
on lower value land, which would likely have low nutrient status, drought or flood issues, and
a range of other challenging growth conditions (Schmidt et al., 2018). Aiding sustainable
biomass growth using expensive and environmentally damaging products, would be
counterproductive because it would negatively impact the positive energy balance achieved
by Miscanthus cultivation (Felten et al., 2013). Treating Miscanthus plantlets with two
endophytes, previously isolated from Miscanthus, produced mixed results overall. The effects
of endophyte treatment appeared to be genotype dependent and dependent on the
inoculum size of the endophytes. Some endophyte treatments resulted in significant growth
promotion effects on Miscanthus plants grown in experimental nitrogen free compost albeit

after an initial lag period. However, some endophyte treatments seemed to overwhelm the
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developingseedlings killing many. Thiswas a particular problemin genotype GNT14, although
compromised seed viability may have contributed significantly to this effect. When treated
seedlings were planted into field trials no significant benefits were observed for the most
part, on any experimental seeded hybrid. Itis likely that this lack of difference was due to the
already existing bank of bacteria, which exist in field soils that would have colonized plants
quickly, diluting any effects seen from adding endophytes in nitrogen free soil in the
glasshouse. There was, however, a consistent improvement seen in Miscanthus giganteus
plants when the bacteria treated polymer was added to the field soil, a difference that
became significant at the third harvest year (2019). This suggests that potentially, clonally
propagated plant material is more receptive to the additions of beneficial bacteria, than

seeded plants.

It is possible that the field trials were planted on land that could already support good plant
growth, as Miscanthus plants are favoured for their effective nitrogen use efficiency. There
would likely be a stronger effect seen in very low nitrogen marginal soils, suggested by the
large growth promotion effect seen in seedlings when grown in N free soils but given
endophyte additions (Figure 4.8). Testing the hypothesis that endophyte treatment would
improve the performance of Miscanthus genotypes suggested there was potential for positive
effects on seedlings, but the complex interactions need to be better understood. The effect
of endophytes may switch from negative to neutral to positive. Species of bacteria, plant
genotype, concentration of bacteria and growth environment interact and require
optimisation. In so far as larger Miscanthus seedlings at field planting established at higher
rates (Chapter 3), if endophyte treatment resulted in larger plants, this would be beneficial.
However, the question remains as to whether such bacterial treatments are impactful if
Miscanthus seeds are cultured in more nutritious media, would the colonisation by
endophytes have a significant effect on subsequent field performance and could endophyte
treatments impact the interaction of Miscanthus within the complex field microbiome. As a
long-term prospect of greener innovations for biofertilization this is an interesting area, but
this project proved it is unlikely to be implemented in the short term for growth promotion,

while the interactions are not fully understood.
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8.5 Senescence and overwintering
Successful perennial regrowth of a Miscanthus sward under temperate climates depends on
the timing and effectiveness of the autumn/winter die back of the above ground biomass
(Robson et al., 2012). Translocation of vital nutrients and assimilates away from the leaves
and stems and into the rhizome for over winter storage and subsequent spring regrowth is a
vital part of perennial survival and contributes to the vigour of the next year’s growth. In
addition, the drying down of aerial parts over winter is desirable for effective harvesting,
transport and combustion efficiency (Jensen et al., 2017). Some more tropicalized Miscanthus
genotypes often fail to senesce effectively before the first frost episode, which can kill young
plants or decrease spring regrowth vigour. Previous unpublished studies using hormones to
attempt to encourage senescence in Miscanthus had been unsuccessful. In this project, it was
proved that lower concentrations of hormones used to initiate leaf senescence in other
species, were not active in Miscanthus plants with developed rhizome (Figure 7.6). In smaller
seedlings, lower doses of ethephon had a marked effect on plant vigour (Figure 7.9); however,
in older plants the same doses had little effect (Figure 7.18). The hormone Methyl jasmonate
has regularly been reported in the literature as having significant ability to induce leaf
yellowing and senescence over a variety of plant species. When applied to Arabidopsis and
Miscanthus seedlings growing in the glasshouse in this project there was no obvious effects
upon either species. High concentrations of ethephon had a marked effect on mature
Miscanthus plants resultingin rapid leaf and stem chlorophyll degradation within 24 — 48
hours of application. The leaf yellowing was visually different from natural senescence
observed in other plants and appeared to be patchy across some leaves. More research is
required of the regulatory effects that ethephon has on the plant signalling pathways, and
how this phenotypical senescence response induced by ethephon compares with natural
senescence in terms of remobilisation of nutrients (Distelfeld et al., 2014). It is likely that the
response seen in the higher concentration treated populations was a herbicidal and killing
treatment, as opposed to the initiation of genetically controlled senescence. Achieving the
desired response of a controlled senescence initiating pathway will likely prove be a very
complex balance of finding the correct method of treatment, applied at the correct time and
at the optimal concentration. Testing of multiple concentrations of ethephon is required as
there was a large difference between the two highest concentrations tested in chapter 7,
which may reveal different or more physiologically significant senescence responses are
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possible at slightly lower treatment concentrations. Molecular analysis is also required to
assess the expression of senescence associated genes, and to acquire a better understanding
of the required signalling cascade that initiates the autumn senescence process in this

perennial crop.

8.6 Finalremarksand the future
Improvements along the entire supply chain are aiming to reduce the ‘front loaded’ initial
costs of planting Miscanthus commercially. Projects are ongoing to reduce the risks
associated with Miscanthus and encourage farmers to invest in the crop. Research and
innovation such as that which has been developed in this project and throughout the
Miscanthus team at Aberystwyth are extremely important for the overall uptake of
Miscanthus in the commercial sector. More funding and collaboration are essential to the
future of this research. This project has served as an experimental platform for testing and
selection of optimal plug-plant growth conditions during the first year of a plant’s life, and as
a basis for the testing of methods used to manipulate over winteringtiming. With the direct
seed sowing innovations as unreliable as they currently are, it is likely the research in this
project will be a necessary basis on which to improve the propagation of Miscanthus plug
plantsfor several years to come. Discoveries made as a result of this project are already being
implemented in large-scale commercial plantings of newer hybrids, including movingto larger
plug module sizes and increasing the bulk density of compost within the plug.
Experimentation is also starting with microflora by additions of small volumes of target site
soil added to the plug medium, to expose plug plants to the microbiota they will experience

upon plantinginto the desired field.

Some elements of this project were restricted in nature by the collaboration with various
company partners. Copyright and industry secrets imposed a significant restriction on the
write-up of the methodology for chapter4 in particular. The limited and restricted nature of
the product placed a great deal of experimental design in the hands of the commercial
partner. In future projects, greater control over experimental design should be undertaken
by researchers in order to develop well refined methodology for Miscanthus establishment

and growth promotion techniques.
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8.7 Key Findings

8.7a Optimal plug growth and establishment in the glasshouse

Germinating Miscanthus in plug trays under film significantly increases germination
speed and plant growth but this difference did not carry forward into the field.
Increasing module size from 25cm>to 45cm?significantly improves plant growth under
the glasshouse period, without negatively impacting the costs of nursery growing.
Marginally increased module size allows for a larger degree of flexibility in length of
time necessary under glasshouse before negatively impactingthe root: shoot growth
Growing plugs under high glasshouse temperatures (18 — 26°C) has a positive effect
on Miscanthus plug plant vigourand produced near 100% glasshouse plugsurvival
Growingplugs under cooler temperatures (<15 °C) has a negative impact onthe vigour
of Miscanthus seedlings and survival under glasshouse conditions

Increasing soil volume by compaction has a positive effect on Miscanthus plug plant
growth and development, giving a well-balanced root: shoot ratio

Additions of external fertilizers to well-balanced compost has little effect on growth
and vigour of plants

Cutting of the main stem to below the lowest ligule 7-12 days before planting
increases the appearance of new lateral buds and stems

Additions of nitrogen fixing bacteria under low N conditions can vastly improve the
vigour of seedlings but is concentration dependent as small seedlings can easily
become overwhelmed by large quantities of beneficial bacteria

Additions of beneficial bacteria or ‘biofertilization’ is a promising alternative to
syntheticfertilizers but requires a great deal of experimentation, method refining and

lab assessment.

8.7b Planting and field performance

Weather conditions at planting can have a significantly larger effect on growth and
establishment thaninitial plug morphology

Early planting (March/April) can increase the amount of growing degree days plants
can utilize between plantingand winter die back, but success is dependent on weather

conditions
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e Later season planting (May/June) ensures no frost events but can reduce first year
growth and yield as a result of reduced growing degree days in free growing field
conditions

e Optimal conditions for planting under mulch film are moderate to warmer
temperatures between approximately 10 - 20°C with some rainfall prior to planting.

e Temperaturesat plantingover approximately 25°Cand with direct sunlight underdry
conditions couldincrease the risk of desiccating smaller plant morphologiesunder the
mulch film.

e Micro and macro environmental differences can strongly affect seedling growth in the
first year, creatinglarger levels of field variation thaninitial plug morphology can cause

e larger plants initially are not necessarily certain to remain larger throughout the
growing season, but are however, more likely to survive field planting and have a
higher likelihood of producingincreased biomass than smallerinitialmorphologies

e larger root massis beneficial under field conditions, and larger plantswith a balanced
above to below ground ratio should be the goal of glasshouse production

e Additions of beneficial nitrogenfixing bacteria to plants grown in the field had little to
no effect on the growth in seeded hybridsin the field; however, a positive effect was
shown in Miscanthus giganteus when the bacterial polymer was added to the field
soil.

e It is likely more positive effects would be observed under very poor nitrogen

conditions and heavily depleted soil

8.7c¢ Senescence and overwintering

e Low concentrations of hormones ethephon (250mg— 2g/L) and Methyl jasmonate
(25 — 200 uM) had no effect on senescence rate of GNT13

e Higher concentrations of ethephon (5 — 20g/L) had a fatal effect when tested on
Arabidopsis, and moderately negative effects on the growth and vigour of
Miscanthus seedlings. Higher concentrations of Methyl jasmonate (200 — 1000
KUM) continued to have no obvious effect on either species.

e Thesame higher concentrations of ethephon had little significant effect on mature
Miscanthus plants, however tests with the stock concentration of 470g/L

ethephon had obvious and rapid effects on leaf colouration
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