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DISCLAIMER

While the Agriculture and Horticulture Development Board seeks to ensure that the
information contained within this document is accurate at the time of printing, no warranty is
given in respect thereof and, to the maximum extent permitted by law the Agriculture and
Horticulture Development Board accepts no liability for loss, damage or injury howsoever
caused (including that caused by negligence) or suffered directly or indirectly in relation to

information and opinions contained in or omitted from this document.

© Agriculture and Horticulture Development Board 2020. No part of this publication may be
reproduced in any material form (including by photocopy or storage in any medium by
electronic mean) or any copy or adaptation stored, published or distributed (by physical,
electronic or other means) without prior permission in writing of the Agriculture and
Horticulture Development Board, other than by reproduction in an unmodified form for the
sole purpose of use as an information resource when the Agriculture and Horticulture
Development Board or AHDB Horticulture is clearly acknowledged as the source, or in
accordance with the provisions of the Copyright, Designs and Patents Act 1988. All rights

reserved.

All other trademarks, logos and brand names contained in this publication are the trademarks
of their respective holders. No rights are granted without the prior written permission of the

relevant owners.

The results and conclusions in this report are based on an investigation conducted over a
one-year period. The conditions under which the experiments were carried out and the results
have been reported in detail and with accuracy. However, because of the biological nature of
the work it must be borne in mind that different circumstances and conditions could produce
different results. Therefore, care must be taken with interpretation of the results, especially if

they are used as the basis for commercial product recommendations.
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GROWER SUMMARY

Headline

This preliminary study has shown that 40-50% of the variation in transplant growth for iceberg

lettuce and Tenderstem™ can be explained by cotyledon size variation.

Background

Variability in the growth of leafy vegetable crops such as lettuces or brassicas leads to
variation in weight and maturity at harvest. This causes a significant issue for growers as
they work to meet customer specifications. While breeders have made significant advances
in reducing the genetic components of variation, the lack of uniformity in the growing
environment both during transplant raising and field growth significantly affects relative intra-
plant growth rates. The cause of the variability in the transplant stage is not fully understood,
but a number of factors are likely to be involved and it is known that optimised lighting and
watering during transplant production could have significant benefits in reducing the variation
at the start of the crop cycle.

N.B. Thisis asummary of a one-year study as a component of awider PhD studentship.
The studentship ended after one year and the work should be considered as
preliminary. A following PhD studentship (2020 -2024) is studying the control of

variation of transplanted lettuce and tenderstem in the field.

Summary

1. Cotyledon size is related to transplant fresh weight

This preliminary study has shown that 40-50% of the variation in transplant growth can be
explained by cotyledon size variation. This also highlights that other factors account for a

significant proportion of variation in transplant size.
2. Cotyledon size variation can be imaged and modelled at a tray-scale.

Cotyledon size can be imaged and modelled at a tray scale. This work has developed a
preliminary methodology that could be automated to image cotyledons and extract data from
multiple tray images. This could be refined to produce information on variation between and

within trays during propagation.
3. Location within tray affects the accuracy of the cotyledon to fresh weight model

Spatial analysis of the fit of the general growth relationship between cotyledon size and

subsequent transplant fresh weight showed that the relationship did not fit as well in the edges
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of the trays, most markedly for lettuce where plants were in general smaller than the model

predicted.

Financial Benefits

Not available at this stage of the study

Action Points

Minimise obvious sources of variation in the propagation of transplants. Take particular care
with the edges of the trays where blocks/modules may be more prone to drying out and being
shaded.
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SCIENCE SECTION

Introduction

Variability in the growth of leafy vegetable crops such as lettuces or brassicas leads to
variation in weight and maturity (Kerbirou et al., 2013). This causes a significant issue for
growers as they must harvest heads of a uniform size and weight to meet customer
specifications. While breeders have made significant advances in reducing the genetic
components of variation, the lack of uniformity in the growing environment both during
transplant raising and field growth significantly affects relative intra-plant growth rates. The
cause of the variability in the transplant stage is not fully understood, but a number of factors
are likely to be involved and it is known that optimised lighting and watering during transplant
production could have significant benefits in reducing the variation at the start of the crop
cycle.

The aim of these studies was to quantify the natural levels of variation within iceberg lettuce
(Lactuca sativa) and Tenderstem™ (Brassica oleracea italica X brassica oleracea alboglabra)
transplant seedling growth. Cotyledon size was modelled against fresh weight at transplant

stage.

Hypotheses:

1. Cotyledon size is related to transplant fresh weight

2. Cotyledon size variation can be imaged and modelled at a tray-scale.

3. Location within tray affects the accuracy of the cotyledon to fresh weight model

N.B. This is a summary of a one-year study as a component of a wider PhD studentship. The
studentship ended after one year and the work should be considered as preliminary. A
following PhD studentship (2020 -2024) is studying the control of variation of transplanted

lettuce and tenderstem in the field.

Materials and methods

This experimental work was carried out at Harper Adams University Crop and Environment
Research Centre glasshouses, with seed and plant material supplied from G’s Fresh (lettuce)

and Sakata Seed (Tender stem).

This programme of work assessed cotyledon size in relation to fresh weight for transplant
stage seedlings. Repetitions of the experiment were staggered throughout the year, and the
data has been normalised to compare between these repetitions. Experimental work was

carried out to establish the levels of variation present at cotyledon stage, and whether that
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effects transplant stage fresh weight. This required the development of an image analysis
protocol within ImagedJ as the methodology used in preliminary work carried out at G’s Fresh

was insufficient.

By studying large numbers of transplants/modules the aim of the work was to model in a
comparable way, with cotyledon size as a continual variable rather than emergence day as a

factor, the fresh weight of lettuce and Tenderstem transplant seedlings.

Computer Vision and Image Analysis of Plant Material

Image analysis of plant material varies between specific target plant, goal of analysis and
data required, however they all follow a basic work flow (lbaraki and Gupta, 2015):

e Acquisition of an image of the target object
e Pre-processing of the image for facilitating further processing
e Selection of pixels of interest

e Extraction of characteristic features

An initial approach to collecting image data required the user to manually select and define
the areas of interest. One of the major limitations of the system was the time this manual
selection took. Although this approach is effective at selecting and measuring individual plant
sizes, it proved inefficient and labour intensive when processing large number of images, with
each tray photographed having 176 plants. Therefore, further development of this system into
a methodology which could process images with greater efficiency was prioritised to complete

this work.
Image Acquisition
Image Acquisition -

T

Scale Set l l

Area Selection

=l Repeatfor each plant l I
Area Measurement I I — l '

Data output l l

Preliminary Image Procassing Workflow Davelopad by Alex Baylis

l ) | )

Data Output

Developed and image processing work flow

Figure 1. Development of imaging methodology; the green boxes highlight the additional

units required to automate the image capture and analysis.

Elements of the system which were selected for improvement were the area selection and

the area measurement. In the initial system, this required the manual selection and
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measurement of each individual plant. Selection of the areas needed through different image
segmentation methods was investigated for this work, and notable progress was made using
K-means and K-nearest-neighbour clustering for running full automated segmentation using
MATLAB™. A simpler and more labour intensive, but more practical approach, using a series
of thresholding techniques was used to select the areas for measurement.

Selection of Areas through Thresholding

Digital colour image files are described by three values, for example R:G:B. Image
thresholding is the selection of pixels within an image based on their values. Digital colour
images files are described by three values and there are number of file types which can be
used to describe images in different ways. This colour thresholding in ImageJ allows for the
selection of pixels which describe leaf material. Thresholding the image in different colour
spaces can also give different levels of accuracy, and noise within the segmented area and
the optimum colour space needs to be identified, with subsequent trialling to establish the
thresholding in each colour space (Garcia-Mateos et al., 2015; Herndndez-Hernandez et al.,
2017).

L*a*b* was the optimum colour space to work in for this experimental system, both from its
application in the literature and in the ease in application to this work. L represents the
lightness of the pixel, which when set to include all values (0-255) removes the issue of
inconsonant lighting within an image. The a* values represent a spectrum from green to red.
When segmenting the image in this space it therefore is simple to select pixels within the full
range of green (0-125) to select the green material of the cotyledon. b* value represents a
spectrum from blue to yellow (Garcia-Mateos et al., 2015). With this set to include all values,
there is selection of a high number of pixels which do not represent cotyledons, however
selecting the yellow range and excluding the blue (125-255) removes this interference. When
running a colour threshold in ImageJ, the system automatically over lays the image with block
colour to display the pixels being selected. By setting this overlay to white and then converting
the image into an 8-bit greyscale file, the original image and the white overlay are converted
into a single file, with a single value (0-255) describing each pixel.

It is then possible to select just the white pixels generated by the overlay, using a binary
threshold (value 255 — 255). This converts the image into a binary image, in which pixels
either have a value of 0 (black), or 255 (0).

Measurement of Areas through Particle analysis

Thresholding as above allowed the selection of the cotyledons in an image in a replicable and

defined manner. The next step to developing this methodology was to develop an efficient
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manner of extracting the areas of these defined regions. With a binary image, a particle
analysis can be run in ImageJ. This assesses every pixel within the image, starting in the top
left-hand corner and moving along each row in turn, and measuring the area of each cluster
of black pixels with a value of 0. This then outputs the data and overlays the image with
assigned numberings. However, the sequence the particle analysis measures the cotyledons
will not correspond to the row and column due to the method of searching the image for

particles.

A number of solutions to this problem were trialled. Segmenting the image into separate files,
each with one column of plants, and then converting these files into an image stack, a single
file containing multiple images in a sequence, and the running the particle analysis,
successfully extracted the data in the correct order. However, the processing of the images
in to these stacks manually proved time consuming. Therefore, a simpler and more time
efficient method was implemented. Manually selecting specific columns within the image, and
then running the particle analysis on each column separately, proved an efficient and reliable

method for extracting the data.

The Developed System

The system as developed in this work can handle the extraction of 176 cotyledon surface
area data points in approximately 20 minutes. A protocol for this methodology was produced
and implemented by a crops department intern to extract data. The method for analysing the
size of a high number of cotyledons from a single image is widely applicable within this project,

and for other researchers both at Harper Adams University and at other institutions.

Experimental Procedures

Experiments were set up at HAU (Table 1), the time between planting and harvesting was
dependant on the development of the plant and therefore differed between experiments.

These disparities were compensated for when normalising and analysing the data.

Table 1. Experiments involved in the cotyledon modelling study

Rep Crop Location

2.0.1 Lettuce CERC Glasshouse

2.0.2 Tenderstem CERC Glasshouse

211 Lettuce Harper Adams University main campus glasshouse
2.1.2 Tenderstem Harper Adams University main campus glasshouse
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Seed Tray Preparation and Seedling Cultivation

Each repetition of the experiments used six trays of peat blocks sourced from G’s Fresh, with
176 individual peat blocks per tray, giving a maximum of 1056 plants per experiment. The
trays are 664 mm by 441 mm, with 11x16 blocks of 35x35x40 mm size. Pre-planted trays
were provided by G’s Fresh for experiment 2.0.1, with the remaining experiments being
planted by hand at HAU. Iceberg lettuce (Lactuca sativa) of variety Gondar was used for 2.0.1
and 2.1.1, and Tenderstem (Brassica oleracea italic X Brassica oleracea alboglabra)
sprouting broccoli Inspiration F1 was used for planting 2.0.2 and 2.1.2. The environmental
conditions; temperature and light levels, were recorded.

Assessment of Transplant Stage Maturity

The trays were assessed when ~70% of the plants were passed the third true leaf stage, for
both lettuce and Tenderstem. The fresh weight data was normalised around the mean of each
tray to give relative fresh weight for comparison between experiments, taking into account
some of the effects of any disparities between crop maturity assessments.

Assessment of Seedling Fresh Weight

Seedlings were harvested by cutting the stem of the plant at soil surface level, and then
weighed to two decimal places on a scale. Fresh weight data was recorded for specific
individual plants.

Data Handling

Zero values and outliers were removed manually in Excel. The cotyledon surface area
readings and fresh weight values were then normalised around the mean for each tray
[relative n =n(/(sum(x*:x"")/n'") ], to give relative cotyledon and relative fresh weight values.
This allowed for comparison between experiments, and to give preliminary results. Script is
currently being developed in R™ to re-handle to data in a more uniform and repeatable

method.

Results

Experiment 2 - Results

Zero values were removed from cotyledon surface area and fresh weight. These values were

then normalised see described in the materials and methods.
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Modelling the un-normalised Data

Prior to normalising the data as described in the materials and methods, linear regression on
the data sets screened to remove zero values was carried out in Genstat. The significance of
both data sets was p < 0.001, with variation in lettuce cotyledon area accounting for 30.5%
of the variation in transplant size (Fig 1), with a standard error of 1.1, and variation in

Tenderstem cotyledon area accounting for 12.7% of the variation in transplant size (Fig 2),

with a standard error of 0.5.

Fitted and observed relationship with 85% confidence limits - Lettuce

ght

Fresh_Wei

area_mm2

Figure 2. Linear Regression - Lettuce

Linear Regression of Normalised Data

The data was normalised around the mean of each tray, and linear regression on the data
was carried out, in Genstat. The significance of both data sets is p < 0.001, with variation in
lettuce cotyledon area now accounting for 53.0% of the variation in transplant size (Fig 4),

with a standard error of 0.2, and variation in Tenderstem cotyledon area accounting for 39.3%

Fitted and observed relationship with 5% confidence limits - Tenderstem

ght_g

Fresh_Wei

Figure 3. Linear Regression - Tenderstem

of the variation in transplant size (Fig 5), with a standard error of 0.2.
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Fitted and observed relationship with 85% confidence limits - Lettuce

ght

Relative_Fresh_Wei

0z 0.4 06 08 1.0 12 14 16

Relative_area

Fitted and observed relationship with 95% confidence limits - Tenderstem

. Weight

Relative_Fresh_Wei

0.00 4

Relative_Area

Figure 4. Linear Regression of Normalised Figure 5. Linear Regression of Normalised

Data - Lettuce

Data - Tenderstem

Relative Fresh Weight Spatial Variation in Lettuce

A two-way ANOVA was performed on normalised lettuce data with column and row as factors

against variable relative fresh weight. Column, but not row has a statistically significant effect

on the relative fresh weight of lettuce transplants with p values of <0.001 and 0.168

respectively. This generates predictions from a regression model, which can then be plotted

in Excel with conditional formatting to visualise the patterns of relative fresh weight variation

(Fig 6). A one-way ANOVA on column
generate Tukey’s confidence intervals in
7).

and relative fresh weight was then carried out to

R™ with the displayed violin plot and bar graph (Fig
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Figure 6. Spatial Model of Lettuce Relative Fresh Weight
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Fresh Weight Spatial Variation in Tenderstem

A two-way ANOVA was performed on normalised tenderstem data with column and row as
factors against variable relative fresh weight. Column and row had statistically significant
effect on the relative fresh weight of tenderstem transplants with p values of <0.001. This
generates predictions from a regression model, which can then be plotted in excel with
conditional formatting to visualise the patterns of relative fresh weight variation (Fig 8). One-
way ANOVAs on column, and row, a relative fresh weight were then carried out in R™ to
generate Tukey’s confidence intervals. These were then plotted in row and column in simple

bar graphs and violin plots demonstrating the distribution of values in row and column (Fig 9).
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© Agriculture and Horticulture Development Board 2020. All rights reserved

10



toan relative fresh weight £ SE

Mean relative fresh weight 2 SE

[C

Figure 9. Violin Plots and Bar Charts — Tenderstem Spatial Variation of Row and Column

Assessing and mapping the spatial impact on the model

To assess whether spatial location influenced the accuracy of the linear model, the residuals
were calculated, squared and then square rooted to transform the values into positive values.
These were then assessed against row and column in a two-way ANOVA and predicted
values were generated by the analysis. These were plotted in Excel and conditional formatting
was used to visualise locations within the trays where variation from the model was occurring
for lettuce (Fig 10) and Tenderstem (Fig 11), separately. Column but not row significantly
affected the accuracy of the model for both lettuce and Tenderstem. The Tukey’s test on both

crops shows a significant deviation from the model in column 15.
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Figure 10. Lettuce residual spatial model
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Figure 11. Tenderstem residual spatial model

Discussion

The aim of this study was to assess the contribution of cotyledon size variation to transplant
seedling fresh weight variation. As part of this work package, an image analysis protocol for
extracting a high number of target values from a single image was developed in ImageJ. This
protocol allowed work to be carried out assessing the size of cotyledons without destructively
harvesting them, a useful tool for modelling plant development. Within the current literature,
there is very little work on cotyledons size, and subsequent growth, with some research into
herbivory within chalk land grass species (Hanley & May, 2006). Cotyledons have been
shown to contribute to the development of the seedlings in three phases. Firstly, the cotyledon
acts as arespiratory reserve as the plant develops. Secondly the cotyledons fully expand and
photosynthetically contribute to the seedling development, and thirdly the cotyledon material
is translocated within the plant (Zhang & Zhou, 2008). This mechanism is associated with the
assumption that larger cotyledons result in larger developed plants, this work supports this
assumption and the simple modelling showed that 39.3% and 53.0% of variation in relative
fresh weight in tenderstem and lettuce respectively was accounted for by cotyledon size. This
suggests that approximately 50% of variation in transplant size is related to factors other than

size of cotyledon.

It should be noted that both the lettuce and Tenderstem seedlings were raised in lettuce block
trays, which include a raised edge with handles at the ends of the trays. The same trays were
used for each crop to allow direct comparison at this stage of the study (brassicas are

commercially propagated in handle-less module trays).
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Clear spatial effects on the accuracy of the models was observed i.e. the relationship between
cotyledon size and transplant fresh weight was less reliable towards the edges of the trays.
The Tukey’s test for column spatial variation in relative fresh weight of lettuce showed an
interesting trend. The outermost column 15, was significantly smaller than would have been
predicted from the cotyledon size from all the columns other than column 14, marking a
distinct edge effect even within the screened data set. This finding in the lettuce seedlings is
supported by recent work at HAU (CP 121) where significant spatial variation was observed
in lettuce transplant size during propagation where although plant size varied across the trays
(0.4 — 1.8 g fresh weight/plant after 22 d), smaller plants were more common at the ends of
the trays. These size differences have been shown to lead to significant growth differences

following planting.

When looking at the similar analysis for Tenderstem, both row and column had significant
effect on relative fresh weight. Within the column analysis there are more groupings and
overlaps than in the lettuce data. This may be explained by the more upright growth habit of

tenderstem seedlings, avoiding the shading effect of the tray handles.

The cause of the variability in the transplant stage is not fully understood, but a number of
factors are likely to be involved including optimised lighting and watering during transplant
production.

Conclusions
1. Cotyledon size is related to transplant fresh weight

This preliminary study has shown that 40-50% of the variation in transplant growth can be
explained by cotyledon size variation. This also highlights that other factors account for a

significant proportion of variation in transplant size.
2. Cotyledon size variation can be imaged and modelled at a tray-scale.

Cotyledon size can be imaged and modelled at a tray scale. This work has developed a
preliminary methodology that could be automated to image cotyledons and extract data from
multiple tray images. This could be refined to produce information on variation between and

within trays during propagation.
3. Location within tray affects the accuracy of the cotyledon to fresh weight model

Spatial analysis of the fit of the general growth relationship between cotyledon size and
subsequent transplant fresh weight showed that the relationship did not fit as well in the edges
of the trays, most markedly in the lettuce where plants were in general smaller than the model

predicted.
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Knowledge and Technology Transfer

Will Johnson presented an overview of this work at a G’s Growers meeting and the AHDB
Annual PhD conference in 2019.
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