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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 2016. 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

Headlines

o Coriander yield decline has been successfully induced in two commercial coriander
varieties (Santos and Cruiser) in one soil type and a compost.

o A reproducible system was developed to generate yield decline-inducing soils allowing
further in-depth study.

¢ In coriander pot experiments, yield decline was evident as a significant decrease in above
ground biomass with no obvious signs of disease or reduction in root biomass.

e Soils in close association with the roots (rhizosphere) of plants exhibiting yield decline
symptoms were found to have different microbial communities compared to the

rhizosphere of healthy plants but no obvious microbial cause was found.

Background

Coriander (Coriandrum sativum L.) is an annual herb that is of high value with sales
accounting for over 25% of the fresh herb market. Since the 1970s coriander has been grown
commercially in the UK, however, production has been hindered in recent years by yield
decline. Growers have reported yield losses of over 50% due to decline and indicate that the
issue can persist for up to eight years, impacting negatively on the UK herb market. There
are many factors that can cause yield decline such as toxic root exudates (autotoxicity), poor
soil quality, poor soil management practices and soil microorganisms. Since coriander yield
decline can persist for up to 8 years, autotoxicity is probably not the cause, as over time root
exudates will degrade and bind with the soil matrix. Furthermore, preliminary work during this
project showed that yield was not affected when coriander was grown in soil containing
chopped coriander roots. From available evidence, it is considered that coriander yield

decline most likely has a soil microbiological basis.

Summary

While growers reported coriander yield decline, the phenomenon needed experimental
confirmation and had to be reproduced under controlled conditions to allow subsequent in-
depth studies. The aim of this project was to determine whether yield decline could be
induced in different soils and coriander varieties and to assess the impact of coriander
cropping on soil microbial communities, using an lllumina Next Generation Sequencing (NGS)

technique.
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The following hypotheses were tested during the project:

1. Coriander yield decline can be induced in two commercial coriander varieties in soil and
compost.

2. Coriander cropping causes a marked change in the soil microbial community, with
bacterial communities in rhizosphere soil (soil in close association with roots) differing
from those in bulk (the surrounding) soil, in soils planted with a single coriander crop.

3. The bacterial community of rhizosphere soil samples obtained from healthy coriander is
different to that of rhizosphere soil obtained from coriander exhibiting yield decline
symptoms.

4. The rhizosphere bacterial community obtained from yield decline plants grown in different
soils is the same.

Establishing coriander yield decline in an agricultural soil

An experiment was conducted to determine if coriander yield decline could be induced under
controlled conditions. This pot experiment involved two treatments: (1) coriander grown in a
soil with no history of coriander cropping (sandy soil from Cockle Park Farm, Northumberland,
UK); (2) coriander grown in the same soil type buy planted with coriander once before. A
single coriander variety Santos was used. Plants from both treatments were harvested nine

weeks after sowing for the collection of yield data.

Coriander plants grown in control soil with no history of coriander cropping, had significantly
higher above ground weights (fresh weight, p=0.001; dry weight, p=0.01) compared to plants
grown in previously planted soil (Figures A and B). Root fresh weight was also significantly
higher in control soil (p=0.008).
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Figure A. Comparison of observable difference in yield between coriander var. Santos plants

grown in control soil and soil planted with coriander once before.
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Figure B. Comparison of mean fresh and dry weights of coriander var. Santos plants grown
in control and previously planted Cockle Park soil. Weights for above ground (shoot and leaf)
and below ground (roots) are shown. Values plotted are +1 Standard Error.

Inducing yield decline in compost with more coriander varieties

In a second pot experiment, John Innes No. 2 (JI) compost was used, as it could be expected
to have consistent properties and have an entirely different microbiota to Cockle Park soil.
Two coriander varieties, Cruiser and Santos, were each grown in both control JI compost and
in JI compost sown with coriander once before. Plants were harvested eight weeks after
sowing for the collection of yield data.

Both coriander var. Cruiser and Santos plants grown in control JI compost had a larger visible
biomass compared to those grown in previously planted JI compost but the difference in total
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fresh biomass was not significant (p>0.05). However, for coriander var. Santos, shoot dry

biomass was significantly reduced (p>0.05) in compost previously planted with coriander.

These results confirmed the occurrence of the yield decline phenomenon and that this could
be demonstrated in a reproducible pot assay. Results demonstrated that yield decline
occurred in both an agricultural soil and a compost, and with two coriander varieties. Further
work will be required to investigate the occurrence of yield decline in more soil types and

coriander varieties.

Investigating soil bacterial communities using lllumina NGS

The next focus of the work was to assess the impact of coriander cropping on soil microbial
communities using an lllumina Next Generation Sequencing (NGS) technique. After
harvesting coriander from pot experiments with Cockle Park soil and JI compost, pots were
sampled for rhizosphere soil / compost (in close association with roots) and the surrounding
bulk soil / compost. DNA was subsequently extracted from the soil / compost samples and
sequenced using the lllumina MiSeq platform at NU-OMICS Ltd, Northumbria University. This
work focussed on sequencing and analysing the bacterial communities but fungal community
analysis was also carried out (A summary is provided in Appendix 2 of the Science Section
of the full report). Data received following lllumina MiSeq sequencing were processed and

the bacterial species composition of each soil was analysed.

A. Comparing bacterial communities of coriander rhizosphere soils to corresponding bulk
soils

For this comparison, DNA was extracted from both rhizosphere and bulk samples taken from
Cockle Park soil cropped once with coriander and containing healthy plants.

Results clearly showed that rhizosphere and bulk samples from Cockle Park soil (planted with
a single coriander crop) had different bacterial community compositions. The top five
abundant species in bulk soil samples were Chitinibacter spp. (~1.7%), Thermacetogenium
spp. (~1.6%), Desulfovibrio spp. (~1.4%), Mucilaginibacter spp. (~1.3%), and Pyramidobacter
spp. (~1.3%). Whereas in rhizosphere soil samples, Pseudomonas spp. (~2.2%) replaced
Chitinibacter spp. as the most abundant species and Chitinibacter spp. was no longer within
the top twenty most abundant species. In rhizosphere soil, the next most abundant species
after Pseudomonas spp. were Lysobacter spp. (~1.5%), Thermacetogenium spp. (~1.5%),
Terrimonas spp. (~1.4%) and Desulfovibrio spp. (~1.4%) (detailed data are shown in the
Science Section). This suggests that coriander growth has a marked effect on soil microbial
communities, with bulk soil samples having a different bacterial community composition to

corresponding rhizosphere samples.
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B. Analysing the bacterial communities associated with the coriander rhizosphere in
previously planted vs. unplanted soil

For this comparison, DNA was extracted from: (1) Cockle Park soil, cropped once with

coriander, containing healthy plants exhibiting no yield decline symptoms; (2) previously

planted Cockle Park soil, cropped with coriander twice, and containing plants exhibiting yield

decline symptoms.

Rhizosphere samples from ‘control’ Cockle Park soil planted with a single coriander crop had
different bacterial community compositions compared to Cockle Park rhizosphere samples in
which two coriander crops had been grown. The top five most abundant species in control
rhizosphere soils were Pseudomonas spp. (~2.2%), Lysobacter spp. (~1.5%),
Thermacetogenium spp. (~1.4%), Terrimonas spp. (~1.4%), and Desulfovibrio spp. (~1.3%).
In previously planted rhizosphere soil, Pseudomonas spp. was the most abundant (~2.5%)
however it was not significantly (p<0.05) more abundant compared to control soils. The next
most abundant species were Sphingomonas spp. (~2.5%), Mycoplasma spp. (~2.2%),
Halothiobacillus spp. (~2.0%) and Sphingobacteriaceae spp. (~2.0%) (detailed data are

shown in the Science Section).

Plants grown in previously planted soil exhibited symptoms of yield decline; therefore, it could
be that a significant change to the microbial community is associated with yield decline;

however, more work will be required to pursue this theory.

C. Establishing whether coriander yield decline has the same microbial causal agent in
different soil types

To establish a potential causal agent of coriander yield decline, DNA was extracted from the

following soils: (1) previously planted Cockle Park soil, cropped with coriander twice, and

containing plants exhibiting yield decline symptoms; (2) previously planted JI compost,

cropped with coriander twice, and containing plants exhibiting yield decline symptoms (three

replicates per soil type).

Comparisons between the two soil types show that previously planted Cockle Park
rhizosphere soil had a different microbial community composition compared to previously
planted JI rhizosphere compost. The top five most abundant species in previously planted
Cockle Park rhizosphere soils were Pseudomonas spp. (~2.5%), Sphingomonas spp.
(~2.5%), Mycoplasma spp. (~2.2%), Halothiobacillus spp. (~2.0%) and Sphingobacteriaceae

spp- (~2.0%). In previously planted JI rhizosphere compost, Flavobacterium spp. (~2.5%)
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was more abundant compared to Cockle Park rhizosphere soils. The next most abundant
species were Escherichia/ Shigella spp. (~4.0%), Vibrio spp. (~2.0%), Cytophaga spp.

(~1.7%) and Flavobacterium spp. (~1.7%) (detailed data shown in Science Section).

Since yield decline was obtained in soil and compost with different bacterial communities then
it could be that the phenomenon is not linked to a specific causal agent. Instead yield decline
could be induced by a change in the microbial community (or in microbial species not detected
using the current methods) that is able to impact on coriander growth due to an overall
functional change. Therefore, it should be noted that the yield decline phenomenon is very
complex with different microbial communities having a similar negative impact on coriander

crops.

Financial Benefits

The results suggest that coriander yield decline can be induced in soil and compost. Results
from the lllumina NGS sequencing indicate that coriander cropping leads to a change in the
soil microbial community composition. Hence rhizosphere soil has a different microbial
community compared to surrounding bulk soil. However, current findings indicate that no
single bacterial species is implicated in yield decline and it is possible that the phenomenon
results from a change to the overall function of the microbial community present. This
suggests that practices such as tilling after coriander growth, or adding soil amendments
could help to alleviate decline by ‘resetting’ the soil microbial communities to change their
overall function. Such remedies require further research but could potentially deliver financial
benefit to the UK herb industry.

Action Points

No clear change of practice can yet be recommended.
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SCIENCE SECTION

Introduction

Coriander (Coriandrum sativum L.) is an annual herb that is of high value with sales of
coriander accounting for over 25% of the fresh herb market (Diedrichsen 1996; Segall 2015).
Since the 1970s coriander has been grown commercially in the UK; however, the UK
production of coriander has been recently hindered by yield decline (Tom Davies, pers.
comm.). Reports of coriander yield declines of over 50% have been reported, and if coriander
is re-sown in the same affected solil, the issue can persist for up to eight years impacting
negatively on the UK herb market. Observational evidence suggests that microbial
communities within the soil play a major role in influencing yield decline. The aim of this
project is to elucidate the cause of yield decline and to determine potential remedies.

A questionnaire was distributed to growers early in the first year of the project to determine
the extent and severity of the yield decline issue. Three out of four UK growers who took part
in the questionnaire reported that they experienced coriander yield decline. These growers
were located in Surrey, Worcester and Dundee, indicating that yield decline is seen across
production areas. Yield decline was reported in a number of soil types including sandy loam,
sandy clay and silty clay soils. Of the three growers that suffered from yield decline, all
reported that coriander appeared more susceptible to yield decline during the early growing
season when weather conditions were cooler and wetter. Furthermore, growers suffering
from yield decline indicated that they try to grow coriander in ground that has not been recently
cropped with coriander. Plants grown in new soil were reported to be larger and healthier

than plants grown in soil that had been previously cropped with coriander.

While growers have observed the coriander yield decline phenomenon in their fields, these
reports needed to be scientifically confirmed. Experiments were carried out over the course
of the project to determine if coriander yield decline could be induced in a number of soil types
and commercial coriander varieties. A review by Bennett et al. (2011) stated that yield decline
is probably caused by a number of interacting factors which can include deleterious
rhizosphere microorganisms; unusual behaviour of mycorrhizal fungi; autotoxicity; and soil
properties. Since decline can persist for up to eight years this suggests toxic root exudates
(autotoxicity) are likely not the cause as over time these will degrade and bind with the soil
matrix (Tom Davies, pers. comm.). Furthermore, other crops can grow well in the same sail
indicating that soil quality is not a cause. An experiment done in project year 1 showed that
yield was not affected when coriander was grown in soil containing chopped coriander roots,
also suggesting that autotoxins are not a contributory factor to yield decline (Appendix 1). The

most likely factor is thought to have a soil microbiological basis. Therefore, microbial
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communities associated with yield decline soil were examined using lllumina Next Generation
Sequencing (NGS) technique and compared to the communities of healthy soils. The lllumina
platform was chosen as it allows for large volumes of sequence data at a lower cost to other
methods (Metzker, 2010) and can be used to analyse microbial communities in great detalil
(at least to genus level). It therefore aids in determining the microbial composition of a biome

and how it interacts with the environment (Gloor et al. 2010).

The overall aim of this study was to induce yield decline in a number of soil types and
coriander varieties and to subsequently assess the impact of coriander cropping on soil
microbial communities. The following hypotheses were tested:

1. Coriander yield decline can be induced in two commercial coriander varieties in two soll
types (Cockle Park soil and John Innes No. 2 compost).

2. Coriander cropping causes a marked change in the soil microbial community, with bulk
soil bacterial communities differing from rhizosphere soil bacterial communities in soils
planted with a single coriander crop.

3. The bacterial community of a control rhizosphere soil obtained from healthy coriander is
different to that of a previously planted rhizosphere soil from coriander exhibiting yield
decline symptoms.

4. The bacterial rhizosphere communities of coriander exhibiting yield decline are the same

between different soil types (Cockle Park soil and John Innes No. 2 compost).

Materials and methods

Overview

This project focused on inducing yield decline in a number of soil types and varieties. In an
initial experiment the coriander variety Santos was used (as it is commonly used by growers)
along with sandy soil obtained from a field at Cockle Park Farm, Northumberland, UK. This
soil was chosen as it was an agricultural sandy soil with no previous history of coriander
cropping. In a second experiment two varieties commonly used by producers of coriander
were chosen: Coriander var. Santos and Cruiser; and John Innes No. 2 compost was used.
John Innes No. 2 compost was chosen as it could be expected to have consistent properties
(and therefore useful to use in different experiments) and have an entirely different microbiota
to Cockle Park soil. It was hypothesised, for both experiments, that yield decline would be
observed in all varieties and soil types. Greenhouse trials began at Cockle Park in December
2014. Following the greenhouse trials, lllumina NGS was used to compare the microbial

communities of yield decline vs. healthy soils.
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Testing for coriander yield decline in Cockle Park soil

Experimental set-up

Approximately 30 coriander var. Santos seeds were sown in pots (~12 cm diameter)
containing ~700 g air-dried sandy soil collected from a field at Cockle Park, Northumberland
with no previous history of coriander cropping. To replicate UK summer growing conditions,
plants were exposed to 14 hours of light per day with a maximum air temperature of 20°C
during the day and 16°C during the night. Plants were watered on a daily basis and there
was a single application of 0.85 g Scott’s Peters Professional 20-20-20 fertiliser per pot at
week 4 of growth.

This initial crop was harvested ten weeks after sowing. From each pot ten plants were
removed fully; the above ground biomass of remaining plants was removed while their roots
were left in the soil. All pots were replanted with coriander var. Santos seeds. At the same
time, coriander var. Santos seeds were sown in ~700 g of control, previously unplanted, air
dried sandy soil obtained from the same field. Therefore, there were two experimental
treatments grown under exactly the same conditions, with three replicates per treatment: (1)
coriander grown in control soils with no history of coriander cropping; (2) coriander grown in
soils planted with coriander once before. All pots were sampled nine weeks after sowing and
five plants per pot were randomly sampled for yield data. Fresh weights and dry weights

(plants dried in oven for 24 hours at ~60°C) were subsequently measured.

Testing for yield decline in another soil type with more coriander varieties

To determine whether yield decline could be established in a nhumber of soil types and
coriander varieties a further experiment was carried out. Pots were set up to contain a single
soil type and variety of coriander. John Innes No. 2 compost was chosen alongside coriander
var. Santos and Cruiser. These coriander varieties were chosen as they are commonly used
by growers. Six pots were set up each containing ~700 g of John Innes compost, three pots
were sown with ~30 coriander var. Santos seeds while the remaining three pots were sown
with ~30 coriander var. Cruiser seeds. Therefore, there were three replicates of two
treatments: (1) John Innes No. 2 compost sown with coriander var. Santos; (2) John Innes
No. 2 compost sown with coriander var. Cruiser. Light and temperature settings; watering
regime; and fertiliser application remained as above (see ‘Establishing coriander yield decline

in Cockle Park soil).

All John Innes pots were harvested eight weeks after sowing. From each pot ten plants were
removed fully; the above ground biomass of remaining plants was removed while their roots

were left in the soil. All pots were then replanted with the same variety of coriander that they
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had previously contained. The initial pot design was then repeated and coriander seeds were
sown in ~700 g of control John Innes compost with no history of coriander cropping.
Therefore, there were four experimental treatments: either control or previously planted John
Innes compost planted with either coriander var. Santos or Cruiser. Light and temperature
settings; watering regime; and fertiliser applications were the same as above. All pots were
harvested eight weeks after sowing and three plants per pot (from three replicate pots,
therefore nine plants per treatment) were randomly sampled for yield data. Fresh weights,
dry weights (plants dried in oven for 24 hours at ~60°C) were subsequently measured.

Examining the microbial communities of healthy soils vs. yield decline soils
Experimental set-up

Approaches outlined above in both ‘Establishing coriander yield decline in Cockle Park soil’
and ‘Testing another soil type and more coriander varieties for susceptibility to yield decline’

were used for this experiment.

Sampling

Upon harvesting all above experiments, three pots per treatment were sampled for bulk and
rhizosphere soils for the Cockle Park and John Innes soils. Only pots sown with coriander
var. Santos were used for the analysis of soil microbial communities. Bulk soil was classed
as soil not tightly adhering to coriander roots; ~3 g of bulk soils were collected from each pot.
Rhizosphere soil was classed as soil tightly adhering to coriander roots; five plants per pot
were removed for the collection of rhizosphere soil. In summary, DNA was extracted from the
following bulk and rhizosphere soils: (1) control Cockle Park and John Innes soils, cropped
once with coriander, containing plants exhibiting no yield decline symptoms; (2) Cockle Park
and John Innes soils, cropped with coriander twice, containing plants exhibiting yield decline

symptoms.

DNA Extraction

For each treatment, DNA was extracted from ~0.5 g bulk and ~0.5 g rhizosphere soil samples
as described in the instruction manual of the PowerSoil DNA isolation kit from MO BIO
laboratories, Inc. (except at step 5 where samples were shaken using Qiagen® TissueLyser
I1). Since there were three replicate pots per treatment in the original experimental set-up,

this meant that three DNA extractions were performed per treatment.
Three comparisons were conducted: (1) comparing the bacterial communities of coriander
rhizosphere soils with their corresponding bulk soils; (2) analysing the bacterial communities

associated with the coriander rhizosphere in previously planted soil vs. control soil; (3)
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establishing whether coriander yield decline has the same microbial causal agent in different
soil types. For clarity, to compare bacterial communities in rhizosphere vs. corresponding
bulk soil, DNA was extracted from the following soils: control Cockle Park soils, cropped with
coriander once, containing plants exhibiting no yield decline symptoms (three replicates per
soil type were taken). To compare bacterial communities of previously planted vs. control
soils, DNA was extracted from the following soils: (1) control Cockle Park soils, cropped once
with coriander, containing plants exhibiting no yield decline symptoms; (2) previously planted
Cockle Park soils, cropped with coriander twice, and containing plants exhibiting yield decline
symptoms (three replicates per soil type). Finally, to establish a potential causal agent of
coriander yield decline, DNA was extracted from the following soils: (1) previously planted
Cockle Park soils, cropped with coriander twice, and containing plants exhibiting yield decline
symptoms; (2) previously planted John Innes soils, cropped with coriander twice, and
containing plants exhibiting yield decline symptoms (three replicates per soil type).

lllumina NGS sequencing

The DNA extractions were then sequenced using the lllumina MiSeq platform at the NU-
OMICS, Northumbria University. This work focussed on sequencing and analysing the
bacterial communities in the soil but we have also carried out fungal soil community analysis

(detailed results are not shown in this report but a summary is provided in Appendix 2).

The highly robust and accurate UPARSE pipeline, developed by Edgar (2013), was used to
analyse the reads following lllumina sequencing. FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to check the quality of
forward and reverse reads from the Illumina MiSeq sequencer before proceeding to merge
forward and reverse reads using the python script join_paired_ends.py. Merged reads were
then quality checked using FastQC. Merged reads were found to have an acceptable
sequence quality and were then processed using USEARCH (v8.0.1477_i860sx32)
sequence analysis tool (http://www.drive5.com/usearch). During this process samples were
labelled and Operational Taxonomic Unit (OTU) tables were created. The data were
processed as paired-end reads; to ensure an even sequence depth was obtained from each
sample the grep —c command was used to count the number of sequences in each sample.
The lowest sequence number, that still allows a good number of sequences, was found; the
lowest good sequence number was 1022. The fastg_filter command (with 1.0 error threshold
and 240 minimum sequence length) was used to carry out quality filtering on the reads.
Reads were then rarefied using fastax_subsample before identifying all unique sequences
using the derep_fulllength command. Singletons were discarded using the sortbysize

command. Clustering and chimera filtering were carried out using the cluster_otus and

© Agriculture and Horticulture Development Board 2017. All rights reserved 11



uchime_ref commands, respectively. During the chimera filtering step, the gold database
(drive5.com/uchime/uchime_download.html) was used as a reference. Reads were mapped
back to the OTUs, using the usearch_global command, and an OTU table was produced
using the python script uc2otutab.py. The utax command was used to assign taxonomy to
the OTU representative species. Finally, the derep_fulllength and sortbysize commands,
followed by fasta_rarify, were used for each sample to create a rarefaction graph. Data
received following Illumina MiSeq sequencer was processed and species richness was
examined by observing the number of different species from each sample. For clarity, soils
were taken from three replicate pots per treatment (outlined in ‘DNA Extraction’). Therefore,

the mean species richness of three replicate samples for each treatment was analysed.

Statistical Analysis
Statistical analysis on all data was carried out using Analysis of Variance (ANOVA) on Minitab

17. Significant differences between mean values were determined using a Tukey test.

Results
Testing for coriander yield decline in Cockle Park soil

Figure 1 shows that coriander plants grown in control soil, with no history of coriander
cropping, had a larger observable biomass compared to those grown in soils previously

planted with coriander once before.
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Figure 1. Comparison of observable difference in yield between coriander var. Santos plants
grown in control soils and soils previously planted with coriander once before. ‘Control’
coriander plants were grown in air dried sandy soil collected from a field at Cockle Park farm
with no history of coriander cropping. ‘Previously Planted’ coriander plants were grown in air
dried sandy soil, collected from the same field at Cockle Park farm, then used to grow a single
coriander crop.
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Figure 2. Comparison of mean fresh and dry weights of coriander var. Santos plants grown
in control and previously planted Cockle Park soil. Weights for above ground (shoot and leaf)
and below ground (roots) are shown. Values plotted are +1 Standard Error.

Coriander plants grown in control soils, with no history of coriander cropping, had a
significantly higher above ground biomass compared to those grown in soils where coriander
had been grown once before; plants grown in previously planted soils exhibited symptoms of
yield decline. Both fresh (p=0.001) and dry (p=0.01) above ground; and fresh (p=0.008)
below ground weights were significantly greater in the control plants than in plants grown in
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soil where coriander had been grown before (Fig. 2; see Appendix 3 for raw data).
Furthermore, no visible symptoms such as foliar yellowing or root lesions were found on the

foliage or roots.

Testing for yield decline in another soil type (John Innes compost) with more

coriander varieties

Both coriander var. Cruiser and Santos plants grown in control John Innes compost had a
larger visible biomass compared to those grown in previously planted John Innes compost
(Fig. 3) but the difference in total biomass was not significantly different (p>0.05) (see Figure
4 and Appendix 4 for raw data). The mean above ground biomass produced by both varieties
in previously planted soil was approximately half that produced in control soil but there was a
high level of variability in the results. It is thought that a larger experiment, with a greater level

of replication, would demonstrate a significant above ground yield decrease in previously

planted soils.

Figure 3. Comparison of observable difference in yield between coriander var. Santos
(above) and Cruiser (below) plants grown in control soils and soils previously planted with
coriander once before. ‘Control’ coriander plants were grown in John Innes No. 2 compost
with no history of coriander cropping. ‘Previously Planted’ coriander plants were grown in
John Innes No. 2 compost then used to grow a single coriander crop.
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Figure 4. Comparison of mean fresh weights of coriander var. Santos and Cruiser plants
grown in control and previously planted John Innes No.2 Compost. Weights for above ground
(combined shoot and leaf) and below ground (roots) are shown. Values plotted are =1
Standard Error.

However, coriander var. Santos shoots of plants grown in control John Innes soil (mean
biomass of ~0.06 g) had a significantly greater dry mass compared to those grown in
previously planted soils (mean biomass of ~0.03 g; p=0.018; data shown in Appendix 5) .

Comparing the bacterial communities of coriander rhizosphere soils with their
corresponding bulk soil

Sequence depth (rarefaction analysis)

Yield decline was observed in the Cockle Park initial soil experiment (above under ‘Testing
for coriander yield decline in Cockle Park soil’). Work progressed to determine whether
coriander growth caused any marked changes to the soil microbial community. To do this
the bacterial community of control rhizosphere soils was compared to their corresponding
bulk soils taken from the same pot (which had only contained a single coriander crop). A
rarefaction curve (Fig. 5) was produced to show whether thorough sampling had occurred.
The curve steadily increases before flattening out, indicating that there are no more unique
sequences within the sample. Therefore, even if more sequences were included in the

analysis, there would be no more unigue sequences found. This shows that good sampling
has occurred.
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Figure 5. Rarefaction curve of each sample at even sequence depth. Each sample was
dereplicated and singletons were discarded using USEARCH (v8.0.1477_i860sx32) before
using the fasta_rarify command to produce a rarefaction curve of OTUs for the sample.

Species richness

We hypothesised that bacterial species richness (humber of species found) of control bulk
soil would be greater than that of control rhizosphere. However, in the Cockle Park soll,
planted only once with coriander, there was no significant difference (p>0.05) between the
species richness of the healthy rhizosphere soils (183 species) and their corresponding bulk
soils (182 species).

Species evenness

Species evenness is a measure of biodiversity used to quantify the relative abundance of
species within a community. If a microbial community becomes dominated by one or a few
species, its species evenness decreases. A community with lower species evenness is less
diverse than a community that contains several species of a more similar abundance. A
relative abundance curve of species in a sample can provide an insight into species
evenness. This study hypothesised that species evenness is lower in control rhizosphere
Cockle Park soils vs. their corresponding bulk. The following relative abundance curves show
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the mean relative abundance for three soil samples (rhizosphere samples taken from a
replicate pot). Fig. 6 shows that control Cockle Park rhizosphere soil has a similar species
evenness compared to corresponding bulk soil. In control rhizosphere soils Pseudomonas
spp. is the most abundant in the community (~2.2%) with the next most abundant species
being Lysobacter spp. (~1.5%). In corresponding control bulk soils Chitinibacter spp. is the
most abundant species (~1.7%) followed by Thermacetogenium spp. (~1.6%) and
Desulfovibrio spp. (~1.4%). Overall, there is no significant difference (p>0.05) in abundance
of the top three OTUs within any of the soil samples.
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Figure 6. Relative abundance of the top twenty bacterial OTUs in bulk Cockle Park soil and
rhizosphere Cockle Park soil. Cockle Park soil was cropped once with coriander, upon
harvest the coriander plants did not exhibit yield decline symptoms. Values plotted are *1
Standard Error.

Microbial community composition

Furthermore, Figure 6 shows that control Cockle Park (planted with a single coriander crop)
bulk and rhizosphere soils have different bacterial community compositions. The top five
most abundant species in control bulk soils are Chitinibacter spp. (~1.7%),
Thermacetogenium spp. (~1.6%), Desulfovibrio spp. (~1.4%), Mucilaginibacter spp. (~1.3%),

and Pyramidobacter spp. (~1.3%). Whereas in control rhizosphere soil Pseudomonas spp.
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(~2.2%) has replaced Chitinibacter spp. as the most abundant species and Chitinibacter spp.
is no longer within the top twenty most abundant species. In control rhizosphere soil the next
most abundant species after Pseudomonas spp. are Lysobacter spp. (~1.5%),

Thermacetogenium spp. (~1.5%), Terrimonas spp. (~1.4%) and Desulfovibrio spp. (~1.4%).

Analysing the bacterial communities associated with the coriander rhizosphere
in yield decline soil vs. healthy soil

The above work established that coriander cropping causes changes in the bacterial
communities of soil, with coriander rhizosphere soils containing a different bacterial
community composition compared to their corresponding bulk soils. Subsequent work
progressed to determine differences in the microbial community of healthy vs. yield decline

rhizosphere soils.
Species richness

Here, the soil bacterial communities of previously planted rhizosphere soils cropped twice vs.
control rhizosphere soils cropped once were compared. It was hypothesised that previously
planted soils would contain fewer species than control soils and would therefore have
decreased species richness. Results obtained show that in Cockle Park soils, the control
rhizosphere soils do not have a significantly greater (p>0.05) mean number of species (183
species) vs. previously planted soils (177 species).

Species evenness

This study hypothesised that species evenness is lower in previously planted rhizosphere
soils vs. control rhizosphere Cockle Park soils. The following relative abundance curves show
the mean relative abundance for three soil samples (rhizosphere samples taken from a
replicate pot). By viewing Figure 7 it can be seen that control Cockle Park rhizosphere soil
has a visibly similar species evenness compared to previously planted Cockle Park
rhizosphere soil. In control soils the bacterial relative abundance curve decreases steadily;
Pseudomonas spp. is the most abundant in the community (~2.2%), Lysobacter spp. is the
next most abundant species and represents less than 1.5% of the total soil bacterial
community. However, there is no significant difference (p<0.05) in abundance of
Pseudomonas spp. and Lysobacter spp. Similar to control soils, in previously planted soll

Pseudomonas spp. is the dominant species (~2.5%).
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Figure 7. Relative abundance of the top twenty bacterial OTUs in fresh, control Cockle Park
soil and previously planted Cockle Park soil. Control Cockle Park soil was planted with
coriander once while previously planted Cockle Park soil was planted with two successive
coriander crops. Values plotted are +1 Standard Error.

Microbial species composition

Figure 7 also shows that control Cockle Park (planted with a single coriander crop)
rhizosphere soils have different bacterial community compositions compared to previously
planted Cockle Park rhizosphere soils. The top five most abundant species in control
rhizosphere soils are Pseudomonas spp. (~2.2%), Lysobacter spp. (~1.5%),
Thermacetogenium spp. (~1.4%), Terrimonas spp. (~1.4%), and Desulfovibrio spp. (~1.3%).
In previously planted rhizosphere soil Pseudomonas spp. is the most abundant (~2.5%)
however it is not significantly (p>0.05) more abundant compared to control soils. The next
most abundant species are Sphingomonas spp. (~2.5%), Mycoplasma spp. (~2.2%),

Halothiobacillus spp. (~2.0%) and Sphingobacteriaceae spp. (~2.0%).
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Establishing whether coriander yield decline has the same microbial causal
agent in different soil types

The aim of this section of work was to compare the soil bacterial communities of yield decline
rhizosphere soils from different sources (Cockle Park and John Innes soil planted with
coriander var. Santos). This was done to investigate whether the same microbe/microbial
community are associated with yield decline in different soil types.

Species richness

Here, the soil bacterial communities previously planted Cockle Park and John Innes
rhizosphere soils were compared. It was found that the Cockle Park rhizosphere soils do not
have a significantly greater (p>0.05) mean number of species (177+/- 27 species) vs. John

Innes rhizosphere soils (158 +/- 19 species).

Species evenness

This study hypothesised that species evenness would be the same in previously planted
rhizosphere Cockle Park soils vs. John Innes soils. The following relative abundance curves
show the mean relative abundance for three soil samples (rhizosphere samples taken from a
replicate pot). Figure 8 shows that previously planted Cockle Park rhizosphere soil has a
visibly higher species evenness compared to previously planted John Innes rhizosphere soil
probably reflecting the different microbial communities present in these contrasting soil types.
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Figure 8. Relative abundance of the top twenty bacterial OTUs in previously planted Cockle
Park and John Innes rhizosphere soil. Previously planted Cockle Park and John Innes soils
were planted with two successive coriander crops. Values plotted are +1 Standard Error.

Microbial species composition

Comparisons between the two soil types show that previously planted Cockle Park
rhizosphere soil has a different microbial community composition compared to previously
planted John Innes rhizosphere soil. The top five most abundant species in previously
planted Cockle Park rhizosphere soils are Pseudomonas spp. (~2.5%), Sphingomonas spp.
(~2.5%), Mycoplasma spp. (~2.2%), Halothiobacillus spp. (~2.0%) and Sphingobacteriaceae
spp. (~2.0%). In previously planted John Innes rhizosphere soil Flavobacterium spp. (~2.5%)
has become more abundant compared to Cockle Park rhizosphere soils. The next most
abundant species are Escherichia/ Shigella spp. (~4.0%), Vibrio spp. (~2.0%), Cytophaga
spp. (~1.7%) and Flavobacterium spp. (~1.7%; Fig. 8).
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Discussion

Coriander yield decline successfully shown to occur in Cockle Park soil

Coriander yield decline is an observable phenomenon in growers’ fields with producers of
coriander reporting declines of up to 50%. Until recently, it was unknown whether it would be
possible to establish yield decline under controlled greenhouse conditions. In this study, an
experiment was conducted to determine whether yield decline could be induced under
controlled conditions using coriander var. Santos and soil collected from a field at Cockle
Park, Northumberland (not previously cultivated with coriander). This study successfully
managed to induce yield decline under controlled conditions, with a significant reduction in

the fresh weight of above ground biomass being observed in the initial Cockle Park trial.

Yield decline successfully induced in more soil types and varieties

To establish yield decline, this study compared the above and below ground biomass of plants
grown in control soils vs. previously planted soils. Visual observations (see Grower Summary
for photographs), taken before the plants were harvested, indicate that yield decline did occur
in the John Innes compost in both varieties of coriander. In general, both the fresh and dry
total above and below ground biomass of plants grown in control John Innes compost were
greater than plants grown in previously planted soils, though not significantly (Fig. 3). For
instance, the dry above ground biomass for both varieties of coriander grown in fresh soil was
around double the biomass found in plants in previously planted soils (Fig. 4). The lack of
significant difference in total above ground biomass may be due to high variation within the
coriander plants and this study would need to be repeated with greater levels of replication.
However, results looking at shoots alone did demonstrate a significant reduction in biomass
production in plants grown in soils previously planted with coriander. This demonstrates that

yield decline is occurring and was reproduced in John Innes compost.

Yield decline soils appear to be associated with changes in microbial
community composition

This study has shown that cropping coriander repeatedly in the same soil can lead to changes
in the bacterial community of that soil. One crop of coriander was grown in Cockle Park soll
and upon harvest exhibited no signs of yield decline. Subsequent microbial community
analysis showed that the bacterial communities of the rhizosphere soil (soil in close
association with coriander roots) were different to the communities associated with bulk soil.
For instance, the most abundant species in the Cockle Park (planted once with coriander)

bulk soils was Chitinibacter spp. whereas in the corresponding rhizosphere soil the most
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abundant species was Pseudomonas spp.. Furthermore, when this control Cockle Park
rhizosphere soil (soil only cropped once with coriander) is compared to previously planted
Cockle Park rhizosphere soil (soil cropped twice successively with coriander) it can be seen
that the soil bacterial communities are once more altered. Pseudomonas spp. remains the
most abundant species in both healthy and yield decline Cockle Park rhizosphere soils, yet
the remaining top four species differ between the two treatments. Overall it was shown that
coriander has a marked effect on soil microbial communities, with bulk soil samples having a
different community composition to corresponding rhizosphere samples. It could be that a
significant change to the microbial community is associated with yield decline; however, more
work will be required to pursue this theory.

This study also analysed the bacterial communities of two different soil types to see if a
common microbe/microbial community could be linked to yield decline. The previously
planted rhizosphere of Cockle Park and John Innes soil was compared and it was found that
they contained different bacterial communities. In Cockle Park rhizosphere soil the most
abundant species were Pseudomonas spp. and Sphingomonas spp., whereas in John Innes
rhizosphere soil Flavobacterium spp. and Escherichia/ Shigella spp. were the most abundant.
Similar results were also observed with fungal communities in yield decline compared to
healthy soils i.e. no single causal agent could be determined (see Appendix 2 for data). Since
yield decline was obtained in different soil types with different microbial communities then it
could be that the phenomenon is not linked to a specific causal agent. Instead yield decline
could be induced by a change in the soil microbial community that is able to impact on
coriander growth due to an overall functional change. Therefore, it should be noted that the
yield decline phenomenon is very complex with different microbial communities having a

similar negative impact on coriander crops.

After an extensive literature search it was found that there is no published data on the effect
of cropping coriander on soil microbial communities. However, Hilton et al. (2013)
demonstrated that continuously cropping oil seed rape had a significant effect on rhizosphere
fungal communities. In particular, the study found that this change in fungal community was
mostly due to an increase in abundance of two fungal species. Bever et al. (2012) state in
their review, that an individual plant species can alter the microbial community composition.
Plants influence the soil microbial communities through the release of plant exudates which
alter soil chemistry and provide nutrient sources; these factors in turn influence the microbial
composition of the soil. These changes to microbial composition can have important
consequences on plant ecology, for instance the plant could inadvertently select for a

microbial composition that has a negative effect on its growth. Such deleterious microbes
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can restrict plant growth via production of chemicals that interfere with root development or
by competing for nutrients or preventing delivery of plant growth substances (Bennet et al.,
2012). Therefore, continuous cropping of coriander is likely altering the soil microbial
composition. As discussed, coriander crops may be selecting for deleterious microorganisms

or even groups of microorganisms that function in a way that inhibits growth.

Future work

This project has demonstrated that yield decline does occur in multiple soil types and
varieties, with lllumina NGS results suggesting that an underlying cause could be changes in
microbial communities. Future work should aim to determine potential methods to alter
microbial communities and examine any subsequent effects on yield decline. Practices such
as tilling or drying out the soil could alter the microbial community and alleviate yield decline.
Bennet et al. (2011) suggest that full tillage could alleviate the effects of overwintering
deleterious microorganisms. Furthermore, Fierer et al. (2003) conducted an experiment that
demonstrated how drying and rewetting a soil can cause changes to soil bacterial community
composition. Since the microbial community influences soil processes, any changes to soll
microbial composition could alter soil functional capacity and alleviate yield decline. Future
work could involve tilling and dry-rewetting experiments to examine if such practices could be
implemented to alleviate yield decline. Such experiments would need to determine the depth
at which tilling and soil drying are most effective at alleviating decline. It should also be noted
that soil drying would need to take place in-between successive crops to prevent coriander
bolting due to unevenness of soil moisture during growth. Also, soil amendments such as
composts, soil fumigation and organic matter could be used to alleviate yield decline.
Marschner et al. (2003) found that the use of organic and inorganic soil amendments
significantly affected soil bacterial community structure. Therefore, soil amendments may
alter the soil bacterial community composition and effectively reset the soil and alleviate yield
decline. Furthermore, it may be useful for further experiments to be conducted to determine
an appropriate crop rotation protocol. Such experiments could determine the length of time
required before coriander can be replanted in a field and not suffer from yield decline; and

the best intermediate crop to use.

The next stage of investigation should also aim to determine the function of the microbial
communities in yield decline soils. For instance, Xie et al. (2013) carried out lllumina
sequencing on samples before aligning genes against a protein database. This study was
then able to determine the top three functions of the microbial communities from their
samples. However, there is a limitation; since most of the soil microbiota is unknown this

means that the majority of their data contained microorganisms with an unknown function.
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Therefore, the community may have a collective function that was not detected by this
analysis. Understanding the function of microbial communities and how they subsequently
influence plant growth could shed light on how to manage such populations to alleviate yield

decline.

Conclusions

e Coriander yield decline was replicated under controlled conditions in two soil types (one
field soil, one compost) and two varieties (Santos and Cruiser).

e The yield decline phenomenon is a complex one; it seems that separate incidences of
yield decline do not share a single microbial cause. Therefore, different microbial

community compositions can lead to similar effects on a coriander crop.
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Presentation by supervisor (. Singleton) at BHTA Technical Conference, November 2016

Glossary

Bulk soil —the soil that is not in a close association, or under the direct influence of, coriander

roots.

Control soil — a soil used for the growth of coriander which has no previous history of

coriander cropping.

FastQC — an analysis module that enables quality control checks on raw sequence reads

following lllumina NGS.

lllumina Next Generation Sequencing (NGS) — a modern high-throughput sequencing

method that is used in this study to sequence microbial DNA.

Operational Taxonomic Unit (OTU) — is a group of closely related individuals whose

sequences are highly similar to one another (usually 97% similarity).

Previously planted soil — a soil used for the growth of coriander which has already contained

at least one crop of coriander before being immediately replanted.
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Rhizosphere soil — the soil that adheres tightly to, and is influenced by, coriander roots

Rarefaction curve — a plot of the number of species obtained against the number of samples.

This allows for subsequent calculations of species richness for a set number of samples.

USEARCH - a sequence analysis tool used in this study to process and analyse raw

sequence reads following Illlumina NGS.
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Appendices

Appendix 1 — Discounting autotoxicity as a cause for coriander yield decline
An experiment was carried out during year 1 to determine the effect of adding chopped
coriander roots to soil on coriander growth. Approximately 30 coriander var. Santos seeds
were sown in pots (~12 cm diameter) containing ~700 g air-dried sandy soil collected from a
field at Cockle Park Farm, Northumberland with no previous history of coriander cropping.
Three root treatments were used, with three replicate pots per treatment: (1) soil with sterilised
coriander roots added; (2) soil with non-sterilised coriander roots added; (3) control, soil with
no coriander roots added. Both sterile and non-sterile root treatments were included as this
would allow us to determine whether any subsequent effects on plant growth were due to
microbes that the roots may harbour, or to the roots themselves. Sterilised coriander roots
had been sterilised via a treatment of 1% sodium hypochlorite for 6 min, followed by treatment
of 70% ethanol for 30 seconds. Light and temperature settings; watering regime; and fertiliser
application remained as above (see ‘Establishing coriander yield decline in Cockle Park soil).
All pots were sampled eight weeks after sowing and three plants per pot were randomly
sampled for yield data. Fresh weights and dry weights (plants dried in oven for 24 hours at
~60°C) were subsequently measured.

Coriander plants grown in soils containing sterilised roots were not significantly larger
(p>0.05) compared to plants grown in soils with no added roots (Figure 9). Therefore, yield
was not reduced when coriander was grown in soil containing chopped coriander roots; this
suggests that autotoxins are not a contributory factor to yield decline. Furthermore, coriander
plants grown in soils with sterilised roots added had a significantly higher above ground
biomass compared to those grown in soils where non-sterilised roots had been added
(p=0.047). This could provide more evidence for a microbial cause of coriander yield decline,
and suggest that while the root residues themselves do not contribute to yield decline, the

microbes they harbour might have a deleterious effect on plant growth.
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Control, no roots added B Sterilised roots added m Non-sterilised roots added

Figure 9. Comparison of mean fresh weights of coriander var. Santos plants grown in soils
with various root treatments: (1) control, no roots added; (2) sterilised roots added, (3) non-
sterilised roots added. Weights for above ground (combined shoot and leaf) and below
ground (roots) are shown. Values plotted are +1 Standard Error.
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Appendix 2 - Summary of fungal communities associated with yield decline
soils

The experiment described under ‘Establishing coriander yield decline in Cockle Park soil’ was
carried out. This experiment was then extended; all soils were replanted with coriander var.
Santos and at the same time coriander var. Santos was sown in fresh Cockle Park soils with
no history of coriander cropping. Therefore, there were 3 treatments (with 3 replicates per
treatment): (1) control, coriander var. Santos grown in fresh Cockle Park soil with no history
of coriander cropping; (2) coriander var. Santos grown in Cockle Park soil that had been
previously cropped with coriander once before; (3) coriander var. Santos grown in Cockle
Park soil that had been previously cropped with coriander twice before. Pots were then
sampled as mentioned in ‘Materials and methods’ under ‘Examining the microbial

communities of healthy soils vs. yield decline soils.’

The fungal communities of rhizosphere soils taken from control (no history of coriander
cropping); previously planted with coriander once before; and previously planted with
coriander twice before were analysed. Fungal species evenness was greatest in the control
soils; by viewing Figure 10 it can be seen that the relative abundance curve in this soil
decreases steadily. In control soils the most abundant species is Tilletia spp. (~14%) followed
by Lecythophora spp. (~12%), Tomentellopis spp. (~9%) and Gliocladium spp. (~7%). Fungal
species evenness is subsequently lower in soils previously planted with coriander once and
twice before. In soils planted with coriander once before three species dominate:
Lophodermium spp. (~15%) and two Hypocrea spp. (~13% and 11%), the next most
abundant species is Tilletia spp. which only accounts for ~6% of the fungal community. In
soils planted with coriander twice before, two species dominate: Zopfiella spp. (~16%) and
Ramalina spp. (~12%), the next most abundant species is Pseudaleuri spp. which only

accounts for 5% of the fungal community (Figures 10-12).
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Figure 10. Relative abundance of the top twenty fungal OTUs in control Cockle Park soil.
Control Cockle Park soil was planted with coriander once.
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Figure 12. Relative abundance of the top twenty fungal OTUs in previously planted (twice
before) Cockle Park soil.
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Appendix 3 — Raw data from ‘Testing for coriander yield decline in Cockle Park
soil’

Raw data for fresh and dry coriander var. Santos plant weights during the experiment to
establish yield decline in Cockle Park soil (all values measured in grams). The treatments
were control (coriander grown in soils with no previous history of coriander cropping) and

previously planted (coriander grown in soils previously used to grow coriander once).

Control, Fresh

Previously Planted

Treatment Tizzue Type Treatment Tizzue Type

Fresh Flant Fresh Flant

Weights=  Replicate  Shoot Leaves Rowoit Weights  Replicate  Shoot Leaves Root

Pot 1 1 1.3364 02784 0.1E2 Pot 1 1 0.2953 0.267E 01132
2 2.2651 1.653 0.315 2 04152 0.4337 0.1184
3 0.25845 0.E5E5 00953 3 0.4107 0.407e 0.1E35
4 1.7iE 1.E554 03125 4 D.4823 D.4438 0112s
5 0.5583 O.57E4 0.055 5 0.3555 04647 01134

Pot 2 1 15785 1.3245 0.19E9 Pot 2 1 0.E256 0.7238 02646
2 3.376E 2.1684 0.5221 2 0.6985 04442 0.2176
3 1. E119 1181 0.3857 3 02134 0.5303 0.2615
4 13367 0LET74 02279 4 Q.37E5 0.5334 QL104E
5 1.E77 1.457% 02727 5 0.4725 0.3556 0.173

Pot 3 1 2 B0eT 2.0033 04782 Fot 3 1 0.&0e9 05082 0.1233
2 1.4223 1.132E8 0.2107 2 0.7201 0.4053 0.1448
3 0.2313 0. 7205 02203 3 06713 0.54ER 01231
4 0.B206 0. 7842 L1623 4 0.3785 03019 01362
5 0. 7053 0.5135 0. 165 5 0.3E55 0.325 0.0511

Control, Fresh Previoushy Flanted

Treatment Tizsue Type Treatment Tizzue Type

Dry Flant Dry Flant

Weight=  Replicate  Shoot Leaves Rt Weights  Replicate  shoot Leaves Rt

Pot 1 1 Q166 017z 0.04E Pot 1 1 0127 0.02E [FREFFS
2 0.272 0.308 0.032 2 0.163 0126 0.025
3 0.133 0,183 0.0d3 3 0.131 0.02d [EREL
4 0.742 0428 0,034 4 0.162 0,105 0.0
5 0.25 0,165 0.017 5 0.207 0146 0026

Pot 2 1 0451 0.3z 0.036 Pot 2 1 0.33 0L17E [FRE
2 0.70% 0.307 0.0EG 2 0.2E9 0214 0.053
3 D454 0.154 0.0E 3 0.313 0168 [FRETS
4 0.396 Q176 0,045 4 0.157 Q.14 0027
5 0.50% 0.335 0.056 5 0201 015 0045

Pot 3 1 0.744 0471 0.0%6 Pot 3 1 0.156 0LDES [FREFE
2 0.4E5 0267 0.053 2 0.212 oiis 0.0532
3 0252 0.153 LER R 3 0.155 0155 [EREETY
4 0.23 0108 0.032 4 O.1E2 0.105 0026
5 0.177 0.026 0.036 5 CI.l_CIE' 0.075 0.03
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Appendix 4 — Raw data from ‘Testing for yield decline in another soil type with

more coriander varieties’

Raw data for fresh and dry coriander var. Santos plant weights during the experiment to
establish yield decline in John Innes compost (all values measured in grams). The treatments
were control (coriander grown in soils with no previous history of coriander cropping) and

previously planted (coriander grown in soils previously used to grow coriander once).

Previously Planted

Controi, Fresn Trestment Tissue Type Treatment Tizzue Type
Flant

Frasn Waignts  Plant Reglicate  Shoot ey Root Fresh wWeights Replicate Shoot Leaves Rt

Potl 1 0770z 0457 oo7s Pot 1 1 1.585 05211 (PR
z 0z21z 01543 00225 2 0.5558 0.2978 01216
z s 02152 00731 3 06268 0.3718 DLOBLE

PotZ 1 04357 02103 o0esl Pot 2 1 0.3159 03028 0.2447
z 11211 0235t 02528 2 02166 0,135 0.34E82
z 0E7S2 0221 0Z144 3 0.1525 D.DEE9 0.1358

Fot s 1 Q57T L 04335 Fot 3 1 0.4563 0.3074 0O.1B17
z 02535 omEEL 01351 2 0.1382 [ER ] 00525
2 03543 o) 0052 3 0. 4504 0. 2056 0.1273

Previously Flanted

Control, Fresh Treatment Tissue Type Treatment Tizsue Type
Flant Flant

Dry Weights Replicate Shoot Leaves Root Dry Weights Replicate Shoot Leaves Root

Fot 1 1 0.0d35 0102 0.0023 Fot 1 1 0.072 0.2476 0.0E15
2 0.0255 0.0524 [FERERLE 2 00257 0.DES3 00107
3 0.0573 0.0E74 [FREEDE 3 D.0dED 00714 0.014

Pot 2 1 0.0342 D006 0LD122 Pot 2 1 00272 01176 0.0303
Z (PR 0.2604 0.0B41 Z 0.0122 0.0738 00422
3 01292 01107 D.D5E6 3 0.pD52 0.0413 0.003

Pot 3 1 0.0e7 0,124 DUDAET Pot 3 1 00506 D.DE2 [FRLEC
Z 01275 0.1426 0.0635 Z 0.0208 00141 0.0078
3 0.0517 D.OEL1L D02 EL 3 0.0373 0.0173 D.D07T
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Raw data for fresh and dry coriander var. Cruiser plant weights during the experiment to
establish yield decline in John Innes compost (all values measured in grams). The treatments
were control (coriander grown in soils with no previous history of coriander cropping) and

previously planted (coriander grown in soils previously used to grow coriander once).

Freviousty Planted

Control, Fresh Trestment  Tissue Type Treatment Tissue Type

Frezh Rlant Frezh Rlant

Weights Replicate Shot Legves Root Weights Replicate Shoot Leaves Rowot

Pot 1 1 05414 0.52E68 02855 Pot 1 1 0.2532 0. 1EED 00541
2 06434 0.5808 0.1343 2 04057 02282 0.D5E3
3 13202 0. 74T D.267E 3 04187 0.267E 0.035%

Fot 2 1 0,256 0.2014 D.OEAE Fot 2 1 0.0l 0.1073 0.0473
2 0.2958 D.1BE 0.0547 2 0.317E 02711 0.3317
3 0.135%4 0.DE52 0.0357 3 04141 02654 D.1E2E

Pot 3 1 0. 2003 01708 D.D9ES Pot 3 1 0.3ERS 0.34EE 0.117g
2 0.613 0. 2658 D.D52E 2 0.2156 0,156 0.1258
3 0. 1790 0. 0954 [LOSED 3 01522 0. 1017 0.0ET2

Freviousty Planted

Controd, Fresh Treatment  Tissue Type Treatment Tizzue Type
Plant Plant

Dy Weights Replicate Shoot Leaves Root Dy Weights Replicate Shoot Leaves Root

Pot 1 1 00455 0099 0.0436 Pot 1 1 00153 0.0535 0.0028
2 0.0537 0.13E83 0.0223 2 0.0324 0.0756 0.0323
3 01368 0.17EL 0.0317 3 0.04E5 D.05EE 0.02E7

Pot 2 1 0.0284 0.0561 0.0171 Pot 2 1 0.0145 0.03E 0.0173
2 0,030 0.0529 0.0133 2 0.0345 01046 0.0518
3 00224 0.0255 0.0153 3 00164 D.OEES 00245

Pot 3 1 0.0331 0.04585 0.0252 Pot 3 1 0.0173 0.0544 0.0138
2 0.0BD5 0.1036 0.0352 2 0.0126 0.0323 0.0119
3 00077 0.020: 0.0075 3 00182 0.0128 0.0121
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Appendix 5 -Dry John Innes shoot data from ‘Testing for yield decline in

another soil type with more coriander varieties’

0.09
0.08
0.07

Shoot
Soil Type

B Control OPreviously Planted

Figure 13. Comparison of mean dry shoot weights of coriander var. Santos plants grown in
control and previously planted John Innes No.2 Compost. Values plotted are £1 Standard
Error.
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