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Abstract

able agriculture systems.

Plant microbiomes are the microbial communities essential to the functioning of the phytobiome—the system

that consist of plants, their environment, and their associated communities of organisms. A healthy, functional phy-
tobiome is critical to crop health, improved yields and quality food. However, crop microbiomes are relatively under-
researched, and this is associated with a fundamental need to underpin phytobiome research through the provision
of a supporting infrastructure. The UK Crop Microbiome Cryobank (UKCMC) project is developing a unique, integrated
and open-access resource to enable the development of solutions to improve soil and crop health. Six economi-

cally important crops (Barley, Fava Bean, Oats, Oil Seed Rape, Sugar Beet and Wheat) are targeted, and the meth-

ods as well as data outputs will underpin research activity both in the UK and internationally. This manuscript
describes the approaches being taken, from characterisation, cryopreservation and analysis of the crop microbiome
through to potential applications. We believe that the model research framework proposed is transferable to different
crop and soil systems, acting not only as a mechanism to conserve biodiversity, but as a potential facilitator of sustain-
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Introduction

Culture collections have long supported microbiologi-
cal research through the supply and conservation of
microbes in axenic (pure) format. However, the rapid
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advancement of sequencing technology as a mechanism
to characterise communities of microbes, hereafter the
microbiota, has not been correlated with the develop-
ment of supporting infrastructure. The key require-
ments for biobanking for microbiome research have been
defined and include the development of standards, the
need to deposit material and to supply cultures, samples
and associated data for future research in both academia
and industry (Ryan et al. 2021). By default, this also pro-
vides a mechanism to protect intellectual property as part
of patent deposit protocols, and help researchers adhere
to legislative and regulatory requirements including the
Nagoya Protocol of the Convention of Biological Diver-
sity (CBD). While soil biobanks, such as the Rothamsted
Soil Archive (Clark and Hirsch 2008) exist, conservation
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of microbes within the soil is not the primary purpose of
storing the samples.

Supporting microbiome research presents as a more
challenging problem—how do we translate the method-
ology used by culture collections to complex samples that
may contain many thousands of different species? Inte-
gral to the above is the need to preserve soil and plant
samples, their microbiota and associated metadata. This
needs a new approach to consider how samples are pro-
cessed and analysed, how they are cultured and preserved
and finally how the sequence datasets generated are made
available to researchers and integrated within public
repositories. Other than experimental datasets from indi-
vidual experiments, there are currently few microbiome-
focussed collections (Ryan et al. 2021) and there are none
with a focus on the soil-crop microbiome. The UK Crop
Microbiome Cryobank (UKCMC), a publicly funded
initiative, is therefore unique and seeks to fill this gap
through the establishment of a cryopreserved resource
of characterized material from soil/root crop microbi-
omes. The UKCMC has a prioritized collection strategy,
consisting of fungi, bacteria and rhizosphere microbi-
ome samples. Details of our physically cryopreserved
samples and their associated datasets can be accessed
through AgMicroBiomeBase (https://agmicrobiomebase.
org/). Methodologies, for collection and storage of intact
microbial communities in environmental samples and
extracts of total DNA, will be made available through
this resource. We are using advanced cryopreserva-
tion technology to develop regimes which will enable us
to sustainably maintain the resource in a genotypically
and phenotypically stable state. All resources are being
genomically characterised, allowing for assessments,
from whole community taxonomies (bacterial and fungal
amplicons), metagenomes, to individual isolate genomes.
One benefit of the resource is the potential to find new
biological-based products (whole organisms and natural
products) which may facilitate public—private partner-
ships in the Agritech sector. This will be demonstrated to
the user community, as proof of principle, through Plant
Growth Promoting Rhizobacteria (PGPR) screening and
synthetic community construction.

This short communication describes the approaches
used in the project, its aims in supporting the microbi-
ome research community, and how the model will be
useful for application in other crop systems and the
importance of biobanking per se.

Samples and cultures

The cryobank has applied a targeted approach to sample
acquisition. Sample acquisition is integral to the success
of the cryobank project (Fig. 1). At the outset of the pro-
ject, it was decided that this would include soil and root
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Fig. 1 Project workflow, the success of the project workplan

is dependent on sample processing and culturing, each partner

is responsible for a specific work-package. CABI Centre for Agricultural
Bioscience International, JH/ James Hutton Institute, JIC John Innes
Centre, Rres Rothamsted Research, SRUC Scotland's Rural College

material, culturable microorganisms and total commu-
nity and microbial DNA. Six UK arable crops of global
economic importance were targeted (wheat, barley, oats,
oil seed rape, fava beans and sugar beet). Three contrast-
ing soil types (silt, sandy loam and clay) were collected
from 9 UK farm locations (3 of each soil, with pH of
approximately 6.5) available through the Biotechnol-
ogy and Biological Sciences Research Council (BBSRC)
ASSIST programme network (Fig. 2) as well as other
sites at Scotland’s Rural College (SRUC) and Rotham-
sted Research. Approximately 50 kg of soil was passed
through a 5 mm sieve, then homogenised and used to
culture plants without application of additional fertiliser
from surface sterilised seeds in 20 cm pots under con-
trolled glasshouse conditions for each crop, with 3 plants
per pot. In total, five replicate pots for each of 6 crops
(+unplanted bulk soil) and 9 soil sites were prepared,
equating to 315 pot systems on which the core resource is
based (Fig. 3). Genomic DNA was prepared for culture-
free descriptive assessments of all 315 samples. A strain
library was prepared by culturing bacteria on 1/10th
Tryptic Soy Agar (TSA) from the rhizosphere and bulk
soil. Inoculant dilutions allowed up to 20-40 colony
forming units per cultured plate, avoiding nutrient com-
petition effects on isolate development. Additionally,
fungi were isolated onto Tap Water Agar (TWA)/Malt
Extract Agar (MEA) from a selection of samples using
a standard dilution approach for a small subset of soils.
This resulted in up to 96 microbial isolates per crop per
pot system, and a unique collection of approximately
35,000 isolates was generated.

Characterisation

All soils have been characterised including mineral analy-
sis (N, B, K), and pH at Rothamsted, and the culture col-
lection of 35,000 isolates is being screened for phenotypic
traits. This includes the ability of microbial isolates to
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Fig. 2 Soil sites from the BBSRC Assist Programme JH/ and Rres sites.
Soil texture data was clustered using complete linkage producing
three major groups (Texture clusters 1, 2, and 3). Texture cluster 1

is formed by sandier soils (sandy loam-Red dot); cluster 2 is formed
by clay soils (clay loam and clay =Green dot), while texture cluster 3
is formed by silt soils (clay loam and silt clay loam-Blue dot)

solubilise a range of macro and macro nutrients as well
as abiotic stress tolerance. The community composition
of the rhizosphere has been determined by ribosomal
RNA gene amplicon sequencing for bacterial (16S) and
fungal (ITS2) taxonomy. This allowed informed sam-
ple selection for higher resolution analysis using a shot-
gun metagenomic sequencing approach. Selection of
samples for shotgun metagenomics sequencing reduces
redundancy and contributes to cost efficiency. Metagen-
omics approaches, although not without limitations,
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are superseding lower-resolution amplicon sequenc-
ing for functional predictions, as technology develops
(Xu and Zhao 2018). These datasets provide a compre-
hensive framework for downstream comparisons with
microbiome analysis based on amplicon sequencing, and
a snapshot of microbial communities using functional
metagenome approaches. Selected culturable microbial
isolates are currently being whole genome sequenced to
provide understanding of the functional diversity as well
as their phylogeny. This also permits, along with efforts
in database harmonisation (McDonald et al. 2023),
potential further integration of the different sequence-
based datasets. Sequencing technology and data analysis
approaches rapidly evolve, so any dataset is representa-
tive of a technological ‘snapshot. Since the crux of the
UKCMC is the generation of cryo-preserved samples, it
future-proofs the resource for sample analyses that are
not yet developed.

Preservation and biobanking approaches

All samples generated are cryopreserved at ultra-low
temperature in Statebourne Cryorefrigerators utilising
liquid nitrogen as a refrigerant. This method was selected
because of its high effectiveness and reliability (Ryan et al.
2019). Since the 1960s, culture collections have utilised
storage at ultra-low temperature in a cryogenic gas or liq-
uid as a method to preserve fungi and bacteria. Based on
methodology developed by Polge et al. (1949) for sper-
matozoa, cryopreservation is regarded as the ’state of the
art’ method for sample preservation. Even so, a careful
approach is required to ensure sample integrity is not
compromised during cooling, through the application of
optimised techniques involving controlled rate cooling of
samples (Ryan 2014) (Fig. 4). Furthermore, the preserva-
tion of recalcitrant strains often requires development
of bespoke protocols such as encapsulation dehydration
(Ryan 2001; Benson et al. 2018). This knowledge can be
used to design protocols applicable to whole microbiome
sample preservation. By combining two methodologies



Ryan et al. CABI Agriculture and Bioscience

(2023) 4:53

Fig. 4 Via Freeze™ duo Stirling cycle cooler and operator

we can ensure that we capture more of the viable diver-
sity within each microbiome sample. In this project we
utilised controlled rate cooling using a ViaFreeze"~ Duo
Controlled rate cooler using a cooling regime of —1°C/
min. Samples were cooled to —80°C before transfer to
an automated Statebourne Biosystem 40 device with
temperature held between —175 and —190°C. Samples
are not directly stored in liquid nitrogen but rather in a
central chamber within the refrigerator. For the microbial
isolates, we took a unique approach of preserving and
storing them in 96 well microtiter plates. This ‘next gen-
eration, high throughput’ approach developed for use in
biomedicine utilised a specially designed manifold plate
holder for the Via Freeze cooler, where glycerol (10% w/v)
was used as a cryoprotectant, and samples preserved
using a cooling rate of —1°C/min. Plates are subsequently
transferred to a Statebourne cryo-refrigerator and stored
in stacks specifically designed for microtiter plates. A
genomic assessment of the cryo-methodology has been
undertaken that showed that controlled rate cooling
does not adversely affect genomic integrity compared to
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control samples (Cafa et al. 2021). A further investigation
that compared the functional profiles before and after
cryopreservation demonstrated that functional potential
is retained post cryopreservation (data not shown).

Identifiers for the project datasets (amplicon, metagen-
omic and in the future whole genome isolates) and asso-
ciated metadata will be accessible through the project
portal at AgMicrobiomeBase.org. The sequence data
has been uploaded to public repositories (ENA and
MGnify) and are interlinked through Biosamples entries.
UKCMC is the first synchronised resource covering the
soil microbiome of multiple crops in identical soil types,
supported by resources integrated with public reposito-
ries. Uniquely, it maintains the link between soil health
metrics, sample provenance, the physical sample and its
metadata.

Demonstrating the utility of the resource

The maintenance of the UK Crop Microbiome Cryobank
ensures that this resource is available for academia as
well as the Agritech sector to support the design of new
biological products for sustainable agriculture. We are
focussed on demonstrating the utility of the UKCMC
for the isolation of PGPR and synthetic community con-
struction. This will involve characterisation of the cultur-
able microbiota associated with UK crop plants and the
generation of crop-associated synthetic microbial com-
munities (SynComs) with plant growth promoting traits.
SynComs generated in this experiment will be added to
the CryoBank and made available for other users and this
can be used as a blueprint for use of the resource. Agri-
cultural environments are known to profoundly shape
microbial communities both in terms of overall genetic
richness (Mehrabi et al. 2016) and the distribution and
frequency of individual taxa (Mauchline et al. 2015;
Pacheco-Moreno et al. 2021; Huang et al. 2019). These
changes have been linked to specific root exudation
profiles (Huang et al. 2019), root-associated differences
in soil structure and the influence of farming practice
and microbial biocontrol (Pacheco-Moreno et al. 2021).
Changes in the distribution of key microbial species have
in turn been linked to the development of disease sup-
pressive soils and progressive changes in crop yields over
time (Yang et al. 2011). Understanding the importance
of crop-associated microbiomes for plant health is an
important objective, both to build up a more complete
picture of microbiome function and to demonstrate the
utility and potential of the UKCMC for end-users.

Facilitating research

The UKCMC will generate data to allow us to answer
complex biological questions related to comparative,
functional, and translational analysis. Furthermore, it will
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enable the research community to address questions such
as:

i) How does plant growth promotion potential distrib-
ute within microbial phylogenies?

ii) Can we improve our understanding of population
dynamics of microbial communities?

iii) How do microbiomes vary across soils and crops?

iv) Can we enable temporal analysis of microbiomes
to measure changes caused by different agricultural
practices or other abiotic factors?

v) Can we identify the microbial taxa and functional
genes associated with soil and crop health?

vi) What other or additional microbial traits underpin
soil and plant health?

Conclusions: future sustainability and a model
for other crops systems
Biobanking is expensive, and many critics consider the
collecting and storage of microbes to be ‘stamp collect-
ing’ However, as with Ryan et al. (2021), we support the
argument that biobanks are crucial in-order-to under-
pin the stringency and reproducibility of microbiome
research. In addition, they are a mechanism to preserve
both agricultural and threatened biodiversity before the
impact of human activities, climate change and predicted
ecosystem collapse negatively impact the microbes pre-
sent in our environment. The storage of microbial bio-
diversity is crucial in-order-to protect the environment
and sustainable food production. The construction of
the resource is funded under the UK’s BBSRC’s Bioin-
formatics and Biological Resources Fund. Its long-term
viability relies upon utilisation of the resource by the
research community. Provision of cultures and resources
will be subject to a small charge to cover the cost of sup-
ply, with any excess revenues used to support the opera-
tion of the resource. Furthermore, the resource provides
untapped biodiversity for industry to provide solutions to
enhance sustainable agriculture. The ex-situ conserved
repository also provides potential back-up in the event
of a climatic or natural disaster, by providing resources
to allow habitat reconstruction or microbes to enhance
crop growth where the ‘in situ’ biodiversity may have
become compromised. Governments and donor agen-
cies, including trusts and foundations, should coordinate
a funding approach to allow the UKCMC to be applied to
the development of biological interventions for sustain-
able agriculture and for conservation efforts to mitigate
human-led threats.

At the end of the research elements of the project, the
legacy cryobank will be maintained alongside CABI’s
culture collection, which has been in existence for over
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75 years and provides a sustainability model for con-
tinuation. In parallel, the cryobank leaves a legacy of
high-quality metadata to accompany the publicly avail-
able sequence data, strengthening its utility. The current
UKCMC focuses on arable crops. However, the model is
highly translatable to other crops in agri- and horticul-
ture including global commodity crops such as tea, rice,
cotton and coffee. Biobanking has a key future role to
play, and without it, industry will not have the tools to
develop new solutions, and the sustainability of our food
systems will be at risk.

Acknowledgements

Rothamsted Research acknowledges strategic funding from the Biotechnol-
ogy and Biological Sciences Research Council of the United Kingdom and sup-
port from the Growing Health (BB/X010953/1) Institute Strategic Programme.
JIC acknowledges additional support from the Plant Health Institute Strategic
Programme BBS/E/J/000PR9797. SRUC and JHI acknowledge Scottish Govern-
ment strategic research program funding (JHI-D3-1). CABI is an international
intergovernmental organisation, and we gratefully acknowledge the core
financial support from our member countries (and lead agencies) including
the United Kingdom (Foreign, Commonwealth & Development Office), China
(Chinese Ministry of Agriculture and Rural Affairs), Australia (Australian Centre
for International Agricultural Research), Canada (Agriculture and Agri-Food
Canada), Netherlands (Directorate-General for International Cooperation), and
Switzerland (Swiss Agency for Development and Cooperation). See https.//
www.cabi.org/about-cabi/who-we-work-with/key-donors/ for full details.

Author contributions

All authors have contributed and agreed with the submission of this article
and each has contributed to the establishment of the UK Crop Microbiome
Cryobank.

Funding
This work is funded under the BBSRC-UKRI Bioinformatics and Biological
Resources Fund (BBR) under grant agreement no BB/T019700/1.

Declarations

Competing interests
The authors declare no competing interests.

Received: 10 August 2023 Accepted: 30 October 2023
Published online: 26 November 2023

References

Benson EE, Harding K, Ryan M, Petrenko A, Petrenko Y, Fuller B. Alginate encap-
sulation to enhance biopreservation scope and success: a multidiscipli-
nary review of current ideas and applications in cryopreservation and
non-freezing storage. Cryo Lett. 2018;39:14-38.

Cafa G, Bonnin JM, Holden N, Malone JG, Mauchline TH, Clark |, Taketani R,
Ryan MJ. Cryopreservation of a soil microbiome using a Stirling cycle
approach—a genomic assessment. agriRxiv. 2021. https://doi.org/10.
31220/agriRxiv.2021.0006.

Clark I, Hirsch PR. Survival of bacterial DNA and culturable bacteria in archived
soils from the Rothamsted Broadbalk experiment. Soil Biol Biochem.
2008;40(5):1090-102.

Huang AC, Jiang T, Liu YX, Bai YC, Reed J, Qu B, Goossens A, Nitzmann HW,
Bai Y, Osbourn A. A specialized metabolic network selectively modulates
Arabidopsis root microbiota. Science. 2019;364(6440): eaau6389.

Mauchline TH, Chedom-Fotso D, Chandra G, Samuels T, Greenaway N, Back-
haus A, McMillan V, Canning G, Powers SJ, Hammond-Kosack KE, Hirsch
PR, Clark IM, Mehrabi Z, Roworth J, Burnell J, Malone JG. An analysis of


https://www.cabi.org/about-cabi/who-we-work-with/key-donors/
https://www.cabi.org/about-cabi/who-we-work-with/key-donors/
https://doi.org/10.31220/agriRxiv.2021.0006
https://doi.org/10.31220/agriRxiv.2021.0006

Ryan et al. CABI Agriculture and Bioscience (2023) 4:53

Pseudomonas genomic diversity in take-all infected wheat fields reveals
the lasting impact of wheat cultivars on the soil microbiota. Environ
Microbiol. 2015;17(11):4764-78. https://doi.org/10.1111/1462-2920.
13038.

McDonald D, Jiang Y, Balaban M, et al. Greengenes2 unifies microbial data in
a single reference tree. Nat Biotechnol. 2023. https://doi.org/10.1038/
541587-023-01845-1.

Mehrabi Z, McMillan VE, Clark IM, Canning G, Hammond-Kosack KE, Preston
G, Hirsch PR, Mauchline TH. Pseudomonas spp. diversity is negatively
associated with suppression of the wheat take-all pathogen. Sci Rep.
2016;6:29905. https://doi.org/10.1038/srep29905.

Pacheco-Moreno A, Stefanato FL, Ford JJ, Trippel C, Uszkoreit S, Ferrafiat L,
Grenga L, Dickens R, Kelly N, Kingdon ADH, Ambrosetti L, Nepogodiev SA,
Findlay KC, Cheema J, Trick M, Chandra G, Tomalin G, Malone JG, Truman
AW. Pan-genome analysis identifies intersecting roles for Pseudomonas
specialized metabolites in potato pathogen inhibition. Elife. 2021;10:
€71900.

Polge C, Smith AU, Parkes AS. Revival of spermatozoa after vitrification and
dehydration at low temperatures. Nature. 1949;164(4172):666. https://doi.
0rg/10.1038/164666a0.

Ryan MJ. The use of immobilisation for the preservation of Serpula lacrymans.
Mycologist. 2001;15:65-7. https://doi.org/10.1016/50269-915X(01)
80082-3.

Ryan MJ, Kasulyte-Creasey D, Kermode A, San SP, Buddie AG. Controlled rate
cooling of fungi using a stirling cycle freezer. Cryo Lett. 2014;35(1):63-9.

Ryan MJ, McCluskey K, Verkleij G, Robert V, Smith D. Fungal biological
resources to support international development: challenges and oppor-
tunities. World J Microbiol Biotechnol. 2019;26(9):139. https://doi.org/10.
1007/511274-019-2709-7.

Ryan MJ, Schloter M, Berg G, Kostic T, Kinkel LL, Eversole K, Macklin JA, Schelkle
B, Kazou M, Sarand |, Singh BK, Fischer D, Maguin E, Ferrocino |, Lima
N, McClure RS, Charles TC, de Souza RSC, Kiran GS, Krug HL, Taffner J,
Roume H, Selvin J, Smith D, Rybakova D, Sessitsch A. Development of
microbiome biobanks—challenges and opportunities. Trends Microbiol.
2021;29(4):89-92. https://doi.org/10.1016/j.tim.2021.01.009.

Xu'Y, Zhao F. Single-cell metagenomics: challenges and applications. Protein
Cell. 2018;9(5):501-10. https://doi.org/10.1007/513238-018-0544-5.

Yang MM, Mavrodi DV, Mavrodi OV, Bonsall RF, Parejko JA, Paulitz TC, Thom-
ashow LS, Yang HT, Weller DM, Guo JH. Biological control of take-all by
fluorescent Pseudomonas spp. from Chinese wheat fields. Phytopathol-
0gy. 2011;101(12):1481-91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 6 of 6

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1111/1462-2920.13038
https://doi.org/10.1111/1462-2920.13038
https://doi.org/10.1038/s41587-023-01845-1
https://doi.org/10.1038/s41587-023-01845-1
https://doi.org/10.1038/srep29905
https://doi.org/10.1038/164666a0
https://doi.org/10.1038/164666a0
https://doi.org/10.1016/S0269-915X(01)80082-3
https://doi.org/10.1016/S0269-915X(01)80082-3
https://doi.org/10.1007/s11274-019-2709-7
https://doi.org/10.1007/s11274-019-2709-7
https://doi.org/10.1016/j.tim.2021.01.009
https://doi.org/10.1007/s13238-018-0544-5

	The UK Crop Microbiome Cryobank: a utility and model for supporting Phytobiomes research
	Abstract 
	Introduction
	Samples and cultures
	Characterisation
	Preservation and biobanking approaches
	Demonstrating the utility of the resource
	Facilitating research
	Conclusions: future sustainability and a model for other crops systems
	Acknowledgements
	References


