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Ready-to-use public infrastructure for global 
SARS-CoV-2 monitoring
To the Editor — The COVID-19 pandemic 
is the first health crisis characterized by large 
amounts of genomic data1. Computational 
infrastructure can be a bottleneck for data 
analysis, amplifying global inequalities in 
ability to track SARS-CoV-2 evolution. This 
is an issue even in developed countries, 
as computational infrastructure requires 
expertise in resource procurement, 
configuration and maintenance. 
Commercial computational clouds do not 
fully address the problem because these 
resources must still be configured and 
funded. Furthermore, commercial clouds 
are predominantly US-based and many 
countries have policies making payments to 
foreign providers impractical. In developing 
countries, research computing infrastructure 
is rare and researchers often cannot afford 
commercial cloud-based computation. Here, 
we present the COVID-19 effort by the 
Galaxy Project, which pools free worldwide 
public computational infrastructure, 
making the analysis of deep sequencing data 
accessible to anyone while also providing an 
analytical framework for global pathogen 
genomic surveillance based on raw 
sequencing-read data.

Despite the existence of well designed 
and validated SARS-CoV-2 data analysis 
approaches2,3, the ad hoc4 nature of their 
application often complicates the integration 
and comparison of analysis results. Public 
computational infrastructure (XSEDE, 
ELIXIR and Nectar Cloud in the United 
States, European Union and Australia, 
respectively) coupled with existing 
open-source software offers a solution to 
SARS-CoV-2 analytics challenges. However, 
glue is required to bind these resources 
into a unified platform for managing users, 
allocating storage and pairing analysis 
tools with appropriate computational 
resources. Such a platform is best not 
developed by a single principal investigator, 
group or institution, but rather supported 
by an international community of users, 
developers and educators.

We have developed a two-stage platform 
(Fig. 1) housed on three public Galaxy 
instances5 in the United States (http://
usegalaxy.org), the European Union (http://
usegalaxy.eu) and Australia (http://usegalaxy.
org.au) and capable of supporting hundreds 
of thousands of complex analyses per month. 
Anyone can run effectively unlimited 

computation with 250 Gb (expandable) of 
disk space. The COVID-19 Galaxy Project 
comprises two stages (Fig. 1): the software 
components of stage 1—mature utilities 
for quality control, mapping, assembly and 
allelic variant (AV) calling—run entirely in 
Galaxy and are distributed via the BioConda 
project6; the software components of stage 2 
are snippets of code for data transformation, 
exploration and visualization running within 
standard web-browser-based notebook 
environments. Stage 1 produces variant lists 
whereas stage 2 uses notebooks to perform 
descriptive analyses of datasets. In addition, 
an interactive dashboard is available that 
tracks temporal AV dynamics. (See https://
covid19.galaxyproject.org for data, workflows, 
notebooks, dashboard and our ongoing 
automated tracking of large-scale genomic 
surveillance projects.)

Four primary analysis workflows 
(Supplementary Table 1) support the 
identification of SARS-CoV-2 AVs from 
deep-sequencing reads via the production 
of annotated AVs through a series of 
steps including quality control, trimming, 
mapping, deduplication, AV calling and 

filtering. Their output is processed by 
the Reporting and Consensus workflows 
(Supplementary Table 1) to generate 
standardized data tables describing AVs 
along with consensus genome sequences. 
These are further processed to summarize 
and visualize the data using interactive 
notebooks.

To illustrate the platform’s utility and 
scalability, we refer the reader to two 
large SARS-CoV-2 Illumina datasets 
(PRJNA622837, 619 samples from 
early SARS-CoV-2 transmission in the 
Boston area7; and PRJEB37886, ~100,000 
samples analyzed as of the time of writing 
from the COVID-19 Genomics UK 
(COG-UK) genomic surveillance effort8) 
detailed in Supplementary Tables 1–3 
and Supplementary Figs. 1–3. Analysis 
on COVID-19 Galaxy Project resources 
provides insights into co-occurrence 
patterns, presence of mutations defining 
variants of concern (https://cov-lineages.
github.io/lineages-website/global_report.
html), and intersection with sites under 
selection, including non-random 
associations among common low-frequency 
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Fig. 1 | Analysis flow for calling SARS-CoV-2 variants using Galaxy. ONT, Oxford Nanopore 
Technologies; VCF, variant call format; TSV, tab-separated values; PE, paired end; SE, single end. For 
more information, see https://covid19.galaxyproject.org.
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AVs that may reflect shared intra-host 
dynamics (Supplementary Fig. 1 and 
Supplementary Table 2). It can also highlight 
the emergence of mutations interfering 
with binding of polyclonal antibodies9 (for 
example, COG-UK data in Supplementary 
Fig. 2), suggesting possible intra-host 
dynamics. These and other interactive 
notebooks and dashboards on the platform 
could identify AVs that warrant closer 
monitoring as the pandemic continues.

Our system is designed to encourage 
scalable collaborative worldwide genomic 
surveillance to identify and respond to 
emerging variants. By relying on raw read 
data rather than assembled genomes and 
allowing every result to be traced back to 
its raw data, it goes a step beyond current 
surveillance efforts. Specifically, it enables 
surveillance of intra-patient minor AV 
frequencies—a distinction that could yield 
early warnings of epidemiological conditions 
conducive to the emergence of variants with 
altered pathogenicity, vaccine sensitivity or 
drug resistance. ❐
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Rapid delivery systems for future food security
To the Editor — The current world 
population of 7.8 billion is predicted to 
reach 10 billion by 2057 (https://www.
worldometers.info/world-population/#
pastfuture). Future access to affordable 
and healthy food will be challenging, with 
malnutrition already affecting one in three 
people worldwide. The agricultural sector 
currently provides livelihoods for 1.1 billion 
people and accounts for 26.7% of global 
employment (https://data.worldbank.org/
indicator/SL.AGR.EMPL.ZS). However, our 
reliance on a small number of crop species 
for agricultural calorie production and 
depletion of land, soil, water and genetic 
resources, combined with extreme weather 
events and changing disease/pest dynamics, 
are already jeopardizing future food security1. 
Climate change–induced reductions in the 
global yield of major crops (for example, 
rice, wheat, maize and soybean) are more 
pronounced in low-latitude regions and thus 
affect farmers in developing countries2. As 
is evident from temperate cereal crops, a 
robust seed system that delivers improved 
cultivars to replace old cultivars is a plausible 
approach to adapting agriculture to climate 
change3. Here we provide an overview of 

how seed input supply systems and new 
production and harvesting technologies can 
generate increased incomes for developing 
world farmers and deliver better products  
to consumers.

Crop improvement remains crucial to the 
United Nations’ Sustainable Development 
Goal 2 (SDG 2) of ‘Zero Hunger: ending 
malnutrition and achieving food security 
by 2030’. It offers sustainable solutions 
for food production and food security by 
creating high-yielding, nutritious crops that 
can withstand emerging biotic and abiotic 
stresses. Innovative crop breeding techniques 
that accelerate the breeding cycle (for 
example, speed breeding4), facilitate more 
precise genetic combinations (for example, 
genomic selection5) and enable precise genetic 
changes (for example, genome editing6) 
provide unprecedented opportunities for 
enhancing crop performance in controlled 
conditions and research plots7. Translating 
crop productivity gains from experimental 
settings to real-world farming conditions 
requires improving equitable access to 
innovative technologies for all farmers 
and providing legislative, economical and 
practical support to ensure their adoption8.

After the development of better- 
performing varieties, several steps are 
required to realize higher crop yields and 
income for smallholder farmers and deliver 
enhanced agricultural outputs (Fig. 1). The 
integration of planting good-quality seeds of 
elite crop varieties with improved decision 
support tools, mechanical harvesting and 
post-harvest management will increase 
production gains. Electronic trading portals 
(for example, Wefarm (https://about.wefarm.
com/), eNAM (https://www.enam.gov.in/
web/) and Digital Mandi (https://www.iitk.
ac.in/MLAsia/digimandi.htm)) and support 
from farmer associations should help farmers 
market their produce directly for fairer prices. 
Further processing and addition of value can 
also deliver improved products to consumers 
and increase farmer’s income (Fig. 1).

Seed is the single entry point for 
crop resilience and productivity. The 
sustainability of crop production is 
vitally dependent on the timely supply 
of improved seed and other inputs. In 
developing countries, formal seed supply 
systems generally do not meet farmers’ 
demands, such that smallholder farmers 
source more than 80% of their seed from 
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