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1.2 Inventory documents 

The 2019 Inventory comprises four reports: 

 

 

 

 

 

 

 

Radioactive Waste Inventory 
Describes the sources, volume, composition and 
activity of radioactive waste in the UK, and a 
comparison with the previous inventory 

Radioactive Material Inventory 
Summarises the quantities of UK civil nuclear 
materials that might have to be managed as 
waste in the future 

Waste Detailed Data 
Provides further information on the 
radioactive waste inventory including a list 
of waste streams 

Summary for International Reporting 
Gives information to meet the UK’s international 
reporting obligations in the field of radioactive 
waste and materials 

2019 UK Radioactive Waste and Material Inventory 
Radioactive Waste Inventory 
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10.4 Waste component masses 

Table 9 gives the total masses of material components in HLW, ILW, LLW and VLLW. This includes 
wastes at 1 April 2019 that had already been conditioned as well as future arisings that are reported as 
conditioned waste. 

Table 9: Mass of materials by waste category 

Material 
Mass (tonnes) 

HLW ILW LLW VLLW 

Metals: 

Stainless steel 1.9 28,000 150,000 8.2 

Other steel - 32,000 370,000 1,100 

Iron - 3,200 37,000 4,300 

Magnox/magnesium - 6,500 130 0.11 

Aluminium - 1,900 19,000 8.1 

Zircaloy/zirconium - 1,300 240 0.11 

Copper & alloys - 300 13,000 440 

Nickel & alloys 21 88 1,100 - 

Uranium - 1,000 970 55.0 

Other metals - 1,400 41,000 140,000 

Organics: 

Cellulosics - 1,200 68,000 41,000 

Plastics - 4,600 89,000 830 

Rubbers - 1,100 16,000 210 

Ion exchange resins - 430 200 - 

Hydrocarbons - 46 8,100 1,100 

Other organics - 370 31,000 19,000 

Inorganics: 

Asbestos - 66 22,000 28,000 

Cementitious materials - 64,000 780,000 2,100,000 

Graphite - 82,000 15,000 - 

Sand, glass & ceramics 2,700 1,200 20,000 150 

Ion exchange materials - 3,200 74 - 

Brick, stone & rubble - 1,100 77,000 430,000 

Sludges, flocculants & liquids 490 31,000 12,000 2.4 

Other inorganics - 1,200 340 27,000 

Soil - 150 92,000 140,000 

Unspecified materials(1) 0 8,700 12,000 220 

TOTAL 3,200 280,000 1,900,000 2,900,000 

(1) Includes wastes for which no material breakdown or a partial breakdown is reported. 
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9 WASTE MANAGEMENT 

A summary of key points: 
Ö Higher activity wastes (HLW, ILW) and some LLW unsuitable for 

near-surface disposal are being accumulated in stores. 
Ö The waste hierarchy and the opening up of alternative management 

routes mean that less LLW is expected to be disposed at the LLWR. 
Ö Most VLLW is disposed of at appropriately permitted landfill sites. 

 

The continued operation of nuclear plants and the decommissioning of sites depend on the 
availability of suitable waste management routes and facilities.  Radioactive waste 
management involves a series of steps, which depend on the nature of each waste stream, 
within an integrated waste strategy.  A short discussion of radioactive waste management is 
provided in the ‘Context and Methodology’ report. 

This section consolidates the information on waste management routes compiled by the 
waste producers. 

9.1 HLW and ILW 
These higher activity wastes are being accumulated in stores10.  The long-term management 
policy of the UK Government and devolved administrations for Wales and Northern Ireland is 
geological disposal.  This uses engineered barriers and hundreds of metres of rock overlying 
the disposal facility to isolate the waste so that no harmful amounts of radioactivity reach the 
surface environment.  The specially-engineered vaults and tunnels deep underground that 
will house the waste are called a Geological Disposal Facility (GDF). 

There is no GDF yet operating but the UK Government is currently developing a site 
selection process to find a volunteer host community with suitable geology. The geological 
characteristics of the site are important for the long-term safety of the facility. 

The Scottish Government policy is that long-term management of higher activity wastes 
should be in near-surface facilities. Facilities should be located as near to the site where the 
waste is produced as possible. Developers will need to demonstrate how the facilities will be 
monitored and how waste packages, or waste, could be retrieved. 

9.2 LLW and VLLW 
UK policy for managing LLW provides a flexible and sustainable approach for the long term, 
with a preference for managing LLW at higher levels of the waste hierarchy (i.e. waste 
minimisation, reuse and recycling)11. 

                                                
10 Discrete items of short-lived ILW may be suitable near-surface disposal after a period of decay storage. 
11 Application of the waste hierarchy is central to the UK-wide strategy for managing LLW from the nuclear 
industry.  This means managing LLW at higher levels of the hierarchy, such as reducing, reusing and recycling 
waste, and a move away from the past focus on disposal. 
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saccharinic acid. Peak 1 is an unknown component. Average concentrations
of the degradation products as measured with both analytical systems are
summarised in Table 7. ISA is the main degradation product formed during the
alkaline degradation of cellulose and contributes to approximately 90 % of the
total dissolved organic carbon (DOC). The other products such as lactic acid,
formic acid etc. only form a minor, negligible part of the DOC (Z = ~5 %). Alkali
extractable organics contribute to ~ 5 % to the DOC. This means that during
the degradation of cellulose in ACW-I, the intermediate product split off from
the cellulose chain is transformed mainly by the benzilic acid type of
rearrangement to isosaccharinic acid. The fragmentation reaction (Figure 8)
can be neglected. This is due to the presence of Ca2+ in the artificial cement
pore water. Ca2+ is known to catalyse the benzilic acid type of rearrangement
at the expense of the fragmentation reaction (BLEARS et al. 1957, MACHELL
& RICHARDS 1958, MACHELL & RICHARDS 1960, COLBRAN & DAVIDSON
1961) as discussed in chapter 4. Similar results were obtained for the other
samples of series A. On an average, ISA contributes to ~80 % to the DOC (see
Table 8). The other organic acids contribute to ~5 %. Roughly 15 % of the DOC
remains unidentified.

Table 7: Overview of the different substances in a cellulose degradation
solution after one month degradation time (A3), as analysed by ion
exclusion chromatography1 and ion exchange chromatography2.

Component

DOC
alkali extractable DOC
1Oxalic acid
1 Formic acid
1Acetic acid
1Glycollic acid
1 Lactic acid
1Succinic acid
2oc-lsosaccharinic acid
2P-Isosaccharinic acid

Concentration
(mM)
317
16.6
n.m.
3.9
2.3
1.1
1.9
0.1
24.5
20.3

% of DOC

100
5.2

-
1.2
1.5
1.0
0.9
0.1
46
39

n.m: detected but not quantified

Complex & mobilise radionuclides:
• Eu(III) (Vercammen et al. 2001)
• Am(III) (Tits at al. 2005)
• Th(IV) (Wieland et al. 2002)
• Np(IV) (Rai et al. 2003)
• U(IV) (Warwick et al. 2004)
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ABSTRACT

Under the alkaline conditions expected in an intermediate-level waste repository, cellulosic material will
undergo chemical hydrolysis. This will produce hydrolysis products, some of which can form soluble
complexes with some radionuclides. Analyses of samples containing autoclaved tissue and cotton wool
incubated in a saturated solution of Ca(OH)2 (pH > 12) confirmed previous reports that isosaccharinic acid
(ISA) is produced from these cellulose polymers at high pH. However, when inoculated with a sediment
sample from a hyperalkaline site contaminated with lime-kiln waste, microbial activity was implicated in the
enzymatic hydrolysis of cellulose and the subsequent production of acetate. This in turn led to acidification
of the microcosms and a marked decrease in ISA production from the abiotic alkali hydrolysis of cellulose.
DNA analyses of microbial communities present in the microcosms further support the hypothesis that
bacterial activities can have a controlling influence on the formation of organic acids, including ISA, via an
interplay between direct and indirect mechanisms. These and previous results imply that microorganisms
could have a role in attenuating the mobility of some radionuclides in and around a geological disposal
facility, via either the direct biodegradation of ISA or by catalysing cellulose fermentation and therefore
preventing the formation of ISA.

Introduction

CELLULOSE is a polymer of 100–14,000 glucose
units linked by !-1,4 glycosidic bonds and is the
main component of plant cell walls. As such, it is
one of the most abundant polymers on Earth
(Beguin and Aubert, 1994). Cellulose polymers are
oriented in parallel and form highly ordered,
insoluble crystalline domains interspersed by

more disordered amorphous regions. Cellulose
can be present in a variety of products including
clothes, paper, tissue etc., which are expected to
be present in intermediate-level waste (ILW)
that will be disposed of in a deep geological
disposal facility (GDF) (Nuclear Decommissioning
Authority, 2014).
Previous studies have shown that hyperalkaline

conditions (pH 12–13) will dominate after
resaturation of an ILW-GDF with groundwater,
due to the extensive use of cement (Berner, 1992).
Under these hyperalkaline conditions, abiotic
hydrolysis of the cellulose present in ILW will
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DOI: 10.1180/minmag.2015.079.6.18
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ABSTRACT
Intermediate-level radioactive waste includes cellulosic materials, which under the hyperalkaline conditions expected in a
cementitious geological disposal facility (GDF) will undergo abiotic hydrolysis forming a variety of soluble organic species.
Isosaccharinic acid (ISA) is a notable hydrolysis product, being a strong metal complexant that may enhance the transport
of radionuclides to the biosphere. This study showed that irradiation with 1 MGy of ! -radiation under hyperalkaline
conditions enhanced the rate of ISA production from the alkali hydrolysis of cellulose, indicating that radionuclide
mobilisation to the biosphere may occur faster than previously anticipated. However, irradiation also made the cellulose
!bres more available for microbial degradation and fermentation of the degradation products, producing acidity that
inhibited ISA production via alkali hydrolysis. The production of hydrogen gas as a fermentation product was noted, and
this was associated with a substantial increase in the relative abundance of hydrogen-oxidising bacteria. Taken together,
these results expand our conceptual understanding of the mechanisms involved in ISA production, accumulation and
biodegradation in a biogeochemically active cementitious GDF.

Keywords: cellulose irradiation; cellulose hydrolysis; alkaliphiles; hydrogenotrophs; radioactive waste; geological disposal

INTRODUCTION
Disposal of radioactive waste in a geological disposal facility
(GDF) is considered the safest long-term management solution
for these materials (Department for Business, Energy and Indus-
trial Strategy 2018). Different GDF concepts have been proposed,
and are under development internationally, that address differ-
ent geological settings, waste inventories and waste types. All
designs implement a multibarrier system that includes physical,
chemical and geological containment of radioactive material to

impede its transport to the biosphere (Nuclear Decommission-
ing Authority 2012). Intermediate-level waste (ILW) is de!ned
as being non-heat-generating waste but can include a variety
of short-lived "- and ! -emitting radionuclides that generate a
high initial dose rate. Longer lived radionuclides present in ILW
include actinides (e.g. U, Np, Pu) and metals (Tc, Ni) that have the
potential to migrate from groundwater to the biosphere. Con-
crete materials used in GDF designs for ILW provide a hyperalka-
line (pH > 12.5) chemical environment for very long periods (up
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Microbial degradation of isosaccharinic acid
at high pH
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Intermediate-level radioactive waste (ILW), which dominates the radioactive waste inventory in the
United Kingdom on a volumetric basis, is proposed to be disposed of via a multibarrier deep
geological disposal facility (GDF). ILW is a heterogeneous wasteform that contains substantial
amounts of cellulosic material encased in concrete. Upon resaturation of the facility with
groundwater, alkali conditions will dominate and will lead to the chemical degradation of cellulose,
producing a substantial amount of organic co-contaminants, particularly isosaccharinic acid (ISA).
ISA can form soluble complexes with radionuclides, thereby mobilising them and posing a potential
threat to the surrounding environment or ‘far field’. Alkaliphilic microorganisms sampled from a
legacy lime working site, which is an analogue for an ILW-GDF, were able to degrade ISA and couple
this degradation to the reduction of electron acceptors that will dominate as the GDF progresses
from an aerobic ‘open phase’ through nitrate- and Fe(III)-reducing conditions post closure.
Furthermore, pyrosequencing analyses showed that bacterial diversity declined as the reduction
potential of the electron acceptor decreased and that more specialised organisms dominated under
anaerobic conditions. These results imply that the microbial attenuation of ISA and comparable
organic complexants, initially present or formed in situ, may play a role in reducing the mobility of
radionuclides from an ILW-GDF, facilitating the reduction of undue pessimism in the long-term
performance assessment of such facilities.
The ISME Journal (2015) 9, 310–320; doi:10.1038/ismej.2014.125; published online 25 July 2014

Introduction

High pH environments are present on Earth. They
can be natural, for example, some geothermal
springs and soda lakes, or man-made, for example,
effluent ponds from paper pulping industries, lime
working sites and closed structures made of cement.
One such engineered structure is the deep geological
disposal facility (GDF) that is being proposed
for the safe disposal of radioactive waste. The
largest volume of waste deposited into a GDF
will be intermediate-level waste (ILW), which
will be immobilised in steel containers backfilled
with cementitious material to form a physical
barrier in the form of a cement matrix (Nuclear
Decommissioning Authority, 2014). The chemical
and biological processes in and around this facility
remain poorly understood, and therefore the impact
of this facility on its surrounding environment

remains uncertain. ILW contains substantial amounts
of cellulosic material (Nuclear Decommissioning
Authority, 2014), surrounded by hyperalkaline pore-
waters (Berner, 1992), and during disposal under
these conditions, cellulose is known to be
unstable (Van Loon and Glaus, 1997), and degrades
chemically to short-chain organic acids (Glaus et al.,
1999), especially in the presence of radiation
(Bouchard et al., 2006). Although the nature and
concentrations of the different products are influenced
by temperature and the nature of the cellulose present
(Haas et al., 1967; Van Loon et al., 1999), one of the
main products of these degradation reactions is
isosaccharinic acid (ISA) (IUPAC: 2,4,5-Trihydroxy-2-
(hydroxymethyl)pentanoic acid) (Glaus et al., 1999).
At high pH, this molecule was found to sorb to cement
in small amounts (Van Loon et al., 1997), and is able to
complex with a number of metals and radionuclides,
particularly Ni(II) (Warwick et al., 2003), Ca(II)
(Vercammen et al., 1999), Th(IV) (Vercammen et al.,
2001; Tits et al., 2005), U(IV) (Warwick et al., 2004),
Eu(III) (Vercammen et al., 2001; Tits et al., 2005),
Am(III) (Tits et al., 2005) and Np(IV) (Rai et al., 2003;
Gaona et al., 2008), making them potentially more
mobile (Wieland et al., 2002) and more likely to reach
the biosphere.

Correspondence: JR Lloyd, Williamson Research Centre for
Molecular Environmental Science, School of Earth, Atmospheric
and Environmental Sciences, University of Manchester, Oxford
Road, Manchester M13 9PL, UK.
E-mail: jon.lloyd@manchester.ac.uk
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Microbial degradation of isosaccharinic acid under conditions
representative for the far field of radioactive waste disposal
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ABSTRACT

It is UK Government policy to dispose of higher activity radioactive waste through geological disposal into
an engineered deep underground geological disposal facility (GDF; DECC, 2014). Those wastes include
low-level (LLW) and intermediate-level (ILW) radioactive wastes that are very heterogeneous, containing a
range of inorganic and organic materials, the latter including cellulosic items. After closure of the GDF,
eventual resaturation with groundwater is expected, resulting in the development of a hyperalkaline
environment due to the proposed use of a cementitious backfill. Under these high-pH conditions, cellulose
is unstable and will be degraded chemically, forming a range of water-soluble, low molecular weight
compounds, of which the most abundant is isosaccharinic acid (ISA). As ISA is known to form stable
soluble complexes with a range of radionuclides, thereby increasing the chance of radionuclide transport,
the impact of microbial metabolism on this organic substrate was investigated to help determine the role of
microorganisms in moderating the transport of radionuclides from a cementitious GDF. Anaerobic
biodegradation of ISA has been studied recently in high-pH cementitious ILW systems, but less work has
been done under anaerobic conditions at circumneutral conditions, more representative of the geosphere
surrounding a GDF. Here we report the fate of ISA in circumneutral microcosms poised under aerobic and
anaerobic conditions; the latter with nitrate, Fe(III) or sulfate added as electron acceptors. Data are presented
confirming the metabolism of ISA under these conditions, including the direct oxidation of ISA under
aerobic and nitrate-reducing conditions and the fermentation of ISA to acetate, propionate and butyrate prior
to utilization of these acids during Fe(III) and sulfate reduction. The microbial communities associated with
these processes were characterized using 16S rRNA gene pyrosequencing. Methane production was also
quantified in these experiments, and the added electron acceptors were shown to play a significant role in
minimizing methanogenesis from ISA and its breakdown products.

KEYWORDS: isosaccharinic acid, complex, radionuclide mobility, biodegradation, nuclear waste, geological
disposal.
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c. 14 days there was a strong smell of sulfide,
confirming microbial sulfate-reducing activity and
the experiment turned from beige to a grey/black
colour which was indicative of the formation of
iron-sulfide phases. This was accompanied by the
steady depletion of sulfate in the cultures (Fig. 3b).
About 40% of the carbon from the ISA was
converted to acetate, which was metabolized after
the ISA had been depleted (Fig. 3c), presumably via
sulfate reduction, with another 0.85 mM sulfate
reduced over this time. The pH of this sulfate-
reducing experiment remained stable at c. 7, and the
turbidity also fell from OD600nm = 0.49 to 0.40.
Given the geochemical profiles noted in this
experiment, it is likely that both ISA and fermen-
tation products from ISA were used as electron
donors for sulfate reduction. Methane was detected
(2.8% of the headspace after an extended incubation
period of 200 days), but at lower levels than noted in
the Fe(III)-reducing cultures.
Finally, the fermentative pathways that were

implied in the Fe(III)- and sulfate-reducing
cultures, were explored in the no electron acceptor
control experiment. Here, after an initial lag of
about seven days, ISAwas degraded efficiently and
depleted after about 21 days, despite the absence of
an added electron acceptor (apart from the CO2

added in the headspace of the bottles). Of the
c. 16.3 mM C added as ISA, about 54%
(8.1 mM C) was converted into VFAs, of which
4.7 mM C was converted to acetate and 3.2 mM to
n-butyrate, and smaller amounts to formate and
propionate (Fig. 3e). Besides the fermentation of
ISA to VFAs, larger quantities of methane were

detected in comparison to all other experiments.
Especially after the time point of ISA depletion,
relatively high amounts of methane were formed,
resulting in about 25% CH4 of the headspace
volume after 96 days which increased only slightly
after another 100 days of incubation by 4% (Fig. 4),
even though it still represented a small fraction of
the total carbon metabolized. The main metabolic
driving force in this incubation was clearly
fermentation, while it is possible that methanogen-
esis could become more pronounced after long
incubation times.
Attempts were made to monitor microbial

growth by quantifying changes in turbidity, used
successfully in previous studies on ISA bio-
degradation before (e.g. Strand et al., 1986; Bassil
et al., 2014), but in all experiments increases in
turbidity were minimal, and in many cases fell over
time, in some experiments by up to 70%.
Interestingly, the turbidity of the sterile controls
remained stable. Microscopic analyses, using the
Hoechst 33342 dye to identify microbial cells,
demonstrated that aggregates varying in size, and of
up to 100 µm in diameter, formed in the microbio-
logically active experiments. These were sur-
rounded by viable planktonic rod-shaped cells of
!2!4 µm long (data not shown), which were
clearly external to the aggregates and floating or
actively moving in the medium.
The clumping noted in these experiments makes

the accurate measurement of microbial growth by
turbidity impossible. However, DNA profiling
experiments were used to identify key changes in
the microbial communities that dominated under
the biogeochemical conditions imposed.
Rarefaction curves (Fig. 5a) showed a dramatic
decrease in microbial diversity, from the raw
sediment sample (>500 species), to the oxic
samples incubated for 21 days ( just over 100
species), while the anaerobic cultures contained
only !50!100 discrete gene sequences. Such a
change in relative microbial abundance is common
when selective conditions are imposed in micro-
cosm experiments, for example with the addition of
ISA as an electron donor, and an excess of electron
acceptor, such as nitrate or Fe(III) under anoxic
conditions (e.g. Thorpe et al., 2012; Williamson
et al., 2013, Bassil et al., 2014). Figure 5b shows
the broad phylogenetic affiliations of the organisms
detected. In the sediment inoculum no single
species from these broad phylogenetic groups
comprised more than 3% of the sequences detected.
However, after 21 days incubation under aerobic
conditions, when the ISA had been degraded fully,

FIG. 4. Gas evolution during the biodegradation of ISA in
sediment enrichment slurries containing 2 mM Ca(ISA)2
under different biogeochemical conditions as follows: ( )
sterile control sterile (autoclaved); ( ) 24 mM NaNO3; ( )
20 mmol l"1 Fe(III) oxyhydroxide; ( ) 12 mM Na2SO4;

( ) ‘no added electron acceptor’.
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Biodegradation of the Alkaline Cellulose Degradation
Products Generated during Radioactive Waste Disposal
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Abstract

The anoxic, alkaline hydrolysis of cellulosic materials generates a range of cellulose degradation products (CDP) including a
and b forms of isosaccharinic acid (ISA) and is expected to occur in radioactive waste disposal sites receiving intermediate
level radioactive wastes. The generation of ISA’s is of particular relevance to the disposal of these wastes since they are able
to form complexes with radioelements such as Pu enhancing their migration. This study demonstrates that microbial
communities present in near-surface anoxic sediments are able to degrade CDP including both forms of ISA via iron
reduction, sulphate reduction and methanogenesis, without any prior exposure to these substrates. No significant
difference (n = 6, p = 0.118) in a and b ISA degradation rates were seen under either iron reducing, sulphate reducing or
methanogenic conditions, giving an overall mean degradation rate of 4.761022 hr21 (SE62.961023). These results suggest
that a radioactive waste disposal site is likely to be colonised by organisms able to degrade CDP and associated ISA’s during
the construction and operational phase of the facility.
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Introduction

The current strategy for the management of the UK’s
radioactive waste is a single Geological Disposal Facility (GDF)
providing suitable, safe containment of the national waste
inventory. One illustrative concept for the disposal of long lived,
Intermediate Level Wastes (ILW) and some Low Level Wastes
(LLW) is that of a cementitious backfilled facility which will re-
saturate post closure [1]. Although the facility in general will be
backfilled with a cementitious grout, not all the waste will be
encapsulated with cement allowing lower pH environments to be
present within the waste. Such a facility is expected to develop
anoxic conditions soon after closure due to the removal of oxygen
by the corrosion of the steel waste containers. This will result in an
anoxic, alkaline environment which in combination with the host
rock, will provide a multi barrier system for the containment of the
radionuclide inventory [1].

By 2010, the U.K. held an estimated 2,000 tonnes of cellulosic
ILW composed of packaging materials, disposable clothing and
surface wipes and a further 100,000 tonnes of cellulosic LLW [2].
The chemical hydrolysis of cellulose under anoxic, alkaline
conditions is a well described process [3] in which amorphous
cellulose is degraded via the peeling reaction to the a and b forms
of isosaccharinic acid (ISA) and a range of organic acids including
formic, glycolic and acetic [4]. Of these water soluble products,
ISA has received considerable attention on account of its ability to
form complexes with radionuclides present in the wastes [5–7].

The construction and operational phases of a GDF provide an
opportunity for the microbial contamination and colonisation of
the facility by microorganisms from the near-surface environment
[8]. The microbial degradation of ISA may have a significant
impact on the evolution of GDF and the migration of the
radioelements present.

Within the wider environment, ISA is generally absent,
although it is present in the black liquor resulting from the Kraft
paper pulping process [9]. Studies of industrially contaminated
sites suggest that ISA degrading microbial populations may evolve
within decades [10–12]. Other studies have shown that ISA is
capable of being degraded under aerobic and denitrifying
conditions, conditions unlikely to be seen in the near field of a
GDF [9,11]. The presence of significant amounts of steel
(construction materials and waste packages) within a GDF mean
that corrosion processes will promote the generation of reducing
conditions and generate ferric iron phases that may support
microbial iron reduction [1]. In addition, groundwater ingress is
likely to provide sulphates that will be able to support microbial
sulphate reduction [13]. Consequently, both iron reduction and
sulphate reduction along with methanogenic processes may play
an important role in the development of the ambient geochemistry
within a GDF [8]. ISA and other organic compounds generated
by the chemical hydrolysis of cellulose are potential substrates for
these microbial processes.

The aim of this study was to determine the ability of the
microbial communities in anoxic near surface sediments to

PLOS ONE | www.plosone.org 1 September 2014 | Volume 9 | Issue 9 | e107433

RESEARCH ARTICLE

Anoxic Biodegradation of Isosaccharinic
Acids at Alkaline pH by Natural Microbial
Communities
Simon P. Rout1, Christopher J. Charles1, Charalampos Doulgeris1, Alan J. McCarthy2,
Dave J. Rooks2, J. Paul Loughnane2, Andrew P. Laws1, Paul N. Humphreys1*

1 School of Applied Sciences, University of Huddersfield, Huddersfield, UK, 2 Microbiology Research
Group, Institute of Integrative Biology, University of Liverpool, Liverpool, UK

* p.n.humphreys@hud.ac.uk

Abstract
One design concept for the long-term management of the UK’s intermediate level radioac-
tive wastes (ILW) is disposal to a cementitious geological disposal facility (GDF). Under the
alkaline (10.0<pH>13.0) anoxic conditions expected within a GDF, cellulosic wastes will
undergo chemical hydrolysis. The resulting cellulose degradation products (CDP) are domi-
nated by !- and "-isosaccharinic acids (ISA), which present an organic carbon source that
may enable subsequent microbial colonisation of a GDF. Microcosms established from neu-
tral, near-surface sediments demonstrated complete ISA degradation under methanogenic
conditions up to pH 10.0. Degradation decreased as pH increased, with "-ISA fermentation
more heavily influenced than !-ISA. This reduction in degradation rate was accompanied
by a shift in microbial population away from organisms related to Clostridium sporosphaer-
oides to a more diverse Clostridial community. The increase in pH to 10.0 saw an increase
in detection of Alcaligenes aquatilis and a dominance of hydrogenotrophic methanogens
within the Archaeal population. Methane was generated up to pH 10.0 with acetate accumu-
lation at higher pH values reflecting a reduced detection of acetoclastic methanogens. An
increase in pH to 11.0 resulted in the accumulation of ISA, the absence of methanogenesis
and the loss of biomass from the system. This study is the first to demonstrate methanogen-
esis from ISA by near surface microbial communities not previously exposed to these com-
pounds up to and including pH 10.0.

Introduction
The current strategy for the management of the UK’s intermediate-level radioactive waste
(ILW) inventory is disposal to a Geological Disposal Facility (GDF) employing a multi-barrier
system. One design option for the ILW disposal area of such a facility is the use of a cementi-
tious based backfill that will allow the development of a saturated anoxic, hyper-alkaline envi-
ronment favouring the retardation of key radionuclides [1]. After the closure of a GDF, the
overall pH in the ILW disposal areas is expected to be as high as pH 13, with this value falling
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(formate, acetate, lactate, pyruvate, succinate, malate, fuma-
rate, gluconate, isosaccharinate, citrate, malonate), sugars
and sugar alcohols (glucose, fructose, sucrose, lactose, sorbi-
tol, mannitol, myo-inositol) and amino acids (glycine, ser-
ine, cysteine, glutamate, histidine, asparagine, arginine)
were added. For the utilisation of electron acceptor tests,
nitrate was removed and the medium was supplemented
with 10mM Na2SO4, 2mM Na2SeO4 or 2mM Na3AsO4. All
experiments were prepared in duplicate, and the reference
strains were tested alongside NB2006T.

Colonies were protruding, small, round and transparent
after 3 days of incubation under anaerobic conditions at
30 !C. Growth was observed after 3 days of incubation at pH
values between 8.5 and 11, with optimal growth at pH 9.8–
10. Temperatures between 10 and 40 !C supported growth,
and 30 !C was optimal. NB2006T grew in the same minimal
medium supplemented with 0–6.0% (w/v) NaCl (optimal
at 2.0 %) and 0–5.0% (w/v) NaHCO3 (optimal at 0.5%).
NB2006T showed growth in the anaerobic zone in vertical
agar tubes and grew in liquid cultures flushed with 0–10%
O2. Light and electron microscopy revealed that NB2006T

cells are Gram-stain-positive rods, that are 2"5#0.5–0.7 µm
in size (Fig. S2), motile using four peritricus flagella, can live
singly or in chains of up to six connected rods and can form
circular, subterminal spores. NB2006T was catalase- and
oxidase-positive, hydrolysed gelatin and starch and was able
to utilise lactate, pyruvate, succinate, malate, fumarate, glu-
conate, isosaccharinate, glucose, fructose, sucrose, serine,
asparagine and arginine as electron donors. It grew by
anaerobic respiration, where it reduced nitrate to nitrite and
arsenate to arsenite. It also grew by fermentation of yeast
extract or gluconate, which led to the production of acetate
and formate as fermentation products. A phenotypic and
biochemical comparison between NB2006T and the selected

type strains of species of the genus Anaerobacillus showed
metabolic differences between the tested strains (Table S1).

Cellular fatty acid composition, cell-wall peptidoglycan
analysis, and determination of the DNA G+C content of
NB2006T were performed by the DSMZ Identification Ser-
vice (Braunschweig, Germany).

The predominant cellular fatty acids (>5%) of NB2006T were
C16 : 0 (23.35%), C16 : 1!11c (22.96%), anteiso-C15 : 0 (15.33%),
iso-C15 : 0 (8.30%), C16 : 1!7c/iso-C15 : 02-OH (6.28%), and
C14 : 0 (5.48%) which is consistent with other members of the
genus Anaerobacillus [1, 3]. The cell-wall diagnostic diamino
acid was meso-diaminopimelic acid, and the peptidoglycan
type was A1g. The DNA G+Ccontent of NB2006T, deter-
mined byHPLC, was 37.7mol%.

Draft genomes of the species of the genus Anaerobacillus
used in this study have been published recently [28, 29]. The
genome sequences with accession numbers MLQQ00000000,
MLQS00000000, MLQR00000000, LQXD00000000, and
LELK00000000 were retrieved from the NCBI database. Orig-
inal average nucleotide identity, and average nucleotide
identity of orthologous genes were calculated using the
Orthologous Average Nucleotide Identity Tool version 0.93
[30]. Digital DNA–DNA hybridization values were deter-
mined using the Genome-to-Genome Distance Calculator
version 2.1 using formula 2 [31]. The genomes were re-anno-
tated using Prokka version 1.11 [32], and the core genome
that contains the genes shared by all species of the genus
Anaerobacillus was identified using the software package
Roary version 3.8.0 [33], with a minimum sequence identity
of 70% [34]. A phylogenetic tree was reconstructed using
the neighbour-joining algorithm [23] with maximum com-
posite likelihood distance [24], and the maximum-likelihood

Bacillus nanhaiisediminis CGMCC 1.10116T (IMG2596583586)

Bacillus ligniniphilus L1T (NZ_ANNK00000000)

Bacillus okhensis Kh10-101T (NZ_JRJU00000000)

Bacillus akibai JCM 9157T (NZ_BAUV00000000)

Anaerobacillus isosaccharinicus NB2006T (NZ_LQXD00000000)

Anaerobacillus macyae DSM 16346T (NZ_LELK00000000)

100 100
100

99

100

100

100
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100

Anaerobacillus alkalilacustris DSM 18345T (NZ_MLQR00000000)

Anaerobacillus alkalidiazotrophicus DSM 22531T (NZ_MLQS00000000)

Anaerobacillus arseniciselenatis DSM 15340T (NZ_MLQQ00000000)

Bacillus alkalinitrilicus DSM 22532T (NZ_MTIP00000000)

Fig. 1. Neighbour-joining phylogenetic tree reconstructed from the core genes (281 genes) of species closely related to NB2006T.

Bootstrap values >50%, based on 1000 replicates, are indicated on branch points. Bacillus subtilis was used as an outgroup. Bar, 0.05

nucleotide substitutions per site. A maximum-likelihood phylogenetic tree showed the same results as the neighbour-joining

phylogenetic tree.

Bassil and Lloyd, Int J Syst Evol Microbiol

3

A. isosaccharinicus

Downloaded from www.microbiologyresearch.org by
IP:  130.88.240.68

On: Wed, 26 Jun 2019 08:54:33

Anaerobacillus isosaccharinicus sp. nov., an alkaliphilic
bacterium which degrades isosaccharinic acid

Naji M. Bassil* and Jonathan R. Lloyd

Abstract

Strain NB2006T was isolated from an isosaccharinate-degrading, nitrate-reducing enrichment culture in minimal freshwater

medium at pH 10. Analysis of the 16S rRNA gene sequence indicated that this strain was most closely related to species of

the newly established genus Anaerobacillus. This was supported by phenotypic and metabolic characterisation that showed

that NB2006T was rod-shaped, Gram-stain-positive, motile and formed endospores. It was an aerotolerant anaerobe and an

obligate alkaliphile that grew at pH 8.5–11, could tolerate up to 6% (w/v) NaCl, and grew at a temperature between 10 and

40 !C. In addition, it could utilise a number of organic substrates, and was able to reduce nitrate and arsenate. The

predominant cellular fatty acids were C16 : 0, C16 : 1!11c, anteiso-C15 : 0, iso-C15 : 0, C16 : 1!7c/iso-C15 : 0 2-OH and C14 : 0. The cell

wall peptidoglycan contained meso-diaminopimelic acid and the DNA G+C content was 37.7mol%. In silico DNA–DNA

hybridization with the four known species of the genus Anaerobacillus showed 21.8, 21.9, 22.4, and 21.5% relatedness to

Anaerobacillus arseniciselenatis DSM 15340T, Anaerobacilus alkalidiazotrophicus DSM 22531T, Anaerobacillus alkalilacustris

DSM 18345T, and Anaerobacillus macyae DSM 16346T, respectively. NB2006T differed from strains of other species of the

genus Anaerobacillus in its ability to metabolise isosaccharinate, an alkaline hydrolysis product of cellulose. On the basis of

the consensus of phylogenetic and phenotypic analyses, this strain represents a novel species of the genus Anaerobacillus,

for which the name Anaerobacillus isosaccharinicus sp. nov. is proposed. The type strain is NB2006T (=DSM 100644T=LMG

30032T).

The genus Anaerobacillus was proposed by Zavarzina et al.
[1] to contain strictly anaerobic or aerotolerant, Gram-
positive rods that are obligate or moderately alkaliphilic,
halotolerant or moderately halophilic, grow through fer-
mentation or anaerobic respiration and are able to reduce
arsenate. At the time of writing, the genus Anaerobacillus
comprises only four species with validly published names:
Anaerobacillus macyae [2], Anaerobacillus alkalidiazotro-
phicus [3], Anaerobacillus arseniciselenatis [4], and Anaero-
bacillus alkalilacustris [1], with A. arseniciselenatis as the
type species.

Isosaccharinate is a cellulose alkali hydrolysis product that
is found in paper pulp effluent streams [5]. It is also
expected to form under the anaerobic, hyperalkaline condi-
tions of a geological disposal facility for intermediate-level
radioactive waste [6], and has the potential to increase
radionuclide mobility in the subsurface [7, 8]. For these rea-
sons, the microbial degradation of isosaccharinate, has
received considerable recent attention [9–11]. Two aerobic

Gram-negative bacteria, capable of isosaccharinate degrada-
tion have been isolated previously [12, 13]. Here we describe
a novel species belonging to the newly established genus
Anaerobacillus that utilises isosaccharinate under anaerobic,
alkaline conditions.

An isosaccharinate-degrading, nitrate-reducing enrichment
culture grown on minimal freshwater medium at pH 10 had
been set up previously and maintained at 20 !C under anaer-
obic conditions [14]. The freshwater medium contained per
litre 2.5 g NaHCO3, 0.25 g NH4Cl, 0.6 g NaH2PO4.H2O,
0.1 g KCl, 2 g NaNO3, 0.8 g calcium isosaccharinate and
10ml mineral and vitamin mixes [15], and was pH adjusted
to pH 10 using NaOH, and made anaerobic by flushing
with N2 for 1 h [14]. The enrichment culture was inoculated
with 5% (w/v) of a sediment sample from a legacy lime-kiln
in Harpur Hill, Buxton, United Kingdom [16, 17], and was
enriched for isosaccharinate-degrading bacteria at 20 !C by
transferring 1% inoculum into fresh medium every month
[14]. At the end of the fourth subculture of this enrichment
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experiments discussed above. DNA was extracted from these !nal cultures at selected time points and the 16S 
rRNA genes present were ampli!ed and sequenced, to identify changes in microbial community composition that 
may have controlled the fate of the Fe and Ni. "e chosen pro!les were from the 0 mM Ni and 0.1 mM Ni experi-
ments at 0 hours, at 28 days, the point at which ISA was depleted, and at 63 days, the point where Fe(III) reduction 
levelled o# (Fig.$3). !-rarefaction curves showed a dramatic decrease in microbial diversity from the original 
sediment inoculum (approximately 600 distinct sequences detected)21 to the seventh transfer of the enrichments 
(approximately 190 distinct sequences detected at the start of this experiment; Fig.$S3). A further modest decrease 
in microbial diversity was noted over the duration of this experiment, whereby the 0 mM Ni and 0.1 mM Ni sup-
plemented enrichments contained approximately 160 distinct sequences. "e decrease in community microbial 
diversity was con!rmed by calculating the Shannon H indices (values are shown above the columns in Fig.$3).

Analysis of 16S rRNA gene sequences obtained from the 0.1 mM Ni experiment a%er ISA depletion (28 days) 
showed enrichment in organisms most closely a&liated with the Gram-positive Class Clostridia, represent-
ing approximately 56% of the total abundance of bacteria detected. "is Class comprised mainly of members 
of the family Ruminococcaceae (53% of genes detected), known to possess a multi-enzyme cellulosome com-
plex that could play a central role in carbohydrate metabolism42. Another important Class detected was the 
Gram-negative Deltaproteobacteria comprising approximately 18% of sequences detected. "is Class was dom-
inated by sequences a&liated most closely (97% to 99% match) with the Fe(III)-reducing family Geobacteraceae 
(16% of sequences detected). Despite representing less than 2% of the sequences, detection of members of 
the Desulfovibrionaceae was considered potentially important, as these organisms were affiliated with the 
sulfate-reducing bacteria Desulfovibrio putealis B7–43 (1% of sequences, 98% match) and Desulfovibrio L7 sp. 
(0.65% of sequences, 100% match). A second 16S rRNA gene pro!le was obtained from the 0.1 mM Ni exper-
iment when Fe(III) reduction had !nished (day 63). "is had a higher percentage of sequences a&liated with 
Betaproteobacteria (26% of sequences), of which most of the sequences (25%) were related to Dechlorosoma 
suillum PS (100% match) from the genus Azospira, an anaerobic, perchlorate-reducing organism43. "e second 
most abundant Class detected was again most closely a&liated with Clostridia (20% of sequences) followed by the 
Bacteroidia (17% of sequences), of which most sequences were a&liated with an uncultured bacterium from the 
vadinBC27 wastewater-sludge group (11% of sequences), from the genus Rikenellaceae, which are described as 
anaerobic, mesophilic carbohydrate-fermenting organisms44.

Figure 2. ICP-AES analysis of Ni in solution [mM] in the Ni-ISA biodegrading, Fe(III)-reducing enrichment 
experiment. All bottles contained 4 mM ISA and 25 mM Fe(III) oxyhydroxide with a sterile (autoclaved) 
microbial inoculum and 1 mM Ni (grey diamonds), or no microbial inoculum, but 1 mM Ni (dark grey circles), 
or with microbially active inoculum and either 0.1 mM Ni (red squares), or 1 mM Ni (green diamonds).

Figure 3. 16S rRNA gene sequencing data from the Ni-ISA biodegrading, Fe(III)-reducing enrichment 
experiment. Diagram shows phylogenetic Classes at selected time points. Notation of Shannon H biodiversity 
index on top of columns as a measure of microbial community diversity.
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The biogeochemical fate of nickel 
during microbial ISA degradation; 
implications for nuclear waste 
disposal
Gina Kuippers  1, Christopher Boothman1, Heath Bagshaw1, Michael Ward2,  
Rebecca Beard3,5, Nicholas Bryan4 & Jonathan R. Lloyd1

Intermediate level radioactive waste (ILW) generally contains a heterogeneous range of organic and 
inorganic materials, of which some are encapsulated in cement. Of particular concern are cellulosic 
waste items, which will chemically degrade under the conditions predicted during waste disposal, 
forming significant quantities of isosaccharinic acid (ISA), a strongly chelating ligand. ISA therefore 
has the potential to increase the mobility of a wide range of radionuclides via complex formation, 
including Ni-63 and Ni-59. Although ISA is known to be metabolized by anaerobic microorganisms, the 
biodegradation of metal-ISA complexes remains unexplored. This study investigates the fate of a Ni-ISA 
complex in Fe(III)-reducing enrichment cultures at neutral pH, representative of a microbial community 
in the subsurface. After initial sorption of Ni onto Fe(III)oxyhydroxides, microbial ISA biodegradation 
resulted in >90% removal of the remaining Ni from solution when present at 0.1 mM, whereas higher 
concentrations of Ni proved toxic. The microbial consortium associated with ISA degradation was 
dominated by close relatives to Clostridia and Geobacter species. Nickel was preferentially immobilized 
with trace amounts of biogenic amorphous iron sulfides. This study highlights the potential for 
microbial activity to help remove chelating agents and radionuclides from the groundwater in the 
subsurface geosphere surrounding a geodisposal facility.

!e policy of the UK Government (and those of other nuclear nations) is to dispose of long-lived intermedi-
ate level waste (ILW) via engineered deep underground geological disposal facilities (GDFs)1. Post-closure, a 
cementitious GDF will become saturated with groundwater, which through interaction with the cementitious 
materials that make up the engineered barrier components, will result in the development of a highly alkaline 
plume. !ese high pH conditions are expected to minimize the mobility of toxic or hazardous radionuclides and 
inhibit most microbiological processes. However, organic ligands have the potential to impact on the solubility 
of radionuclides in these wastes. Ligands can be either present in ILW, for example the decontamination agents 
ethylenediaminetetraaceteic acid (EDTA) or nitriloaceteic acid (NTA), or may form under GDF conditions from 
the chemical degradation of organic materials. Of particular interest are cellulosic materials, which are present 
at high loadings and have been shown to undergo alkaline hydrolysis at elevated pH and calcium concentrations, 
resulting in the production of small organic acids in the pore "uids2. Under GDF conditions, the main stable end 
product is expected to be isosaccharinic acid (ISA)3–8. Even though ISA is known to sorb to cement9,10, it can 
form strong water-soluble complexes with some priority radionuclides, especially divalent cations, such as nickel 
(Ni)9,11. Nickel is chie"y valuable in Ni-based steel alloys to minimize corrosion of steel12. In a reactor, stable Ni 
that is part of nuclear reactor steel components can be irradiated from the fuel and form Ni-63 (half-life 9.9 ! 101 
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• Microbes are present and active in the subsurface
• Studies support the Bio-Barrier concept 

• Microbial cellulose degradation under hyperalkaline 
conditions

• Microbial ISA degradation under GDF-relevant 
conditions

• Metals immobilisation
• “Microbes are doing things we didn’t know they could do 

10 years ago” Robert H. Jackson

Conclusion & Future Work
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