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Planned Releases of Genetically
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Abstract. Issues of safety and risk have taken the foreground in discussions on the
deliberate release of genetically modified organisms. In most cases, the organisms
being introduced into the environment are modified versions offamiliar organisms with
a long history of safe use and are expected to have no direct adverse effects for human
health or for the environment. However, there is legitimate concern about the environ-
mental fate of these organisms, in particular, about the genetic information which they
carry. In the past, discussions of technological risk have often been based on the
terminology and logic of the familiar risk-assessment strategy developed for character-
izing risks from hazardous chemical processes. While the direct transfer of this
assessment model to evaluating contained biotechnological processes has been suc-
cessful, attempts at molding the model to the requirements of open systems have been
unsatisfactory. To be meaningful, the safety evaluation for environmental releases must
accomodate the distinguishing features of this open system: the lack of an intrinsic
hazardous property, the lack of quantitative thresholds for adverse effects, and the lack
of a common currency in which to express potential damages. A survey of risk-
assessment strategies in the chemical and biotechnological sectors is presented here.
This will provide the necessary background to understanding the current situation of
assessing and communicating the risks associated with the reintroduction of familiar
organisms into environments where they were already naturally present.

Introduction

Biotechnology is the term given to
processes which make use of biology to
improve human material welfare. Prod-
ucts of biotechnology range from food-
stuffs, such as cheese and alcoholic bever-
ages, to drugs for the protection of human
health, such as antibiotics, interleukins,
interferons, or vaccines. Breeding is one
of the oldest forms of biotechnology prac-
ticed by farmers to select for desired traits
in plants and animals. Although tradition-
al biotechnology has a long history (10000
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years) of safe application, this track record
is apparently not enough to validate the
applications of 'modern' biotechnology
which proposes the modification of or-
ganisms through the alteration of gene
signals or through the transfer of genetic
information encoding specific characters.

The ambitions of genetic engineering
appear to be far greater and much quicker
to achieve than what was previously pos-
sible with traditional biotechnology. This
is due to the accuracy and ease of applica-
tion of well-honed, molecular-biological
methods. The rapidity of pace, the fear of
future harm, and the ethical issues on the
nature of life itself, all contribute to the
current unease regarding the widespread
application of genetic engineering. With
modified organisms targeted for release,
there is also concern about their long-term
impact on ecosystem processes. While all
concerns are legitimate, they may be

shaped by the culture of the individual or
they may reflect a state of incomplete
knowledge about a given situation. The
positive and negative consequences of
technology are inextricably bound togeth-
er. It is thus a challenge to regulators to
move beyond the paradox, such that man-
datory rules are drafted to be commensu-
rate with the actual technological risks.

Issues of risk and safety in biotechnol-
ogy have taken the foreground in discus-
sions on the deliberate release of geneti-
cally modified organisms (GMO). As a
first step, the logic of the familiar risk-
assessment model for chemical processes
was adopted to describe the situation of
deliberate releases; after all, the method-
ology had been successfully applied to
evaluate contained biotechnological ap-
plications for safety [I]. This approach
soon proved to be unsatisfactory for sever-
al reasons. Hazardous chemical processes
and contained biotechnology applications
satisfy the underlying condition for quan-
titative risk assessments: both have intrin-
sic hazards which can be identified, char-
acterized, and described either quantita-
tively or qualitatively. The toxicity of
chemical substances or the pathogenicity
of production organisms are properties
which can be directly correlated with spe-
cific hazards. On the other hand, organ-
isms targeted for releases usually have no
known direct adverse effects for human
health and the environment. However, the
materialization of hazard can be affected
by the scale of release, the potential for
organisms to proliferate beyond geograph-
ical boundaries, and the potential for the
inserted genetic information (e.g., antibiot-
ic resistance) to cross taxonomic classes.

The types of damage potential often
forecasted in the worst-case scenarios for
deliberate releases are usually not new,
but have already occurred as a result of
more traditional activities of agriculture.
There is legitimate fear, e.g., that the anti-
biotic marker genes present in modified
crop plants might be transferred to patho-
genic organisms, thereby reducing the ef-
ficacy and usefulness for the clinical treat-
mentofinfections using this class of drugs.
This concern should also extend to other
environmental sources of antibiotics, such
as the use of antibiotics in animal feed for
prophylaxis, chemotherapy, and growth
promotion. The damage potential for de-
liberate releases is difficult to express in
terms of a common currency, especially
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Hazard identification

owe a lot to the concepts expounded orig-
inally for debating the risks from hazard-
ous substances.

Endorsed models for the quantitative
risk assessment of chemical processes
contain the stages shown in Fig. J [3][4].
The first stage is the system description
and provides details on the process: its
background? objectives, and material re-
quirements. Once this has been estab-
lished, the identification of all hazards
relevant to the process operation can be
performed by answering the two ques-
tions: J) what dangerous situations exist
within a plant or a process operation; and
2) how these situations may materialize
[4]. All situations in which the potential
for harm might exist must be considered,
including the sequence of events that could
transform this potential into an accident.
A number of hazard identification tech-
niques, including scenario analysis, check-
lists, Hazard and Operability Studies
(HAZOP), can be used to ensure the com-
prehensiveness and level of detail required
[4]. Categories of danger range from plant
accidents involving serious injury and
death such as explosions, fires, or the
dispersal of chemicals to the less visible,
but potentially harmful effects from long-
term, low-dose exposure during normal
operation.

In the next stages of the risk assess-
ment, conditional probabilities of harm
are calculated based on the maximum
amplitude of damage and the probability
of occurrence. Consequence estimation
uses two types of models to assess the
effects on man, animals, and the environ-
ment from exposure to identified hazards:
1) physical models are used to evaluate the
effects from the production of overpres-
sure during an explosion, the dispersion of
airborne flammable or toxic materials, the
creation of high levels of thermal radiation
from various types of fires; and 2) toxic
effect models are used to assess the ad-
verse health effects to man from exposure
to toxic substances. These models have
their weaknesses and strengths, but it is
enough to mention here that the intrinsic
properties of chemical substances, i.e.,
flammability, toxicity, or thermodynamic
properties, can evolve into hazards. The
degree to which the processing system can
prevent dangerous situations is given by
the overall failure frequency rate, calcu-
lated from failure data for individual com-
ponents or, when available, for similar
processes.

The outcome from the probabilistic
calculations of the preceding stages ofthe
risk assessment is then compared to the
official risk criteria which provide the

Failure frequency
estimation

1
Risk management

Resultant risk levels

System definition

Risk Assessment for Chemical
Processes

j

Exposure assessment

1

The dissemination of known hazard-
ous substances is legally regulated in or-
der to avoid untoward exposure and ad-
verse effects to people and to the environ-
ment. Good industry safety practices rely
on the systematic use of risk-assessment
schemes to identify, assess, and control
the risks from hazards. Although risk is
never zero, it can be made very small
through specific control actions at each
stage of hazard evolution over time by
modifying wants, changing the technolo-
gy, and preventing initiating events [2]. In
its formal structure, the risk-assessment
scheme for chemical processes focuses
primarily on the management of risk
through the identification and prevention
of intiating events. What follows will be a
brief introduction to the logic and arrange-
ment of tools used to arrive at an unambig-
uous characterization of risk for chemical
processes. The risk-assessment strategies
that have been proposed for biotechnolog-
ical applications - contained or open -

Assessment criteria,
cost-benefit analysis,
monitoring

/
Consequence estimation

when naturally occurring background proc-
esses such as pollen flow, gene transfer,
and gene acquisition are the vehicles for
damage in hazard scenarios.

It is the task of the environmental risk
assessment to sift the facts about risks
from the perceptions about risks. Ideally,
this assessment should be as objecti ve and
scientifically based as possible, but main-
taining the transparency and comprehen-
siveness necessary to encourage effective
communication about risks. The purpose
of this paper is to provide some back-
ground on the logic, pattern, and evolu-
tion of the chemical risk-assessment mod-
el: how it has been effectively applied to
evaluating the safety of contained bio-
technology applications; and how the
situation of open systems might require
another approach for evaluating poten-
tialhazards. With this background, itmight
become easier to understand the current
predicament of assessing and communi-
cating the risks associated with the re-
introduction of modified, familiar organ-
isms into environments where they were
already naturally present.

Fig. I. Risk-
assessment model
for chemical
processes
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Fig. 2. Hazard categories of the biological system and the corresponding facility safety measures
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for Class 3 and 4 organisms [1]. After the
hazard class of the organism has been
determined, the first activity of the risk
assessment is to identify the suite of causal
events belonging to plausible scenarios
describing the various routes of accidental
release. These scenarios indicate the vul-
nerable points of the system that may
become initiating events for major acci-
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Level 2, the facility must include in its
design the means to inactivate the produc-
tion organism at the interface of the con-
tainment with the environment.

Biological risk assessments for con-
tained applications are not strictly required
for Class 1 organisms, are formally car-
ried out on a case-by-case basis for Class
2 organisms, and are consistently applied

Table 1. Risk-Assessment Stages for Chemical Compounds, Contained and Open Biological Appli-
cations

Contained biotechnological applica-
tions operate under sterile conditions,
which means that contact of the culture
fluid at any stage of the process with the
surrounding environment is restricted. At
the industrial scale, process components
consisting of carefully sealed pumps, ves-
sels, and pipes resemble the equipment for
chemical processes [1]. Analogous also to
chemical conversions, intrinsic hazards
can be identified for closed systems in
biotechnology: technical hazards related
to the process maintenance and opera-
tions, such as high-pressure steam used
during sterilization or toxic solvents used
during downstream processing; and bio-
logical hazards from the pathogenic prop-
erties of the production organism. The
risk-assessment model for chemical proc-
esses is adaptable to the assessment of
closed biotechnological applications, be-
cause the apparent hazards can be identi-
fied and characterized with probabilistic
calculations (see Table 1). The remainder
of this section will focus mainlyon the risk
assessment of hazards arising from the
biological system. In contrast to the high
temperatures and pressures characteristic
of industrial chemical conversions, the
technical hazards from biological pro-
cesses are comparatively mild, because of
the physiological conditions required for
bioconversions.

According to internationally recog-
nized guidelines, organisms are classified
into four hazard classes, based on their
pathogenic properties and their impacts
on the environment [5] (Table 2). Class 1
organisms are harmless, while Class 4
organisms represent a high risk to human
health. Organisms in Class 2 and 3 are of
minor and moderate risk, respectively. An
example of Class 2 organisms are bacteria
of the genus Salmonella, some of which
cause typhoid fever and food poisoning.
These hazard classes also delineate the
stringency of containment measures -
expressed as the corresponding level of
safety at which the production facility
must operate (Fig. 2). Beginning at Safety

Contained Biological Processes

limits of death or injury from known in-
dustrial hazards. Depending on the result
of this comparison, the overall risk associ-
ated with operating a chemical process
may be broadly acceptable, conditionally
acceptable or intolerable. If the risk is
judged unreasonable, specific actions tak-
en during risk management may succeed
in reducing the risk to 'acceptable' levels
(Table 1).



TOPICS OF THE DAY IAKTUELL 140
CHIMIA 52 (1998) Nr, 4 (Aplil)

Table 2. Hazards Considered for the Categorization of Industrial Production Organisms

vectors f r Iran mi~~ion

that modified organisms cannot be distin-
guished from their unmodified counter-
parts if properties were the sole basis of
contention. It is highly unlikely, e.g., that
a proven nonpathogenic organism would
acquire pathogenic properties after trans-
formation, unless pathogenicity-related
factors (e.g. , virulence, host range, or trans-
mission) or toxic products were deliber-
ately introduced. Most transfers are con-
fined to one or two genes and result in
organisms not fundamentally different
from those created by other methods of
genetic alterations commonly used in the
past. Proper expression of the introduced
genes normally results in specific target
effects like the overproduction of valuable
metabolites, resistance to herbicide or to
pests in plants; or even resistance to low
temperatures for fish species used in pi sci-
culture.

The lack of a direct relationship be-
tween an intrinsic property of the modi-
fied organism and its potentially harmful
consequences limits the usefulness of the
key stages of the endorsed risk-assess-
ment scheme for chemical processes (Ta-
ble 1). The source of potential hazards is
rarely the organism itself, but instead the
environmental fate of the genetic informa-
tion which is carried by the modified or-
ganism. During the operation of contained
processes with Class 2 organisms, a low
rate of escape is tolerated and taken into
account during the exposure assessment.
For a Class 1 GMO introduced into the
environment, it is not so clear what a
corresponding threshold for adverse ef-
fect would be. Potential hazards arising
from the fate of the inserted genetic infor-
mation in the environment may still need
to be examined from the perspective of
scale. As the scale of use of GMOs in-
crease, low-probability events may still
occur with an observable frequency. This
implies that new risk criteria based on
levels of tolerable damage - and not on
calculations of likelihood - would have to
be discussed before the implementation of
any risk management strategy.

The preceding discussion would seem
to suggest that while most releases will be
benign, generic arguments for the safety
of all introductions must be rejected due to
a lack of irrefutable evidence that no harm
will occur. At the present moment, this
rhetorical paradox is resolved by requir-
ing the case-by-case environmental safety
assessment for all deliberate releases.
General concepts from the risk-assess-
ment model developed for chemical pro-
cesses can be used in discussing the safety
of deliberate releases, but inconsistencies
are encountered if the various stages of

The Challenge of Safety Assessments
for Open Systems

The recommendations by the National
Academy of Sciences to focus the safety
assessment of GMOs on the product itself
- and not on the process which produced it
- are an attempt at acknowledging the
substantial equivalence of organisms mod-
ified by recombinant DNA techniques with
those modified by older methods [11].
Scientific judgment supports the premise

For the risk assessment of contained
processes which use genetically modified
organisms, the hazard classes are general-
ly considered applicable. However, the
new genetic information must be given
due consideration based on information
about: the recipient or host organism, the
donor organism(s), the vector used, the
inserted trait, and any empirical data avail-
able on the physiology or phenotype of the
modified organism. The hazard identifi-
cation stage for GMOs also needs to ex-
amine the possible effects resulting from
the gene insertion event, such as pleiotrop-
ic or mutational effects. If the modified
strain is derived from an industrial strain
with a history of long-term optimization,
then knowledge and experience with the
unmodified strain can be used to defini-
tively classify the modified strain.
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dents affecting the integrity of contain-
ment, such as failure of exhaust air or
wastewater inactivation. As are available
for chemical processes, detailed methods
exist for the characterization of possible
incident scenarios in biotechnology, such
as the Failure Mode Effect Analysis
(FMEA) and the Event Tree Analysis [6-
8].

Subsequent to the scenario elaboration
is the determination of the probability that
escape might occur (failure frequency rate),
how the organisms might be dispersed,
and what the damage potential might be
(exposure and consequence assessments).
Airborne dispersion models may be used
to predict the concentrations of organisms
as a functi on of time si nce release and their
position with respect to the release site [9].
Further spread through different media
such as water and soil could also be as-
sessed based on models developed to pre-
dict the scope of contamination [10].

Unlike the numerical results expected
of chemical process risk assessments, the
risks associated with contained biological
systems are given descriptively. Criteria
categories exist for the qualitative charac-
terization of risk -reduced or elevated from
exposure to hazardous organisms. These
risk criteria cover the range of pathogenic
properties of an organism: lethality, mor-
bidity, transmission, contagiousness, dose
of infection, availability of medication.

Environmcnllllimpa 'h
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chemical hazard analysis are directly ap-
plied. In an earlier paper, we described
another approach for endorsing the safety
of GMOs on a scientific basis [12]. This
methodology consists of a two-stage envi-
ronmental safety evaluation adapted to
the features of open systems. The first
stage is the scientific safety assessment
which uses scientific methods, data, and
models to describe the damage potential;
the second stage is risk assessment where
the consideration of essential benefit vs.
risk are debated (Fig. 3).

Environmentally
Safe

Tolerable

1. Safety Assessment

1.1 Impact recognition
1.2 Hazard and damage scenarios
1.3 Comparative appraisal

Hazards?
Damage Potential?

Proceed
with release

Yes

Fig. 4. Hazard and damage scenario for the horizontal gene tramfer of antibiotic resistance jimn
plants to microorganisms

Damage
Potential

Develoment of anti-
biotic-resistant
pathogens

2. Risk-Benefit Analysis
Essential benefit?
Acceptable risk?

soil or intestinal bacteria in contact with
the marker-gene-containing plant source
might acquire antibiotic resistance and
then transfer this genetic information fur-
ther to pathogens in the environment.
Widespread resistance in pathogen popu-
lations would have drastic implications
for human medicine: the efficacy of pre-
scribed antibiotic therapies for infectious
diseases will likely be limited, morbidity
will likely increase, and the periods during
which individuals are infectious will also
likely increase [13]. With respect to this
scenario, it would be worthwhile to men-
tion that, whenever possible, the marker
genes conferring antibiotic resistance to
plants are preferably chosen from the li-

Transformed
antibiotic-resistant
gut microorganisms

Hazards

Transformed
antibiotic-resistant
soil and gut
microorganisms

Project termination

Natural
Processes

Horizontal
gene transfer

Horizontal
gene transfer

Intolerable

Redesign of strain
Confinement measures
Impact research

Antibiotic marker
gene from food

Sources of
Hazard

'Natural' antibiotic-
resistant soil
and gut
microorganisms

damage. A hypothetical scenario is given
in Fig. 4, describing one possible environ-
mental fate for the genetic information
encoded in the antibiotic-resistance mark-
er gene present in modified food crops.
During plant transformation, only a small
percentage of the recipient plant cells ac-
tually take up the introduced genes, and
many desirable traits are not easy to detect
before the plant has fully developed. Mark-
er genes that are linked to the genes for
desirable traits are therefore used to distin-
guish the successfully transformed plant
cells from the non-transformed ones.

It is well known that bacteria can ex-
change genetic information amongst them-
selves, and there is valid concern that

Fig. 3. The environmental safety evaluation for deliberate releases with genetically modified
organisms

The Safety Assessment
Most authorizations for release have

been made on the basis of safety argu-
ments alone. The working definition of
safety states that a 'safe' condition or
process is associated with tolerable dam-
age or acceptable risk not significantly
different from background levels. During
the safety assessment, scientific methods,
models, and data are used to obtain infor-
mation and knowledge on potential haz-
ards and on the damage consequences, if
hazards were to materialize (a hypotheti-
cal probability = I). This is achieved in the
three separate steps of safety assessment:
1) impact recognition; 2) hazard and dam-
age scenario elaboration; and 3) conclu-
sions about safety by comparison to toler-
ated background hazards arising from
ubiquitous natural processes.

In contrast to the assessment model for
chemical processes, the safety assessment
for deliberate releases begins with impact
recognition rather than hazard assessment.
As mentioned earlier, there are no appar-
ent hazards associated with the reintro-
duction of familiar organisms into their
native environments or into agricultural
systems. Thus, the potential impacts of
del iberate releases are defined as the list of
unwanted future outcomes related to the
presence of modified organisms in the
environment. Covering both the short-
and long-term, impact aspects may in-
clude: increased allergenicity of crop plants
hosting genes from other species; the loss
of genetic diversity through large-scale
planting of modified crops; and unwanted
vertical or horizontal transfer of genetic
information. The ultimate endpoints for
the scope of impact recognition are the
body of drafted regulatory guidelines
which must be fulfilled prior to approval
for release.

Once the most important impact as-
pects of an environmental release have
been identified, plausible problem scenar-
ios are constructed to describe all possible
causally -or conditionally -related states,
events, and actions which may lead to
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brary of antibiotics which are not com-
monly used in the clinical treatment of
human diseases.

Unlike the risk characterization stage
of chemical process assessments, where
numerical figures exist as quantitative in-
dicators of loss (e.g., deaths per year),
there is no common currency in open
systems for quantifying the potential dam-
age from deliberate releases. The plight of
the damage appraisal might be rescued
with additional information provided by
retrospective scenarios which consider
alternate pathways in the background that
result in the same damage potential. In a
recent article on the medical consequenc-
es of antibiotic use in agriculture, it was
reported that the prophylactic use of anti-
biotics in animal husbandry has been a
crucial driving force for the development
of antibiotic resistance in certain patho-
genic bacterial species [14]. A compara-
tive analysis of both the animal feed path-
way and the GMO pathway in Fig. 4
demonstrates a similar damage potential.
It can be concluded that the introduction
of antibiotic-resistance genes into the en-
vironment through GMOs would not be
new, for this has already occurred and has
been tolerated. Such comparisons have
great value not only in providing a basis
for damage appraisal and for demonstrat-
ing likeness between 'new' and 'old' or
the 'regulated' and 'tolerated', but also in
attracting attention to urgent issues ofhaz-
ards which exist in a dimension outside of
genetic engineering. As long as no effec-
tive therapeutic alternatives to antibiotics
exist, the policies on all forms of antibiot-
ic usage in the environment need to reflect
the importance of this class of drugs for
human health care.

Risk Assessment
The analysis of risk is centra] to any

technological debate. Numerical values
for risk are expressed in common units of
damage in the dimension of time, based on
the likelihood that a hazard will occur and
the extent of damage that this will pro-
duce. For technological activities under
scrutiny, 'acceptable risk' is defined as the
unavoidable or manageable risk level as-
sociated with the intended benefits of the
particular option which has been chosen.

Performing reliable risk analysis for
environmental releases is a challenging
task and is necessary only if the safety
assessment could not provide conclusive
or acceptable proof that released organ-
isms will be safe for human health and the
environment (Fig. 3). Until now, most
decisions about GMOs have been made
on the basis of the safety assessment alone.

In most cases, the identification of any
realistic hazard associated with an open
biotechnological application was sufficient
for terminating a project in its early stages,
thereby avoiding any risk.

More scientific knowledge and experi-
ence beyond the current expertise would
be required to ensure the accuracy of risk
assessments for deliberate releases. The
question of threshold for effect or scale
beyond which low-probability events in
biology come to significance would need
to be addressed by more research, which,
ironically might only be possible through
careful monitoring of deliberate releases.
On another level, the difficulties in per-
forming good risk assessments can be
ascribed to the current predicament that
common unitsdo notexistforthe potential
types of damages forecasted for the envi-
ronmental use of modified organisms. Risk
then becomes a matter of individual con-
victions, held up against personal yard-
sticks for tolerability. Because decisions
of the scope of environmental releases
affect whole societies, teams of decision
makers consisting of people with various
opinions should ideally be assembled to
come to some sort of consensual decision,
but without straying too far from scientific
rationale and evidence. Unlike the incom-
municable lofty truths of human existence
which vary from culture to culture and
from one person to another, scientific truths
can be communicated and understood by
different people in the same way.

Conclusion

Promising biotechnological applica-
tions are being planned and carried out
beyond the contained laboratory and pro-
duction settings. It is now recognized that
genetic engineering has the potential to
become a valuable tool for environmental
management. In most of the cases, modi-
fied strains of familiar species are being
reintroduced into environments in which
they were already present, but this time as
optimized agents for bioremediation or
for biological pest control. Other agricul-
tural applications include the modifica-
tion of crop plants to carry desirable agro-
nomic characters difficult to achieve by
traditional methods of plant breeding.
Plants modified to metabolize nitrogen
more efficiently could spare the environ-
ment from high fertilizer loads. The prob-
lem of excess nitrogen runoff from agri-
culture has been known since the 1960s
and has resulted in the eutrophication of
estuaries and coastal oceans as well as
lakes and rivers [15].
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Most of the organisms planned for
release are expected to have no direct
adverse effect for human health or the
environment, and there is scientific sup-
port that genetically modified organisms
are not fundamentally different from their
unmodified counterparts. However, the
environmental release of genetically mod-
ified organisms is strictly regulated, and
their safety must be demonstrated prior to
release. There is legitimate concern about
the long-term effects of modified organ-
isms in the environment, and the demand
for a safety assessment that can show that
these hazards are not new, but have been
previously tolerated in the background, is
justified.
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