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Preface

Technical advances in genome sequencing and genotyping over the past 20 years, have contributed to document
the genetic variability of a large set of plant species, including those with large and complex genomes such
as different forest trees. The combination of next generation sequencing with computational applications
have allowed selecting minimal sets of markers per species, avoiding interference, with which to design
multispecies genotyping tools with high discrimination capacity. Such tools may help to increase the tracking
efficiency of timber species threatened by illegal logging and trading. This is a key application to prevent
illegal logging and associated trade.

This book summarizes the topics discussed in the workshop “Application of high-throughput genotyping
technologies for forest tree species identification and timber tracking”, which was held in Madrid, September
13-15, 2017, sponsored by the OECD Co-operative Research Programme: Biological Resource Management
for Sustainable Agricultural Systems. The workshop aimed at gathering international stakeholders involved
in forest tree species identification and timber tracking. Organized at the initiative of researchers involved
in international forest tree genomic initiatives, the programme provided room for extensive discussion on
appropriate strategies to efficiently transfer information and experience to standardize sampling and to identify
informative markers from timber species threatened by illegal logging for which genotyping tools lacked. The
structure of databases and data availability was also amongst key topics addressed.

The structure of this book follows the structure of the sessions and presentations included in the workshop
programme. Presentations provided updated information about legal, economic and environmental issues.
Scientific and technological advances about high-throughput technologies to identify tree variability were
provided, including status of publically available and sharable data. The bioinformatic tools needed to manage
data and models to build a common database were also addressed. Available case studies were analyzed to
identify and prioritize hot-spots to be addressed in the future.

M.T. Cervera, J.A. Cabezas, C. Diaz-Sala

Madrid, January 2018
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Part 1

Economical, legal and environmental aspects
of the timber illegal logging and trading






Chapter 1.1. US Lacey Act 2008 Amendments

Shelley Gardner
U.S. Forest Service, International Programs, USA

The Lacey Act is a 1900 United States law that bans trafficking in illegal wildlife. In 2008, the Act was
amended to include plants and plant products such as timber and paper. This landmark legislation is the
world’s first ban on trade in illegally sourced wood products.

There are two major components to the plant amendments: a ban on trading plants or plant products harvested
in violation of the law; and a requirement to declare the scientific name, value, quantity, and country of harvest
origin for some products.

The Lacey Act is a fact-based statute with strict liability, which means that only actual legality counts (no third-
party certification or verification schemes can be used to “prove” legality under the Act) and that violators of
the law can face criminal and civil sanctions even if they did not know that they were dealing with an illegally
harvested product.

Penalties for violating the Lacey Act vary in severity based on the violator’s level of knowledge about the
product: penalties are higher for those who knew they were trading in illegally harvested materials. For those
who did not know, penalties vary based on whether the individual or company in question did everything
possible to determine that the product was legal. In the U.S. system, this is called “due care,” and is a legal
concept designed to encourage flexibility in the marketplace.

More information from various U.S. government sources regarding the definition and exercise of due care
include the following “Lacey Act Primer”, a presentation from the USDA Animal and Plant Health Inspection
Service (slides 17-21)

Enforcement

The Lacey Act has a long history of successful enforcement as a wildlife statute, and over a century of case law
on these older provisions of the Act is readily available. Three examples of enforcement cases that have used the
plant product amendments: two regarding a major U.S. guitar manufacturer, and one related to a small business.

Other U.S. Government Documents and Links

ThePlant and Plant Product Declaration Form is required for many types of plant and plant product imports
into the United States.

U.S. Customs and Border Protection has information on the amended Lacey Act, along with useful CBP
guidance on Lacey Act declarations.

The Animal Plant Health Inspection Service (APHIS) of the U.S. Department of Agriculture is a primary
implementing agency for the amended Lacey Act. See APHIS’s website for a wealth of information on the
Lacey Act, including FAQs, guidance on import declarations, and direct contact information. The site also
offers the opportunity to be registered as a stakeholder in the declaration requirement implementation process
and receive regular updates from APHIS.
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Best Practice Guide for Forensic Timber Identification

In order to ensure that forensic data are credible and admissible in court, appropriate methods and procedures
must be used throughout the entire investigative process, from the first inspection of a timber load, to timber
sample collection and transport, analysis in the laboratory, and interpretation and presentation of results for
prosecution.

This Guide is intended for worldwide use, with the aim of facilitating the employment of forensic science to
the fullest extent possible to combat timber crime. This Guide covers the whole chain of events, providing
information on best practices and procedures from the crime scene to the court room. The target audience
ranges from front-line officers, crime scene investigators, law enforcement officials, scientists, prosecutors
and the judiciary. The Guide, as a whole, represents a starting point for a uniform approach to the collection
and forensic analysis of timber for identification purposes. It is hoped that the use of the Guide will lead to
more timely, thorough and effective investigations, resulting in an increased number of successful prosecution
and a reduction in the illegal timber trade.

Due to the varied, complex and highly technical nature of timber identification methodologies, this Guide does
not provide step-by-step scientific processes for their application in the field or laboratory. Instead, this Guide
focuses on the procedural aspects for obtaining robust identification outcomes suitable for presentation in court
to support illegal timber trading prosecutions. A glossary of terms can be found in annex 1. Example resources
detailing the required scientific methodologies are referred to throughout the Guide; however, as forensic
timber identification is a growing discipline, resources cited here should be considered only as examples. To
obtain a current picture of the available resources, a forensic timber identification expert should be consulted.

Wood can be processed in a myriad of different ways; it can be turned into pulp to make paper, powdered
for traditional medicine, planed into extremely thin veneers, fixed together to make plywood or worked into
high value objects such as musical instruments. The applicability of the various available timber identification
methodologies can vary according to the wood material in question. To avoid confusion, this Guide focuses
on the identification of solid timber only. An explanation of the various other wood products that may be
encountered and considerations for obtaining forensic identification for these materials can be found in annex
2. Specific information about non-solid-timber wood products of CITES-listed tree species can be found in
annex 3.

The provision of forensic services is affected by the legal framework in place and includes issues related to
entering the crime scene, conducting the investigation, handling evidence, laboratory analysis and others.

The Guide is divided into four parts containing information specific to different audiences. They are collectively
intended to provide integrated tools for gathering and processing evidence on timber crime and performing
laboratory analysis in support of prosecution and for intelligence purposes. A full reading of the Guide will
provide valuable insight and advance understanding of the forensic challenges facing each actor along the
crime chain.

¢ Part I provides information for law enforcement. It describes initial risk analysis and search guidelines for
front-line officers. It advises on options for rapid-field identification and formulation of forensic questions.
Guidance is provided on the collection and preservation of evidence, maintaining the chain of custody,
including through transport of samples to the laboratory. It also advises on communication with the timber
identification service provider.

¢ PartITis aimed at scientists undertaking forensic identification tests or those who seek to do so in the future.
Some information is also relevant to research scientists involved in the development of identification
methodologies but who may not necessarily undertake forensic case work. The various methods of timber
identification are summarized as an introduction to the associated disciplines. Resources for acquiring
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reference material and data are presented, and guidance is provided regarding laboratory procedural
requirements for undertaking forensic work. It also advises on communication with law enforcement and
communication of scientific results by an expert witness in court.

¢ Partlllisaimed at law enforcement, prosecutors and the judiciary. It is focused on appropriate considerations
when preparing an illegal timber case for court. To facilitate understanding of identification methods and
results by the prosecution and judiciary, simple descriptions of the relevant methods are provided. Key
forensic requirements and specific legal considerations regarding the use of forensic timber identification
services are discussed, and a final checklist is presented.

¢ Part IV discusses the importance of international cooperation to tackle timber crime. It covers relevant
international legal frameworks, which form the basis for cooperation between countries, and at the global
level, the basis for regulation, communication, exchange of information and mutual assistance to tackle
transnational organized crime. Information is provided on networks, mechanisms and tools available
for countries and individuals seeking to obtain legal or scientific assistance from another country. It
outlines some of the benefits, challenges and opportunities to improve cooperation, communication and
collaboration internationally among and between legal and scientific communities.

Accompanying the Guide, a best practice flow diagram (as shown in Figure 1) has been developed to lead
front-line officers through the steps that should be completed when dealing with a load or shipment containing
timber that is passing through a checkpoint such as an international border crossing. An online version of
this flow diagram that includes dynamic links to additional resources can be accessed at www.unodc.org/
documents/Wildlife/Timber Flow Diagram.pdf.
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LEGEND 1. Risk analysis/profiling (Dac.1) and selection for administrative examination
Administrative Verification ] * Consider:
- Region or country of origin/transit

- Time of day/day of the week and port of entry used

- Scientific vs. common names used

- Previous compliance history (importer, exporter, transporter, logging
company)

- Description vs. Harmonized Systems (HS) code

- Declared contents value vs. cost of transportation

- Random administrative examination
Release #
2. Administrative examination

indicates links to reference * Examine available documents (e.g. permitsicertificates, invoices, customs,
material transport documents) and consider:

R - Are any documents missing?
Text in italics are further - Are all documents authentic?
explained in the Glossary - Are all CITES permitsfcertificates vali 1?

* 4 L G 200 A L
- Is all information consistent between documents? e.g. names, valuations
(declared value vs. transportation costs, dutiable vs, insured values), etc.
* Consider known smuggling patterns (Doc.lil)
* Notify all concerned authorities if any documents are falsely declared

2.1 Were
issues raised
through administrative
examination or is random
physical examinatio

Release if no
other issues

Yes

Figure 1. Best practice flow diagram.
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Figure I (continuation).

Release if no
other issues

Non-CITES

Yes

Glossary

Expert forensic identification: Scientific
identification undertaken by experts
according to strict standards; required for
court proceedings; often a lengthy
process; not always required to establish
grounds for further investigation (see rapid
field identification).

Rapid field identification: Tools and
identification technigues available to
nan-experts; used to quickly establish a
legal basis for intervention (e.qg. seizure,
provision of charging documents etc.);
less accurate than expert forensic
identification but adequate to establish
grounds for further investigation.

WEB 1=hitp:/Mawvw.timbertradeportal.com/
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Chapter 1.2. INTERPOL’s Project LEAF (Law Enforcement Assistance
for Forests) against forestry crime: strategy and activities

Claudine Leger-Charnay
INTERPOL, Environmental Security Programme, France

Background

Project LEAF (Law Enforcement Assistance for Forests) is a global project: since the creation of the
project in 2012 on World Environment Day, we have worked with the main timber exporting countries in
Central and South America, West Africa and South-East Asia. We have also worked with the major timber
importing countries, i.e. the US, the EU and Asia.

To achieve the project’s goals INTERPOL is working closely with the United Nations Environment
Programme (UNEP) and the International Consortium for Combatting Wildlife Crime ICCWC) comprising
INTERPOL, UNODC, the CITES Secretariat, World Customs Organisation and the World Bank.

Funding stream from NORAD (Norwegian Agency for Development Cooperation) and additional support
from US Department of State for trainings and to support investigations.

Project Aim

Identify and dismantle criminal networks involved in illegal logging.

Focus on high-level criminals and heads of criminal networks.

Project Strategy

Our strategy is represented by this Project cycle shown on Figure 1:

Ilegal logging has not traditionally been high priority amongst law enforcement officials who have focused
on areas such as drug trafficking or firearms.

By raising awareness about illegal logging, Project LEAF encourages member countries and CSOs to share
criminal intelligence with INTERPOL. We support member countries in analyzing criminal intelligence
to identify criminals, the businesses they are linked to and their modus operandi. To this end, we organize
Regional Investigative and Analytical Meetings or RIACMs. They allow investigators from member
countries to meet face-to-face to review case files and share intelligence and analysis to further their
investigations.

We identify countries’ capacity needs and train law enforcement officials to improve their ability to
undertake targeted law enforcement operations.

We organize transnational operations targeting Latin America, Africa and the Asia-Pacific region
and provide investigative support. More specifically, INTERPOL can support the deployment of an
Investigative Support Team (IST). An IST can be deployed at the request of a member country. This
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is a team of specialized law enforcement experts on digital forensics, species identification techniques,
language and technical support in interviewing suspects, database queries, criminal intelligence analysis,
etc. and can provide advice to issue INTERPOL Notices (which are alerts to member countries to share
critical crime-related information);

¢ We disseminate recommendations and best practices for combating forestry crimes.

e All activities collectively help to strengthen national and regional law enforcement networks.

INFORMATION — | Regional
SHARING AND

ANALYSIS Investigative
and
Analytical
Case
Meetings

CAPACITY
e s e NETWORKS BUILDING AND
NARENE TRAINING

* Investigative
Support

OPERATIONAL Teams
SUPPORT

= INTERPOL
Notices

Figure 1.

NESTs (National Environmental Security Taskforces)

e Criminals exploit the lack of communication between law enforcement agencies both within and between
countries. Forestry crime is organized crime so it can only be countered by multi-agency international
cooperation and full supply chain traceability.

e A NEST is a group of law enforcement agencies including the police, customs, prosecutors as well as
environmental agencies, IGOs and NGOs to bring a multi-disciplinary and coordinated answer to
environmental crime. NESTs benefit from utilizing INTERPOL National Central Bureaus to access
INTERPOL’s tools and services.

¢ In Latin America, we have implemented 8 NESTSs to date.

Project LEAF Achievements in 5 years
¢ 11 law enforcement operations

® 34 participating countries
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800 law enforcement officers trained
Volume of timber seized is equal to 1.5 bn USD, 950,000 truckloads, 570 Olympic sized swimming pools

More than 547 arrests

Operation Amazonas II (latest operation in Latin America)

Dates: 2015-2016

Objectives: Identify and dismantle international criminal networks involved in illegal trade of timber; continue
transnational investigations of past and current cases related to illegal logging and illegal timber trade using
INTERPOL policing capabilities, notably notices and diffusions; identify and monitor the main illegal timber
transport routes and its trading hubs with a view to inspect the truck’s load, shipments and containers.

Operation led by the law enforcement agencies (INTERPOL National Central Bureaus, national police
specialized in environmental crime, Customs, Prosecutors) and environmental and governmental agencies
from 12 Central and South America countries including Argentina, Bolivia, Brazil, Colombia, Costa Rica,
Ecuador, El Salvador, Guatemala, Honduras, Paraguay, Peru and the Dominican Republic.

INTERPOL brings operational, investigative and analytical support to its member countries. Results of
operations are always analysed and used to build the next operation.

Some findings of our analysis are as follow. In total, out of 131 timber species identified by Operation
Amazonas II countries, only 5 are protected by CITES, including: Black rosewood, Cedar, Big- Leaf
Mahogany, Caribbean Mahogany, Granadillo rosewood. This analysis suggests law enforcement should
focus their efforts not only on CITES protected species. We also did analysis on timber trade routes
or cross-over crimes. Countries identified document fraud as facilitating all stages of the timber supply
chain from harvest, transport, processing and export to sale. Corruption was suspected to most commonly
facilitate the harvest and export of timber. lllegal wildlife trafficking was also identified as a cross-over
crime. Therefore, the law enforcement agencies responsible for preventing, investigating and prosecuting
these different crimes are encouraged to work together to bring a multi-agency and coordinated response.
Countries are encouraged to create NESTs.

Issues and solutions around timber tracking

Arobust timber tracking system is important to prevent illegal timber from entering the supply chain. Law
enforcement most frequently use non-inherent features of wood to track timber: paper based cettificates,
painted markings, plastic tags or barcodes. Issues: susceptible to forgery (mislabelling), misinterpretations,
not durable (can be detached from logs). Solution: DNA timber identification could be used in official
investigations to identify species, their origin, their age, the trafficking routes (country of origin, transit
and destination country), the modus operandi and audit timber tracking systems using barcodes and tags.

An example of a case study was given to open-up for questions from the law enforcement community to
the scientific community. These questions included how much time DNA analysis takes as it is costly to
detain timber, how quickly can Science identify that a timber specie declared on a certificate is not this
timber specie, how much money it costs as developing countries have little financial resources, how precise
it is (genus or species level? Country, region, forest, concession level?), how reliable it is and if there is a
unique international database (Who hosts? Who has access to? Risk of being accessed by criminals). Law
enforcement need to be involved in the debates to better understand available services.
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Many of these questions have been answered by the UNODC Best Pratice Guide For Forensic Timber
Identification that Shelley Gardner mentioned in her presentation. The Timber Guide explores options for
further development of forensic best practices to provide evidence-based information, support law enforcement
investigations and lead to successful prosecutions.

INTERPOL's role to advance DNA timber identification

¢ INTERPOL can be a plateform to host trainings or could support training activities in member countries
to develop and apply timber identification methods to support countries’ investigations.

e INTERPOL could encourage member countries to take samples from seized or detained timber.

e INTERPOL encourages the participants’ involvement in the INTERPOL Forestry Crime Working Group.
It is a global strategic advisory body that will provide strategic advice to INTERPOL, in order to improve
the effectiveness of law enforcement operations targeting organized criminal networks engaged in illegal
logging and international trade in illegal timber and related crimes.

Context

Workshop on Application of high-throughput genotyping technologies for forest tree species identification and
timber tracking, Madrid, Spain, 13-15 September 2017; Panel on “Economical, legal and environmental aspects
of the timber illegal logging and trading”. In this panel, discussions reflected on law enforcement concerns in
the development of DN A timber identification (how much time and money does DNA analysis cost, how precise
and reliable are the results of the analysis, creation of an international database, etc.). INTERPOL’s role in the
development of DN A timber identification tools for law enforcement was also explored.

It is useful INTERPOL is represented at this kind of meetings as it allows us to better understand available
services and give directionto the scientific community on howto develop forensic tools fortimber identification
useful for the law enforcement community.

INTERPOL will be able to raise awareness on these technologies with its member countries but local law
enforcement should be invited too at future similar meetings.

Challenges on the development and use of DNA tools to identify timber species and their origin were discussed
and many questions are still to be solved. However, the main aim of this meeting has been achieved which
was to put in contact the scientific and governmental/law enforcement actors to explore opportunities of
cooperation on these subjects.

Follow-up actions by INTERPOL

¢ Follow more closely the work of the Global Timber Tracking Network (GTTN).

¢ Continue exploring INTERPOL’s role in the development and application of DNA timber identification
tools jointly with GTTN.

¢ Invite relevantrepresentatives of GTTN to attend some open sessions of the soon-to-be-established Forestry
Crime Working Group. Since national law enforcement representatives will be the main stakeholders
represented in the working group, this should contribute to raise their awareness about timber forensic
identification.
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Chapter 1.3. International cooperation on tropical forests: Governance,
legality and ITTO

Steven Johnson
International Tropical Timber Organization, Japan

1. ITTO and forest governance

ITTO is an international organization with 73 member countries accounting for all major global producers
and consumers of tropical timber. The organization’s mandate is to promote sustainable forest management
(SFM) in the tropics and trade in sustainably produced tropical forest products. Recognizing that a key
requirement of sustainability is compliance with all relevant legal frameworks, ITTO began work on
forest governance and legality issues over two decades ago to try and counter the negative impacts of
illegal practices in tropical forests on the attainment of the Organization’s objective to promote SFM.
ITTO’s approach to improving forest governance in the tropics has four interlinked components as shown
in Figure 1.

Rationalize
policy & legal
environment

Promote Increase capacity to
stakeholder enforce rules and
participation regulations
Improve information
and knowledge base Figure 1. Components of improving forest
governance.

The following sections provide an overview of recent ITTO activities under each of these components.

1.1. Rationalizing policy/legal environment

ITTO’s has undertaken case studies on forest law enforcement (FLE) and illegal trade in many countries. These
studies have found that conflicting laws and/or incoherent policies can be a significant factor in contributing
to illegality in the forest sector. ITTO projects in several countries have therefore assisted in identifying
underlying causes of illegality and in drafting coherent, consistent, enforceable forest legislation. Country
diagnostic missions have also helped to identify underlying problems and have promoted improved policies
for FLE. More specifically, a dedicated program to improve implementation of CITES requirements for listed
tropical tree species helps to ensure that forest laws are consistent with CITES regulations/requirements.
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1.2. Building capacity

ITTO supports many capacity building measures to promote SFM in the tropics. Of specific relevance to its
work on improving forest governance are the following initiatives:

1.3.

FLE Best Practices workshops with FAO

Large training programs to:

— Improve forest statistics

— Promote use of tracking technology

Promoting phased approaches to certification

Promoting NGO/civil society involvement in forest monitoring

Encouraging countries to engage with international initiatives (eg FLEGT) and in bilateral discussions/

agreements, share experiences

Improving data and knowledge

ITTO’s work to improve transparency and knowledge in the tropical forest sector contributes to better forest
governance. This work includes:

24

a bi-weekly market information service newsletter that provides price and trade information for a range of
tropical timber species/products, helping to provide transparency and prevent tax/royalty evasion

a biannual review of production and trade statistics that provides detailed information on trade flows
trade discrepancy studies and production/capacity/materials balance comparisons

a project to independently monitor FLEGT-licensed timber entering the EU market

timber tracking projects in many countries

publication of the “Tracking Sustainability” report, providing descriptions of tracking technologies, case
studies on their use, and recommendations for tropical countries on their application

several projects using satellite imagery together with geographic information systems (containing details
of approved concessions, roads, etc) to spot illegal forest clearing and track legal timber (see Figure 2).



Economical, legal and environmental aspects of the timber illegal logging and trading

Figure 2. Detection of forest clearing outside an approved concession using TKONOS (4 m) and Landsat 5 (30 m)
satellite data in Guyana.

14. Promoting stakeholder involvement

The involvement of local people and communities living close to (or in) the forest is often essential to exposing
and solving problems of forest governance. ITTO promotes stakeholder involvement by working with its
Trade Advisory Group (TAG) and Civil Society Advisory Group (CSAG) in a number of ways, including:

suppott for civil society — private sector partnership grants to contribute to SFM and verifiable legality/
certification in many countries

¢ convening international conferences arising from recommendations of TAG/CSAG Panel on Illegal
Logging /Illegal Timber Trade on topics including:

¢ timber transport
¢ indigenous/community forestry

¢ tropical forest tenure

2. ITTO support mechanisms

ITTO support is channeled to countries through a number of different funding windows. These include a
regular project cycle that allows countries to submit projects twice a year, thematic programs dealing with
topics approved by ITTO’s governing Council and other programs and activities under the Organization’s
biennial work programs. Two of the most important funding mechanisms relevant to ITTO’s work on forest
governance are the thematic program on tropical forest law enforcement, governance and trade (TFLET) and
a program to assist countries to implement CITES listings of tropical tree species.
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21. TFLET

e Tropical Forest Law Enforcement, Governance and Trade Thematic Program since 2008

¢ Rationalizes ITTO’s work, provides dedicated funding window, one of four thematic programs approved/
funded under International Tropical Timber Agreement 2006

e Over $10 million distributed to 50 projects in 25 countries to date; main themes timber tracking and
community empowerment

2.2. CITES Program
* Assists countries to implement CITES provisions for listed tropical tree species

e Over $15 million from multiple donors (two-thirds EU) since 2007, 70+ projects in main exporting range
states focusing on:

— targeted inventories/management plans

— non-detriment findings (NDFs) of sustainable production required for export of CITES Appendix II
listed species

— training/capacity building on CITES implementation
— tracking of products covered by NDFs
Table 1 lists recent ITTO support under these funding windows for relevant projects and activities. Details on

all of these projects/activities (including all reports and other outputs) are available on ITTO’s website (wWww.
itto.int).

3. Conclusions and lessons

Through its work on forest governance (specifically timber tracking), ITTO has reached the following
conclusions and learned the following lessons:

e Timber tracking systems (TTSs, which exist in some form in most countries) are increasingly relevant for
demonstrating legality and meeting market requirements (e.g. FLEGT VPA, U.S. Lacey Act, etc).

¢ For most tropical countries already involved in forest certification or monitoring species covered by
international regulations such as CITES, chain of custody monitoring including TTSs already in place or
planned. Such systems are deemed essential for the achievement of sustainable forest management (SFM)
although technology cannot replace the human capacity necessary for SFM.

¢ Technology levels used must be appropriate to each individual country/industry and adequate capacity
building needs to be undertaken to ensure sustainability and local ownership of the system after any pilot
phase.
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Technologies such as DNA and stable isotope analysis can help to verify the accuracy of information
generated by TTSs and support SFM. Support for establishment of TTSs and capacity building (esp. for
smallholders) remains a necessity.

Population assignment (back to forest or concession area) preferable to individual tree assignment
especially where chain of custody is weak/incomplete.

Acquisition of samples continues to be a challenge in many tropical countries, particularly for CITES
listed species where there is a need for clarity in regulations regarding export of research specimens.

Discussions required on benefit sharing to ensure DNA and other molecular data can be equitably shared.

Continued work is required to consolidate reference sample databases to ensure wide availability and
application to realize the potential of DNA based timber tracking and identification technologies. The
Global Timber Tracking Network (GTTN), of which ITTO is a founding member, is a promising initiative

in this regard.

Table 1.

Recent ITTO-funded tracking/identification work.

Title

Executing Agency

Species

Developing DNA database for Gonystylus
bancanus in Sarawak

Forestry Department
Sarawak/Sarawak
Forestry Corporation

Gonystylus bancanus

The development of Gonystylus spp. (ramin)
timber monitoring system using radio frequency
identification (RFID) in Peninsular Malaysia

Forestry Department
Peninsular Malaysia

Gonystylus spp.

Use of DNA for identification of Gonystylus
species and timber geographical origin in
Sarawak

Sarawak Forestry
Corporation

Gonystylus spp.

Training interested parties on the verification
of CITES permits and the use of the “CITES
Wood ID” in DRC

MECNT (Division for
Wildlife Resources
and Hunting)

Pericopsis elata

Pilot implementation of a DNA traceability
system for Pericopsis elata in forest
concessions and sawmills in Cameroon and
Congo

Double Helix/
ANAFOR/CNIAF

Pericopsis elata

Pilot Implementation of a DNA traceability
system for Prunus africana in Prunus Allocation
Units in Cameroon and Democratic Republic of
Congo (DRC)

Double Helix/
MINFOF/MECNT

Prunus africana

Using the Near Infrared Spectroscopy (NIRS)
technique on a pilot scale, as a potential tool
for the monitoring of mahogany trade

Brazilian Forest
Service Forest
Products Laboratory
(SFB/LPF)

Swietenia macrophylla (mahogany)
Carapa guianensis (crabwood/
andiroba)

Cedrela odorata (cedar)
Micropholis melinoniana (curupixa)

Establishment of a forensic laboratory for
timber identification and description in the
implementation of legal proceedings and
traceability systems for CITES listed products
(Guatemala)

Fundacion Naturaleza
para la Vida -FNPV
(Nature for Life
Foundation)

Swietenia macrophylla
S. humilis

Dalbergia calycina

D. retusa

D. tucurensis

D. stevensonii
Guaiacum spp.
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Title

Executing Agency

Species

Establishment of a fully documented reference
sample collection and identification system

for all CITES-listed Dalbergia species and a
feasibility study for Diospyros and look-alike
species

Institute of Integrative
Biology (IBZ),
Switzerland

Dalbergia
Diospyros spp.(Madagascar)

Development and implementation of a species
identification and timber tracking system

in Africa with DNA fingerprints and stable
isotopes (PD 620/11 Rev.1 (M))

Thinen Institute of
Forest Genetics

Iroko (Milicia excelsa, M. regia)
sapelli (Entandrophragma
cylindricum)

ayou (Triplochiton scleroxylon)

Implementing a DNA Timber Tracking System
in Indonesia (TFL-PD 037/13 Rev.2(M))

University of Adelaide,
Australia

Red meranti group
Light red meranti
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Chapter 1.4. The Global Timber Tracking Network

Jo Van Brusselen
European Forest Institute, Finland

Abstract

The Global Timber Tracking Network (GTTN) promotes innovative tools to verify trade claims of wood-
based products. GTTN intends to assists global action against illegal logging and related trade, in support
of the work of e.g. Monitoring Organisations, law enforcement agencies, or to assist timber traders and
operators’ own due diligence systems. GTTN therefore brings stakeholders together to improve development
and sharing of reference data; standardization of methods; development of a laboratory directory; networking,
communications and advocacy activities.

Keywords: FLEGT, GTTN, timber tracking, wood products trade, tree species verification, verification of
geographical origin

1. Introduction

The objective of the Global Timber Tracking Network (GTTN) is to promote the operationalization of
innovative tools to verify trade claims of wood-based products. In doing so, GTTN intends to assists global
action against 1llegal logging and related trade, in support of the work of e.g. Monitoring Organisations, law
enforcement agencies, or to assist timber traders and operators’ own due diligence systems. In a wider sense
timber tracking can support global forest governance.
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Ascientific proof of tree species and geographic origin of awood product, can help determining whether wood
originated from places where logging was allowed, or not, e.g. from outside a forest concession zone. This
is possible by holistic application of methods involving e.g. wood anatomy (including neural network-based
multispectral macro- and microscopic imaging), genetics, stable isotope analysis, mass spectrometry, and
near-infrared (NIR). This can support trading timber with the confidence that tree species and origin match
expectations.

GTTN is intended as a global platform bringing together scientists, policy makers and other key players.
GTTN is an open alliance that cooperates along a joint vision and the network activities are financed through
an open multi-donor approach. The GTTN secretariat activities are financially supported by the German
Federal Ministry of Food and Agriculture (BMEL).

2. Cooperation through working groups

The key objectives for the Global Timber Tracking Network in phase 2 remain to further develop and expand
the network, to seek new partnerships both with (potential) providers as well as with (potential) users of timber
tracking services, to facilitate active collaboration, coordination of activities and to advocate for funding with
the donor community.

While GTTN is maintained by a small secretariat to coordinate activities, the knowledge and know-how that
will make GTTN strong, relies in a network of active members. At the beginning of phase 2, the network
opened up for additional members with an on-line survey. This resulted in the identification of over a hundred
specialists, who agreed that cooperation is important to reach shared aims, and who indicated commitment to
contribute to the activities of three working groups, one for each activity strand. The survey remains open and
accessible via the website. www.globaltimbertrackingnetwork.org.

3. GITTN key objectives and activities in phase 2

GTTN seeks collaboration through three activity strands: (i) seek agreement on international standards for
sampling and reference data development and use, (ii) service portfolio and lab-finder tool, and [meta]database
of reference data, and (iii) communication and advocacy.

3.1. International standards

The GTTN project seeks to support the development of timber tracking methods that would enable reliable
identification of timber type and origin and would be used for combating illegal timber harvesting and
trading. However, to achieve this overall objective international standards and methods should be identified
or developed and agreed upon. These standards should include procedures for sampling, material storage and
documentation, material exchange, test sample preparation, method application, data analysis, lab accreditation
and applicable regulation.

In addition to the work on standards and methods, it will be important to improve understanding on the potential
tole of tracking technologies in the practical implementation of legality verification policies through analysing
implementation practices, and exploring the demands of different concerned stakeholders (authorities, industry,
civil society, science) and connecting stakeholders’ demands and technological possibilities through analysis
and networking in view of possible standardization processes.
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3.2. Service portfolio and lab-finder

A service portfolio and lab-finder will be developed to provide interested external users with information on
which methodologies are available to check a specific trade claim and whom can be contacted to perform the
testing.

These external users will most likely be either interested from the perspective of due diligence such as forest-
based industries, monitoring organisations, or then from the perspective of law enforcement.

The availability of expertise will be influenced by the type of product (e.g. full wood, fibre board or paper), by
trade claim i.e. declared tree species and/or geographic origin, and also by the location and type of the service
user, and what the result would be used for (e.g. a service provider of a result to be used in a court of law will
need to fulfil certain requirements).

3.3. [Meta]database of reference data

An on-line reference data needs to be further developed and operationalized to provide internal users with a
secure access to a data repository with reference data to identify species and or geographical origin of wood
fiber. The key focus will be reference data for (geo-referenced) DNA, stable isotope data, while inclusion of
wood anatomy catalogues, mass spectrometric data ought to be considered, amongst other.

Optimally users would have put their data into the database, signed a data sharing agreement, successfully
participated in ring tests for standardisation and are ready to provide the lab services. More likely the system
will need to cater differentiated access levels for different types of registered users.

The reference data system will need to cater for varying requirements from reference data producers that range
from researchers working on a doctoral degree without having back-up systems on the one hand, to expertise
centers and companies that have in-house systems already developed. Some data holders will not want their
reference data to be stored elsewhere for the risk of losing metadata, i.e. descriptive information concerning
the reference data and possibly the samples that the reference data were created upon. The capability for
durable storage of reference data together with the appropriate metadata may be very limited for individual
researchers however, who would be on the requesting side for a central data repository.

The implication would be that the reference data system would need to be centered about the development of
a set of metadata that would answer to the requirements of reference data holders, while also giving an option
for storage of metadata for those who do not have the capacities themselves.

3.4. Communication and advocacy

GTTN intends to enable its stakeholders to come together to cooperate and exchange ideas and information
and to inform researchers and stakeholders about available services. GTTN stakeholders get together in two
global working group meetings and three regional events (Africa, Latin America, and South-East Asia). GTTN
phase 2 organises one working group meeting in 2017 and one in 2018; two regional meetings in 2018 and
one in 2019.

Whether it concerns the GTTN website, news, databases, guidelines development, workshops, the success
of GTTN communication and advocacy will benefit from the cooperation and inputs of the GTTN members.
GTTN will also take a pro-active stand to help members with outreach activities, news, success stories, and
event announcements.
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An important tool in support GTTN advocacy will be the development of a strategic research agenda, which
will identify urgent needs for timber tracking research, sampling, methods development, infrastructure and
capacity building.

The advocacy function of GTTN will also consider the important issue of intellectual property rights (IPR),
access and benefits sharing (ABS), as relating to the Nagoya Protocol on access to genetic resources and the
fair and equitable sharing of benefits arising from their utilization to the convention on biological diversity.

4. Seeking value in partnership

The success of the Global Timber Tracking Network will finally depend on the endorsement and uptake of
timber tracking services by users. However that goal is preceded by the need for active cooperation by science
and service communities, on standard setting, data sharing etcetera. The best way to achieve successful
cooperation is by making sure that effort put into cooperation will result in something useful for all parties
engaged.

Results or benefits from cooperation for researchers and timber tracking service suppliers might entail e.g.
an increased visibility of their work via events, website, publications; the broaden of their network, giving a
possibility to synergize efforts; ability to reach broad consensus on standardization; access to reference data
could help diversity service portfolios; international engagement can help to raise a laboratory’s profile; new
ideas might result in new projects.

The Global Timber Tracking Network wants to encourage (potential) users of services to be involved in the
project, e.g. to influence the way in which they want to find information through GTTN; to help prioritizing
the tree species that collection of new reference data is most urgent for; or even to get actively involved in the
collection of sample material, which in turn would lead to a higher precision of timber tracking services that
they would be in need of. Users’ engagement can be made visible through GTTN communication tools, which
in turn helps users promote their commitment to verified legal supply chains.

Last but not least, GTTN should remain open to contribute to and benefit from other meetings, such as the
OECD-CRP sponsored workshop. While the workshop focused on rapid through-put genetics analysis, the
recommendations from the workshop report will be well-worth the consideration of the wider GTTN network.
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A prioritized list of forest tree species should be prepared based on a reviewed
analysis of GTIN previous list, including updated high value traded very
endangered CITES listed species and species described in the frame of
bilateral agreements (i.e. FLEGT).

Forest tree traceability should be a multidisciplinary effort, including active
participation of taxonomists for the identification of reference samples, and
sampling design scheme when these samples are not included in existing
collections. Arboretums and botanical gardens will be key actors in the
selection of the reference samples.

The support of origin countries, as well as international organizations (i.e.
CGIAR Centers, INTERPOL, elc), is crucial to warrant efficient sample
collection efforts. MTAs should be standardized to ensure recognition of
providers and traditional knowledge. Access and benefit sharing should also
be developed 1o guarantee benefils stay in the origin countries.
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Chapter 2.1. A set of genomic and electronic resources
to discriminate genetic units in European white oaks

Antoine Kremer
INRA, UMR 1202, France

The evolutionary history of white oaks in Europe has been and still is a shared matter of research within the
community of forest geneticists across the continent. During the past three decades, collaborative research projects
have been implemented along this research area, and benefited of financial support by the European Union, and
by national funding agencies. The rationales of these projects were rooted in basic and applied research goals
as: (1) reconstruct evolutionary trajectories of oak species in Europe since the last glaciation, (2) identify key
ecological, genetic and demographic mechanisms shaping extant genetic diversity in oak forests (3) provide a fine
scale description of the geographic and spatial distribution of genetic diversity based on genomic data.

Among other outcomes, the development of molecular tools allowing to differentiate genetic units which are of
interest in forestry forensics (oak species, populations) was a major deliverable of these collaborative projects.
Concerning the species level, it is well known that European white oak species can hardly be identified with wood
anatomical traits, while other morphological traits may not always be accessible on log piles or trucks. In addition,
white oaks are widely interfertile, adding to the complexity to identify discriminant genetic or morphological
signatures. Concerning the population level, the search for traits or markers varying between populations was
constrained by the large scale and long distance pollen flow with tends to homogenize populations throughout
the landscape. Luckily, oak seed are less dispersed and they are the only vector of chloroplast transmission;
hence the spatial distribution of chloroplast genetic diversity is mainly shaped by natural or human mediated
seed or seedling (plantation) transfers. This reasoning led us to explore extensively genomic variation within
the chloroplast genome, and resulted in a comprehensive geographic map of chloroplast DNA genetic types
(haplotypes) across Europe. These data have been assembled in a public web accessible data base (http:/gd?2.
pierroton.inra.fr/), that is steadily populated with new published results. To sum up, three decades of research in
population and evolutionary biology in the two European temperate white oak species (Q. petreae and Q. robur)
resulted in two tools that can be applied to forest forensics in the context of combating illegal logging:

— Aset of genomic markers allowing to differentiate the two species

— A georeferenced data base of chloroplast haplotypes, with a fine scale coverage across the continent

Genomic tools for species and population differentiation

Ever since molecular markers have been used in population genetics, attempts to discover species specific
markers in European oaks have been implemented. These attempts resulted in congruent conclusions showing
that such markers are extremely rare and widely distributed throughout the genome. It is out of the scope to
recall the multiple genetic surveys that were conducted with different marker sets during the past two decades.
The recent accessibility to a reference genome has confirmed these expectations by mapping full genome
sequences of different white oaks on the reference genome. For the time being, in the case of Quercus petraca
(sessile oak) and Q. rebur (pedunculate oak), which are the two most economically important and widespread
species, a set of 16 SNPs allows to obtain distinct separation between the two species. These have been tested
on independent maker sets.

Concerning the population level, research efforts have concentrated on the organelle genomes, as mitochondria
and chloroplast are transmitted only by seed and exhibit strong population differentiation. Indeed, most
populations (forests) are entirely fixed for a given haplotype. About 42 haplotypes were identified across
Europe; with 8 showing very large geographic distribution, within three longitudinal zones (Atlantic Zone,
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Central and Eastern Zones). Originally the genomic assay to identify the haplotypes was a PCR RFLP
technique. But recently this assay was upgraded into a SNP detection of 35 SNPs. Extraction techniques to
recover chloroplast DNA from wood were also tested and proved to be successful especially when extractions
are conducted on sapwood.

The following table summarizes these achievements and indicates the core publications where the molecular
and genetic techniques are described.

Table 1. Molecular assays used routinely to differentiate species (Q. petraea/Q. robur) and populations.
References are added where the methods are described.

Species differentiation Population differentiation
Nuclear genome Chloroplast genome
“Traditional “genotyping 10 to 15 microsatellites PCR-RFLP
(2 multiplexes) 4 cpDNA fragments

Reference Guichoux et al. 2011, Molecular Petit RJ et al. 2002, Forest Ecology

Ecology Resources 11: 578-5695 and Management 156:5-26

16 SNPs
Standardized method Guichoux et al. 2013, Molecular 35 SNPs
Ecology 22: 450-462 Guichoux E, Petit RJ 2014, Patent
References Truffaut et al, 2017 New phytologist DI-RV-13-00566
215:126-139

Electronic repository of georeferenced data of genetic diversity in oaks

As deliverable of the EVOLTREE network of excellence (http:/www.evoltree.eu/), it was decided by the
network to create a georeferenced data base of genetic diversity (GD?) of European forest trees. GD? (http://
gd2.pierroton.inra.fr/) contains passport data (geographic and ecological information) and genetic data
(genetic arrays at the single tree level or at the aggregate population level for all different genetic markers) of
tree populations, that were investigated in genetic surveys. The data base is regularly populated by published
results as a continuous activity of the network. To this end, contacts are taken with authors of publications to
share their data, if possible up to the single tree genotypes. The data base allows to visualize the distribution
of genetic types (haplotypes, alleles, genotypes...) on different maps supports, and therefore allows to conduct
any metanalysis of the distribution of genetic diversity across different geographical scales. It could therefore
be used for tracing biological material (wood, or seed). To sum up GD?contains only published data that was
afforded by authors willing to share their data. The figure attached visualizes an outcome of GD?, concerning
the chloroplast haplotypes of European white oaks (colors of the pie charts). For the sake of clarity this
figure represents only the most frequent haplotypes. Within GD? the user has various options to sketch the
distribution of haplotypes, by focusing either on specific areas, or limiting the analysis to certain haplotypes.
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http://gd2.pierroton.inra.fr/

Finally the GD? data base is connected to the Evoltree eLab (http:/www.evoltree.eu/index.php/e-recources/
clab) containing many other data bases with genetic and genomic information of trees (genetic maps, gene

sequences, provenances, etc...) through a standardized HTTP transmittable interface, so that queries can be
made
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Chapter 2.2. Towards the development of a traceability system for
Canadian forest products

Nathalie Isabel Julie Godbowt, Claude Bomal, Miranda Williamson, and Ken Fary
Natural Resources Canada, Canadian Forest Service, Laurentian Forestry Centre, Canada

Background

It is a fact: consumers, retailers, investors, and governments want quality products that are both safe and
delivered through legal and sustainable practices. The solution put into place to meet those challenges requires
the implementation of a traceability system, but what is traceability? Within a chain of custody, “traceability is
the ability to trace the history, application or location of an entity by means of recorded identifications™ (ISO
1994). Consequently, it aims at tracing back a product at every stage of the supply chain from the source to
the market. In the context of forestry, traceability would essentially refer to the capacity to inform about the
identity of a given entity (seed, plant, wood product) at the intra- or interspecific level or at the provenance
level (geographic origin) (Godbout et al. submitted).

In a near future, traceability will likely play a more important role in removing technical barriers
to trade or resolving some of the issues encountered by the Canadian forest sector. At the moment,
this sector is in transformation and is facing many challenges, including issues related to legality,
forest certification, and product safety. The objective of this paper is to present a short overview of
the opportunities offered by the genomics tools and resources that have been developed for many
Canadian commercial forest species to provide traceability solutions. We briefly define the concept of
traceability and describe how genomic tools can be brought into play within a traceability system with
concrete examples specific to the Canadian forest sector. Thus, we present how genomic tools allow us
to answer questions related to traceability. Finally, we conclude by presenting the challenges related
to the development of such systems. We currently have a manuscript under revision that provides a lot
more details and examples on how genomic tools could contribute to the development of traceability
systems in the forest sector.

Canada’s boreal forest ecosystem context at a glance

Canada’s forests cover 347 million hectares, of which provincial governments and territories own 77% (The
State of Canada’s Forest 2016). The boreal forest ecosystem dominates the landscape and spruces are the
most abundant species. The maintenance of ecosystem health and diversity is largely influenced by natural
disturbances, such as fire and insect outbreaks, that also vary in terms of recurrence and severity. In 2016,
this represented 7% of the country’s forest (The State of Canada’s Forest 2016). Besides, less than one
million (>750 000) hectares of forest were harvested, which represents 0.3% of the 347 million hectares.
Fire, insects, and diseases are the main drivers of natural regeneration of the forest. Most of the forested
areas harvested are located on public 1and and they must be regenerated either naturally (40%) or artificially
(60%) to continue providing ecosystem services and producing wood fibre. Forest regeneration after
harvesting activities are monitored and regulated by the provinces. Forest products contribute to nearly 7%
of all Canadian exports and the demand for certified forest products has grown rapidly as consumers seek
out sustainable products. Certified forest products and forest certification allow the forest products industry
to communicate to consumers their commitment to sustainable forest management practices. The criteria
needed to achieve forest certification are diverse and varied, but maintaining certification is essential to
ensure access to large overseas markets. Canada actually has 166 million hectares of forest certified by a
third party (The State of Canada’s Forest 2016).
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Traceability in an ideal world

Until recently, the majority of traceability systems used, as for certified forest products, have relied on paper
permits and stamps, which might be counterfeited. An ideal traceability system would rely on robust and
reproducible tools (e.g. Lowe et al. 2010, 2015) that would essentially enable tracing back a wood product,
at various levels of resolution corresponding to different genetic units: from a unique fingerprint specific (e.g.
clonal variety) to a group of species of the same genus (Godbout et al. submitted). Although more challenging
to obtain, it would also make possible to designate the geographic origin (provenance) of wood products.

Over the last decade, major investments have been made in genomics, which has led to the development of
abundant genomic resources for Canadian commercial forest tree species (e.g. Pavy et al. 2013). This has
created opportunities for developing or at least testing the possibility of developing a traceability system
along the chain of custody. Although genomics offers us powerful tools to answer traceability issues, it is
critical to specify the ultimate goal of a project in order to define the question(s) to be answered (Godbout et
al. submitted). This predefined question will largely influence the degree of precision required (one genotype,
multiple species, geographic origin) which in turn provides guidance about the choice of technoscientific
tools to be used and the depth (richness) of the reference database to be developed. Since the technoscientific
tools and the reference database are highly dependent on each other, equal importance should be given to their
development.

Within the forestry context, three different levels of resolution, which delineate genetic units, can be
envisioned for the development of a traceability system (Godbout ef al. submitted). A first level would inform
about the identity of a product, such as the unique fingerprint generated to distinguish different genotypes
within a species. A second level of resolution would consist in developing sets of species-specific markers that
allow distinction between species. Finally, the last level and not the least, would provide enough precision to
determine the geographic origin of a product.

Unique fingerprint (intraspecific level)

We illustrate the first level of resolution by presenting a simple methodology that made it possible to developa
traceability system by relying on SNP-based markers, which is used, in this particular case, as a quality-control
assurance system for the large-scale production of high value seedlings (Godbout et al. 2017). Genomic
resources were already available in white spruce (e.g. Pavy et al. 2013). In Eastern Canada (Québec province),
one of the strategies for large-scale production of white spruce seedlings of elite varieties is through the
somatic embryogenesis (SE) process. Tissue culture used in combination with vegetative propagation allows
to capture 100% genetic gains (additive and non-additive), but may sometimes imply that an error occurring
somewhere in the process, could also be multiplied.

For the development of this traceability system, two objectives were set: 1) to develop methods that make it
possible to trace back the origin of the seedling produced (cross of origin), and 2) to generate a unique genetic
fingerprint that could be used to differentiate each embryogenic cell line, from the cryobank to the field. Two
additional criteria were also identified: a minimum number of low-cost DNA markers should be used (40
SNPs), and the traceability system (from DNA extraction to data interpretation) should be easy to use by non-
specialists. The 40 SNPs corresponded to the capacity of a single Sequenom® genotyping array. Accordingly,
this traceability system was developed using simulated data sets and classification methods currently available
in the literature (Godbout et al. 2017). In summary, 73 parents, that had already been genotyped for nearly
500 SNP markers, were used to generate these data sets, that simulated crosses representative of the white
spruce breeding program. From the simulated data sets, we selected the 40 most informative markers using
three discrimination procedure (F,,, MAF, and Random Forest; Breiman 1999) and two assignment methods
were compared (FAP, Taggart 2007 and Para; Duchesne ef al. 2002). Then an array of 40 selected SNPs was
designed and genotypes were obtained for 4346 samples (2845 trees and 1501 tissues) representing 1517
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cell lines. The rate of misidentification was estimated and various sources of mishandling or contamination
were identified (for details see Godbout et al. 2017). Most importantly, a unique fingerprint was generated
for a majority of the embryogenic cell lines. This quality-assurance traceability system is currently used by
the nursery. Therefore, we consider that the proposed approach and methods can be easily utilized to develop
quality-assurance control systems for any other living production systems for which genomic resources are
already available.

Tracking exotic alleles in natural populations (interspecific distinction)

Intensively managed plantations of fast-growing trees, such as poplars, are seen as a way to meet fibre
production quotas on smaller plots of land. Novel tree varieties with superior growth or disease resistance
are often selected to ensure maximum yield. These novel varieties, hereafter named exotic hybrids, are
derived from breeding native trees with exotic species. The Forest Stewardship Council (FSC) stipulates that
“The use of exotic species shall be carefully controlled and actively monitored to avoid adverse ecological
impacts”. Exotic hybrids in plantations can contaminate nearby populations of native trees through pollen or
seed dispersal. This contamination can result in the flow of exotic genes into native populations through the
process of introgression. Escaped exotic genes would violate FSC criteria and potentially threaten the forest
certification of Canadian forest products.

In this case, we have developed a traceability system to distinguish poplar species among them (second level
of resolution) in order to examine the risks exotic genes pose to Canada’s native forests. Using modelling
approaches and technoscientific tools (Meirmans et al. 2007, Talbot et al. 2011, Isabel et al. 2013), that allow
to track gene flow from exotic plantations (including windbreaks and urban trees) to natural populations, we
found that: 1) some native tree species are more likely to experience exotic gene contamination (Meirmans
et al. 2010); 2) small populations of native species located near plantations are more at risk of contamination
(Meirmans et al. 2010, Thompson et al. 2010); 3) disturbed habitats provide a niche for exotic hybrids to
establish themselves (Thompson et al. 2010); 4) the fate of exotic genes in native gene pools is determined by
the advantage it provides (Meirmans ef al. 2009); 5) newly formed hybrids are not necessarily superior to their
parental species (Roe ef al. 2014a, b); and 6) the gender of novel varieties of poplar used for plantations must
be taken into consideration in management strategies to minimize the occurrence of crossing. Male poplar
varieties should be preferred to female trees since the exotic pollen coming from plantation is diluted in the
native pollen cloud (Talbot et al. 2012, LeBoldus et al. 2013). We also showed that effective monitoring and
risk assessment is imperative to ensure plantations with exotics do not threaten the genetic integrity of native
forest trees or Canada’s forest certification. Tools and protocols for monitoring were adopted and put into
place with the end-users (tree breeders and forest companies).

Geographic origin (third level)

We are currently testing the feasibility of using genomic tools to address the question of traceability for two
commercial forest tree species present in Canada. We want to take advantage of existing genomic resources
and genotype data sets from many populations across the species’ range (thousands of SNPs and hundreds of
individuals) and to test the ability to use SNPs to identify the geographic origin of “unknown” samples. This
proof-of-concept project started recently.

Challenges

In order to establish trust among the various stakeholders and consumers throughout the chain of custody,
a traceability system needs to demonstrate its independence (audits by a third party) and reproducibility
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(standardized protocols and validated data using reference samples) (Godbout et al. submitted). To date a
majority of traceability systems, like those used for certified forest products, relied on paper permits. To
facilitate the creation of valuable and transparent traceability systems based on DNA tools, that can be trusted
because they are less prone to falsification, there is an urgent need to address the following issues: 1) open data
and ownership, because most of the data already available for a large number of forest species was generated
using public fundings; 2) both the location and the access to collection of reference samples with standard
operating protocols and; 3) proof-of-concept studies for species of interest.

Afinal and essential element to consider for the development and implementation of a traceability system in
forestry is the relationship to be established between the end-users and scientists (Godbout et al. submitted).
This link is a prerequisite to the creation of a traceability system that will meet the needs of the former
while using the technical and scientific skills of the latter. To this end, the development of a project, i.e.,
determining the question to be answered, the methods tested and the material to be used, should ideally be
done through discussions between both parties. Such approach will foster the use of traceability system by
users.
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Chapter 2.3. Use of genotyping technologies
to identify tree variability
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The US Forest Service, National Forest Genetics Lab (NFGEL)

The USDA Forest Service established the National Forest Genetics Laboratory (NFGEL) within the
management branch of the Agency in 1988 to provide forest managers with the means to evaluate the genetic
consequences of management actions. Lab work supports the conservation and management of all plant
species, specifically to (1) identify sources of seed for species and population re-establishment, (2) assist with
the breeding and production of new genotypes and seed sources for assisted migration in the face of changing
climate, (3) identify endangered and invasive species, (4) identify species, populations, and communities that
are sensitive to increased disturbance, and (5) track the movement of genetic resources.

NFGEL works closely with land managers, including law enforcement, to provide them key genetic
information that is relevant and timely for their decisions. Society’s ability to establish and sustain healthy
forests and rangelands, especially in face of current pressures such as habitat fragmentation, climate change,
and degraded ecosystems, requires an understanding of genetics. Information about genetics helps assess
past, current and future biological changes, and provides implications for management options in the future.
NFGEL uses state-of-the-art technology to address genetic conservation and management of all plant species
using various laboratory techniques including DNA analyses.

Forest Service managers need scientific information about genetic structure to withstand scientific and
legal challenges in ongoing and future negotiations, adjudications, and in Forest planning and project
implementation. Application of science-based technology is essential for the Forest Service to meet its
Organic Act purpose to effectively manage National Forest System lands to secure multiple resource benefits.
Organizational effectiveness requires capturing the benefits of rapidly evolving technology. Effective use
of new science and technology requires guidelines that have passed scientific peer review. An essential
part of our effort is to develop reliable, effective, low-cost, time-efficient technologies for characterizing
genetic variation in all plant species to aid in adaptive planning efforts on forest and rangelands throughout
the Nation. Developing standard approaches for inventorying and describing shifts in genetic variability
over spatial or temporal scales is also vital. Development includes using new computer and laboratory
technologies to extend our capability to perform analyses, provide diagnostic and design assistance, and
transfer technology to field specialists.

NFGEL uses a variety of genetic markersto assess variability. Markers are chosen foremost for their effectiveness
at addressing project and management objectives. Secondary considerations are marker availability without
the need for additional development, low cost, and fast application. When appropriate, we will assess variation
with some of the newest technologies, and at other times we use some of the oldest markers, such as isozymes.
The most commonly used markers for assessing diversity in the lab are still simple sequence repeats (SSRs)
or microsatellites. Although SSRs are still extremely useful markers, the trend is to develop and use SNPs
as discovered through high-throughput sequencing technologies. The use of high-throughput sequencing
techniques, also called next-generation sequencing (NGS) technologies, to identity genetic variability can
provide powerful solutions for species and source level identification. These technologies may provide
practical solutions to the challenge of dealing with tree species that are often characterized by many large
populations that possess complex and large genomes more than 10 Gb in size (Eckert et al. 2009). On some
NFGEL projects, we are using unique SNP markers to identify differences among genotypes for studies of
genetic diversity and population structure studies of forest trees.
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Variability Assessments

NFGEL’s interest in high-throughput technologies arises from needing to assess relevant levels of variation
useful for characterizing species (taxonomy), population (source), and sometimes individuals, often in tree
species that are not well characterized. Although species conservation and restoration drive much of our
work, the same study designs are used for our timber tracking efforts. Workflow for many of these projects
includes: (1) characterize the level and structure of genetic variation in the species &/or range of interest (this
serves as the reference database or is used as the reference material), (2) chose appropriate markers to build
the database that are robust and reliable for genotyping, contain sufficient levels of variation so that they are
able to discriminate samples and be stable enough to achieve compatible data among samples over time and
between labs, and (3) obtain usable DN A of sufficient quality and quantity from difficult samples (either from
vegetative tissue from trees located in remote locations, or from wood).

Genetic variability in Golden Chinquapin (Chrysolepis chrysophylla)

Golden Chinquapin is an evergreen tree or shrub endemic to the western United States and is related to the
beech family (Fagaceae). When growing to its full height as a tree it can reach 20-40 mtall. When classified as
a shrub it grows between 3-10 m tall. Due to its ‘sensitive’ legal status in Washington, the level and distribution
of genetic diversity must be characterized in the species for its successful management.

We created the range-wide reference database with two genetic markers: SSRs and SNPs. Sixteen SSR loci
(Wu & Hogetsu (2009); Durand et al. (2010)) were run on 716 trees from 23 stands. Simultaneously, we
also used 2b-RAD, a next generation sequencing approach for genome-wide genotyping (restriction site-
associated DNA (RAD), based on sequencing fragments produced by type IIB restriction endonucleases).
Using this technology, we genotyped 628 trees at 2,021 SNPs with coverage > 20X, with a mean 25% missing
data per individual (range 10-62%). The SNP frequency over the entire data set is 2.05% (1 SNP every 48
bases). Compared to RAD and GBS (genotyping by sequencing), 2b-RAS uses a flexible reduction and has a
faster bench protocol, though could have some challenges when applied to highly complex genomes.

We are currently evaluating the effectiveness of each dataset to characterize the genetic variation in the species,
and are also looking at the markers practically (comparing the cost and time of development, the cost and
time to run the markers, errors rates in the markers, and long-term stability of the datasets when adding new
reference samples over time). In 2016, it cost approximately $20,000 USD to obtain the SSR database over a
one-year period, and about $75,000 for the SNP database that took roughly 2.5 years to generate. Project co-
operators include US Forest Service managers and University research geneticists.

Genetic variability in Mulanje Cedar (Widdringtonia whytei)

Mulanje Cedar is the national tree of Malawi. This species is declining due to over-exploitation, fire, and illegal
harvesting. The species occurs naturally only in the Mulanje Mountain Reserve and is located in discrete
regions, basins, and stands. Three offsite seed producing stands also exist, though they are of unknown origin.
Objectives of the genetic work are to assess the diversity (level and structure) in remaining natural stands
and in established seed orchards/plantations. Effectively, the goal is to build the reference database to use for
restoration decisions, which could also be used for purposes of tracking illegal harvest/trade. Our partners
include US Forest Service geneticists, Botanic Gardens Conservation International, Forestry Research Institute
of Malawi, and Mulanje Mountain Conservation Trust.

Due to the need to obtain results within a one-year time frame, we are generating SSR data using
approximately one dozen loci from Widdringtonia cedarbergensis found in “SSR markers from a thousand
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plant transcriptomes” (Hodel et al. 2016). There are a total of 850 samples, 700 of which are wood tissue from
burned stumps. Isolating usable DNA from wood is a challenge for timber tracking efforts. Obtaining DNA of
sufficient quality and quantity from wood samples will be necessary for the successful application of genetic
marker technology and remains one of the primary challenges of these timber tracking efforts.

Concluding Remarks

Genetic tools are extremely useful for detecting species presence on the landscape, understanding the
population structure and hereditary relationships of plants, and tracking plant material throughout a production
supply chain. Efforts to achieve these goals would benefit from (1) a clearly defined management question
(e.g. what species or group is of concern, what is the scope of the problem, what is the application need of the
data (an in-lab support study or an in-field tool to determine probable cause, for instance), (2) the generation
of reference databases built not necessarily with the newest technology, but using marker systems that are
capable of answering the management or legal question and will be useful for some length of time (it will be
cost prohibitive to rebuild a genetic database every few years with whatever new marker that comes along),
(3) the archiving of reference samples (plant tissue or DNA) that can be shared among labs, and (4) testing
material in the usually short timeframe that meets law enforcement and management needs.
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Background

Nowadays, thanks to the Next Generation Sequencing (NGS), genotyping technologies, and bioinformatics
tools, it is possible to develop molecular resources to decipher new fields of research on orphan species or
enhance program on ecological genomics. This can be done in an affordable cost, in a reasonable experimental
and analysis time.

We reported here two cases to illustrate what it can be done from scratch with the help of NGS to identify
species, launch genetic diversity studies on orphan species. Moreover, we demonstrated the accuracy of
the multispecies SNP (Single Nucleotide Polymorphism) genotyping array as possible tool for traceability
system.

Concomitant insect and plant metabarcoding

Semi-natural grasslands are considered as a vital habitat for wild pollinators, which consequently contribute
to preserve the floristic diversity of this environment. Faced with the decline of pollinators, it is relevant to
strengthen our understanding of the whole plant-pollinator interaction network. We demonstrated that the
development of the NGS-DNA metabarcoding approach is powerful to answer the question: who visits what
and who transports what? We developed a simple robust and quick workflow to identify at the same time
the flower foraging insect and the pollen load included crude DNA extraction, targeted PCR amplification,
NGS and public database queries (Figure 1). Flower-foraging insects were caught from the beginning of
May to the end of July along three contrasted dairy farming systems in France (West, Center and Est).
Sampling was carried out along six walking transects for each farming system. The results from more than
1000 flower visitor insects showed that the workflow is robust and easy to manage at low cost (Galliot et
al, 2017).
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Sampling of flower-foraging insects, collecting actively pollen and/or nectar
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Figure 1. Workfow of insect and plant metabarcoding. PE, Paired End reads; ITSZ, internal transcribed spacer 2 region of muclear
ribosomeal DNA; COI mt, mitochondrial gene cytochrome oxydase.

Creation of SNP collection in lavender, an orphan species

The lavender (Lavandula angustifolia Mill.) is a perennial sub-shrub plant that belongs to the Lamiaceae (or
mint) family. Native to the Mediterranean region, this species has an economic importance in France, with a
heritage and cultural significance. Moreover, it is cultivated worldwide for its essential oils. The lavender is one
of the major crop of the Perfume, Aromatic and Medicinal Plants (PAM) sector and has many applications in
industries such as pharmaceuticals, perfumes, cosmetics, and alternative medicine. Furthermore, the lavender
cultivation contributes to the development of arid agricultural land in the south-east of France. For last decades,
enhanced by global warming, lavender production is threatened by the Stolbur phytoplasma (Candidatus
Phytoplasma solani) related disease. Additionally, in the PAM sector, the detection and the identification of
helpful molecular markers is needed. These needs are mainly to study the genetic diversity of germplasms,
to stay at the cutting edge of fraud prevention by certificating the varieties authenticity. In this context, we
proposed a quick and low cost SNP detection procedure to develop further molecular tools, genetic diversity,
QTL mapping and DNA traceability tools. We combined RNA-Seq data and DNA-Seq data to build a gene
space of Lavandula. Firstly, a de novo transcriptome assembly was performed. Then, to recover the full-length
gene sequences, we conducted an iterative targeted DNA assembly using the iPEA protocol developed in our
laboratory (Aluome et al. 2016). Finally, a collection of Lavandula cultivars was used to detect SNP using the
gene space as reference. To our knowledge, this is the first study reporting SNP development for Lavandula
(Fomeju et al, in preparation).
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Genotyping array provide data with good accuracy for thousands of SNPs (single nucleotide polymorphism)
in thousands individuals for many organisms including plants. These extensive data used in large studies
gave new insight in genetics. Moreover, genotyping experimental procedure could be performed quickly
and genotyping calling do not required bicinformatics tools and skills. Nevertheless, flexible genotyping
tools with affordable costs are still to be developed. Low cost genotyping assays would allow many
applications including the control of individuals, the marker assisted management and genetic approaches
in species where molecular developments have a comparatively low value relative to the cost of SNP arrays.
The initial cost and/or the minimum sample number requirement are limiting factors for developing a new
genotyping tool. An add-on option on already existing product gives a first opportunity to reduce the cost
of a beadchip. Designing a multi-species array could be another alternative to reach the minimum sample
number requirement while dropping prices per species. We successfully validate the genotyping accuracy of
a multi-species-plant beadchip. Four custom Il1lumina bead pools, originally manufactured for pea (Tayeh et
al, 2015), rapeseed (Chalhoub et al, 2014), grape (Le Paslier et al, 2016) and poplar (Faivre Rampant et al,
2016) genomic studies developed at INRA (French National Institute of Agriculture), were then combined
in a single array. Individuals/DNA already genotyped were newly genotyped with this 4-species array. For
each SNP, the reproducibility in terms of genotype call rate, cluster separation was over than 0.9 (Le Paslier
et al, 2016).

We demonstrated that NGS and genotyping tools can lead to the development of molecular tools starting from
scratch for genetic studies, species identification at relatively low cost. NGS technologies offer many options
for SNP discovery and genotyping; new protocols based on probe hybridization, extension and NGS, more
flexible, accurate and cost effective are under deployment. Moreover, with any doubt, the forthcoming real
time sequencing technology will bring new era for the development of quick, efficient, affordable molecular
tools for DNA traceability of biological samples.
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Conclusions

High-throughput technologies
to identify tree variability

Search for biological information (including geographical distribution,
reproductive systems, genelics, etc.) on available databases.

Build an mternational platform (GTIN2 would try to play this role) to
integrate fragmented efforts from international research te ams. These groups
will accomplish the re quired analysis regarding uncovered prioritized species
using reference samples.

Complex projects have to be designed to unravel genetic variation and, thus,
discriminate the origin of given species.

Search for funding information to prepare collaborative actions to integrate
efforts for creating resources.

Development of genotyping tools for traceability, based on molecular markers
that allow species or species and origin discrimination:

—  First phase: Design multispecies genotyping technologies for cost
effective analysis.

— Second phase: Develop new strategies to perform analysis in mobile
units for field-testing by producers, law enforcement bodies and officials.
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Chapter 3.1. Cost-effective approaches for variant calling and analysis
of complex plants

José De Vega
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Identifying genomic variation

Without genetic variation, some of the basic mechanisms of evolutionary change cannot operate. Some
variation is positive because it improves our ability to survive or adapt. The three primary sources of genetic
variation are mutations, gene flow and sex. Within the first group, mutations, we can distinguish several
classes, sorted by length:

¢ Whole-genome duplications (WGD).

¢ Chromosomal segmental mutations such as deletions, inversions, insertions and translocations (CSM).
¢ Structural variations (SV), which usually affect between 50 and 1000 bp.

¢ Indels, for short insertions and deletions (SN'Vs).

¢ But the most common form of genetic variants among individuals are the smallest, known as single
nucleotide polymorphisms (SNPs).

Next-generation sequencing (NGS) can now sequence an entire human genome in a few days, and this
capability has inspired a flood of new projects that are aimed at sequencing the genomes of thousands of
individuals (Alexandrov et al. 2014). Current cost-effective NGS platforms produce shorter reads (Between
100 and 250 bp reads in the actual generation of [llumina technology) than Sanger sequencing, but with vastly
greater numbers of reads.

When the polymorphisms are not known, discovery techniques are to analyse data blind to the possible
location of the variation; stringent thresholds must therefore be applied to control false positives. By contrast,
genotyping techniques offer increased power to detect polymorphisms once the variant is known, and more
relaxed thresholds may be applied than for discovery (Alkan, Coe, and Eichler 2011).

Whole-genome resequencing combined with new, highly efficient alignment software is being used to discover
large numbers of SNPs and structural variants in previously sequenced genomes. For SNP discovery, using raw
reads can provide greater resolution than using a genome assembly. With raw reads, both the depth of coverage
as well as the proportion of mixed alleles can be quantified, in contrast to creating an assembly, in which all
coverage at a given locus is collapsed into a single base call. The basic workflow can be divided in two steps:
(a) aligning this great number of reads to the reference genomes, and (b) assess the differences in each position:

(a) Tomap reads to areference genome, the location of each read, relative to the reference genome, is predicted.
Many novel computational tools have been developed to map NGS reads to genomes and to reconstruct
genomes and transcriptomes. Due to using different mapping techniques, each tool provides different trade-
offs between speed and quality of the mapping (Hatem ez al. 2013).

(b) Variant calling algorithms compare mapped reads to the reference genome and identify potential variants.
SNP and indel calling algorithms vary in their approach to identifying candidate variants (Alkan, Coe, and
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Eichler 2011). Basic algorithms identify variants based the on the number of high confidence base calls that
disagree with the reference bases for the genome position of interest. More sophisticated algorithms commonly
use Bayesian, likelihood, or machine learning statistical methods (Pabinger et al. 2014). In the case of SNV,
sequencing-based methods have used mate-pair or paired-end reads for structural variant discovery. In this
approach, two paired reads are generated at an approximately known distance in the donor genome. Pairs
mapping at a distance that is substantially different from the expected length, or with anomalous orientation,
suggest structural variants (Medvedev, Stanciu, and Brudno 2009).

Sources of error in NGS-based variant calling

Several types of errors can impact the accuracy of SNP and indel variant identification. These errors occur
during (a) sample processing, (b) the chemical and electronic processes that occur during sequencing, as well
as the (c) bioinformatic processing of sequence data: base calling, read mapping or de novo assembly, and
identification of SNP and indel variants (Nielsen et al. 2011):

(a) Substitution and indel polymerase errors accumulate during amplification and then exponentially for
subsequent cycles (PCR duplicates), at which point they may significantly contribute to variant call error
(Kozarewa et al. 2009).

(b) A number of systematic sequencing errors have been described for the various sequencing platforms (Ross
et al. 2013). Some systematic sequencing errors have distinct characteristics, such as strand bias, which can
be used to distinguish them from likely true variant calls.

(c) In general, highly diverse regions of the genome are more prone to mapping and alignment errors than
lower diversity regions (Nielsen et al. 2011). Reads that map to “duplicated” regions in the reference genome
are usually given a low mapping quality score by the algorithm, which are typically filtered. Many variant
callers often use additional filters such as a minimum depth of coverage threshold, base call frequency (e.g.,
> 90% of calls at a position being identical), masking of homopolymer and repetitive/duplicated sequence
regions, and trimming of poor quality bases from the ends of reads. These filters can be hard filters with
carefully chosen cut-offs, or can be chosen by machine learning algorithms (E.g. GATK’s Variant Quality
Score Recalibration).

Long-read sequencing platforms such as Oxford Nanopore technologies and Pacific Biosciences single-
molecule real-time sequencing can achieve reads >10 kb. Observed error rates on both platforms are still high,
but improving very quickly. While long-read sequencing is unlikely to be cost-effective for genotyping studies
in the near future, improvements in existing reference genomes will benefit genotyping. As the costs of long-
read sequencing decrease in the future, together with an increase in read quality, we can expect genotyping
methods to make more use of this technology.

Coverage is key for a reliable SNP calling

Sequence depth influences the accuracy by which rare events can be quantified in genomic quantification-
based assays (Sims et al. 2014). Previous estimates of the amount of sequencing required to accurately identify
SNPs in WGS and exome-seq are variable. Bentley et al. (2008) estimated that 15X mapped read depth of
WG S samples would be sufficient to detect almost all homozygous SNPs and 33X for almost all heterozygous
SNPs. 50X was estimated by Ajay ef al. (2011) for all SNPs and small indels.

However, the ever-increasing demand for larger samples suggests that medium (5-20X) or low-coverage
sequencing will be the most common and cost-effective study design in many applications of NGS for years to
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come. For example, the 1000 Genomes Project pilot (Consortium 2010) relied on approximately 3X coverage
to sequence 176 individuals genome-wide. This design is more cost-efficient than deeper sequencing in fewer
individuals. Likewise, in association studies, mapping power is typically maximized by sequencing many
individuals at low depth, rather than sequencing fewer individuals at a high depth (Kim ez al. 2010). In another
example, Pasaniuc et al. (2012) show that extremely low-coverage sequencing (0.1-05X) captures almost as
much of the common (>5 %) and low-frequency (1-5 %) variation across the genome, without an excess of
false positives.

Approaches based on Genome reduced-representation (RRS)

A widely used range of methods for detecting SNPs using high-throughput sequencing are known
as genotyping-by-sequencing (GBS), they share common bases. Since the inception of GBS, it has
undergone continuous development, giving rise to at least 13 approaches (Scheben, Batley, and
Edwards 2017)). It is important to notice that the Dutch company Keygene claims ownership of any
RRS approach based on enzymatic digestion, and has successfully enforced it at least once in court
(Keygene 2016).

In its more basic approach, GBS is a simple highly multiplexed system for constructing reduced
representation libraries for the [llumina NGS platform developed in the Buckler lab (Elshire et al. 2011). It
generates large numbers of SNPs for use in genetic analyses and genotyping (Beissinger et al. 2013). Key
components of this system include low cost, reduced sample handling, fewer PCR and purification steps,
no size fractionation, no reference sequence limits, efficient barcoding and easiness to scale up (Davey et
al. 2011).

However, successful implementation of GBS in complex heterozygous crop is limited. Many reasons may
have contributed to this lack of adoptions. From a technical perspective, missing data, genotyping errors and
heterozygote under-calling are common in GBS results due to uneven sequencing depth across sites and high
level of sample multiplexing (Beissinger ef al. 2013; Swarts et al. 2014).

Alternative approaches based on amplification instead of enzymatic digestion are AmpSeq (Yang et al. 2016)
or rAmpSeq (Buckler et al. 2016), both are semi-automated pipelines based on amplicon sequencing that
incorporates a machine learning model for primer design and uses Illumina’s Nextera dual-barcoding and
sequencing platforms for genotyping.

Alternative approaches based on hybridization using commercial bails, the most common implementation
is exome-capture, but any know sequence can be targeted. The process of exome-seq has known issues that
impact negatively on SNP detection sensitivity. These include PCR amplification, which tends towards lower
coverage in GC-rich regions due to annealing during amplification, and the preferential capture of reference
sequence alleles, which biases the allele distribution away from alternate alleles at heterozygous SNP sites.
Exome-seq produces a relatively heterogeneous profile of read coverage over target regions when compared to
the more homogeneous WGS. Better uniformity of coverage yields improved SNP detection sensitivity across
the regions of interest. However, Exome-seq target capture technology is clearly improving in sensitivity,
sensibility and cost (Meynert et al. 2014).

The amount of sequencing required to accurately identify SNPs in Genome reduced-representation are
higher than WGS, and depends on the capture kit. Clark et al (2011) calculated that exome-seq required
80X mean on-target depth to reach the common threshold of 10X per-site depth in 90 % or more of all tar-
geted regions. And Meynert et at (2013) on some of the original exome-seq target capture kits estimated
between 20X and 46X mean on-target depth was required to successfully genotype 95 % of heterozygous
SNPs.
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Cost-effective low-coverage whole-genome sequencing

Whole-genome resequencing (WGS) differs from RRS in the lack of complexity reduction steps before
sequencing. In a WGR approach known as skim genotyping-by-sequencing (SkimGBS), SNPs and genotypes
are called using low-coverage genomic reads, typically <1X, to make genotyping large populations viable
(Bayer et al. 2017). Uniformity of coverage is clearly still a major issue for exome sequencing in terms of
capturing a reasonable number of reads across all of the targeted regions. PCR amplification-free library
preparation can mitigate the issue somewhat for WGS samples.

To simplify data analysis, heterozygous alleles are often eliminated by sequencing recombinant inbred line
(RIL) or double-haploid (DH) populations (Scheben, Batley, and Edwards 2017). In Huang et a/ (2009) the re-
combinant lines were sequenced to an average coverage of 0.02X, identifying a total of 1,493,461 SNPs, with
an average density of 1 SNP every 40 kbps. The parental genomes and a reference sequence are often required
for these mapping populations (Golicz, Bayer, and Edwards 2015; Huang et al. 2009), although they can also
be inferred using statistical models. Training the model on each individual sample refines this approach by
allowing for variation in error rates (Scheben, Batley, and Edwards 2017).

Cost per marker is obviously significantly cheaper than RRS in whole-genome approaches. A rough estimate
of the costs of WGR is <0.0001 USD per marker or approximately $80 per sample. However, the cost per sam-
ple will remain higher in WGR than RRS (Scheben, Batley, and Edwards 2017). On the other hand, when sam-
ple preparation cost and imputation are taken into account, there is an optimal number of samples to sequence
for any budget. Under zero sample preparation cost and ignoring the benefit of imputation, the optimal study
design involves sequencing a maximal number of samples at minimal coverage (Kim et al. 2010). Because of
this, a very cost-effective approach is to sequence DNA from pools of individuals, or Pool-seq (Anand et al.
2016). However, pooling of DN A creates new problems and complexity in data analysis. One of the most chal-
lenging problems of Pool-seq is to correctly identify rare variants (allele frequency, AF < 0.01), as sequencing
errors confound with the alleles present at low frequencies in the pools. The power of many genetic analyses
depends upon accurate determination of AFs of variants. In principle, Pool-seq give more robust estimate of
AF due to the larger sample size (Anand et al. 2016). But sequencing noises might give rise to many spurious
rare variants in Pool-seq and proper care should be taken to remove them before doing any kind of association
studies (Rellstab e al. 2013; Anand et al. 2016).

My group at Earlham Institute in Norwich, UK, has tested in complex crops a cost-efficient whole-genome
genotyping method based on low-coverage sequencing of individually-barcoded accessions. The method allows
the identification of variants in individual samples at a cost equivalent to pool-seq. Following an iterative
approach, outliers are re-pooled and sequenced to a higher coverage as required. The information of the different
subpopulations is used to fine tune the variant calling. In summary, our approach provides an efficient and
economical means of producing data for the design of high-density SNP genotyping platforms for species with
draft sequence assemblies and provides a framework for methods in species that lack genome sequence.

Conclusion

The strategy of using next-generation sequencing has completely changed the landscape of high-density SNP
assay development, particularly for non-human genome applications. It is no longer necessary to conduct
distinct projects to identify putative SNPs and then validate and characterize their allele frequencies in target
populations. It is apparent that it will not be feasible to shift all experiments to the analysis of sequences
from separate individuals even with further reductions in sequencing costs. Thus, cost-effective sequencing
methods will remain an important research tool for species with sufficiently large population sizes that permit
the acquisition of adequate sample sizes. Genotype calling and SNP calling for NGS data have matured from
simple methods based on counting alleles to sophisticated methods that provide probabilistic measures of
uncertainty, and they can incorporate information from many individuals and linked sites. NGS will be central
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in genomic and genetic studies for years to come, and it is worthwhile now to focus attention on forming a
solid foundation for future research in these areas.
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Chapter 3.2. Timber Tracking Initiatives - Computational Support with

TreeGenes

Jill L. Wegrzyn

Department of Ecology and Evolutionary Biology, University of Connecticut, USA

The objective of the GTTN/EFI organizations as presented at the Application of high-throughput
genotyping technologies for forest tree species identification and timber tracking meeting in Madrid
(September 2017) was to identify both genetic and computational strategies to develop, store, and access
relevant information for species of interest. The invitation to this meeting provided an opportunity for us
to understand the scope of the problem and identify areas where our existing computational infrastructure

could assist.
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The TreeGenes database is best described as a web-based Clade Organism Database (COD) hosted in an open-
source platform known as Tripal. Tripal combines the page creation utility provided with the Drupal content
management system with the Generic Model Organism Database (GMOD) schema known as CHADO (Figure
1). The TreeGenes database has served the forest genomics community with a primary focus on genetics data,
including genetic maps, marker data, transcriptomes, and full genomes. TreeGenes has recently expanded
its offering to include phenotypic data as well as environmental metrics for studies association mapping and
landscape genomics studies.

This recent focus was enabled through the collection of detailed metadata and original data from association
mapping and landscape genomics studies at the time of publication. This effort has been facilitated in
conjunction with peer-review journals to provide a permanent accession number that references this data.
TreeGenes provides a customized workflow that directs submissions based on users’ answers to specific
questions regarding their sequencing/genotyping design, experimental design, and final analysis (Figure
2). There is an emphasis on the collection of georeferenced data for studies involving common gardens or
landscape sampling. In cases where exact positions cannot be released, or are not available, approximate or
obscured coordinates are stored in the database. The data from these studies is released following publication
acceptance or permission from the researcher.

Camman L

Figure 2. TreeGenes Data Repogitory Submizsion.

The data resulting from these collections is made available to the public in TreeGenes through an application
known as CartograTree. This web-based platform integrates genotypic and phenotypic data alongside
environmental layers to provide an integrative framework for visualization and analysis (Figure 3). This
framework allows researchers to filter, query, and display data for single studies or across multiple studies.
Current research is focused on developing more robust pre-filters so that data can be interrogated through
dynamic visualization platforms, such as RShiny. CartogtraTree includes data analysis options through a
connection to Tripal Galaxy which allows one to connect any next generation sequencing (NGS) dataset to
analytical packages, such as short read alignment, SNP identification, and association mapping. Web services
available in the latest release of Tripal (v3.0) streamline the ability to pick up datasets and connect them to
available applications. The Galaxy component runs on either an application server attached to TreeGenes
or through more substantial supercomputers. CartograTree allows researchers to visualize and analyze data
associated with georeferenced trees without local computing resources.

64



Bioinformatics analysis and database generation based on high-throughput information

T treegeesssful mo goom-half

TreeGenes
Environmental Phe”':'t"rpi_c da_ta
data CcartograTree (e.g., TRY-DB)

(e.g., WorldClim, .
AmeriFlux) Genotypic data

Metadata

Environmental
data

Tripal Rty

ol {elastic search, data F
server ;
collections, Galaxy workflows)
{i.e., GeoServer) : I Qg
[ ]
Drupal
|

PostGIS PostgreSQL GMOD CHADO schema

File system

Figure 3. CartograTree.

The adoption/modification of workflows in TreeGenes could help support timber tracking initiatives. In
specific, the organizations involved have started to generate SNP and SSR data for a handfil of populations.
This data is often held with additional phenotypic information (ex: isotope data). GTTN is tasked with putting
starting to database the species, the (human/lab) expertise, and the reference populations. Some of the primary
concerns resulting from the workshop discussions include the following:

¢ Privacy
— How much of the data identified from private labs should be made available publicly?

— Should this data be displayed with true coordinates or not be displayed at all?

— Can appropriate login control (group permissions) be used to provide individual labs with private
space to work in?
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Data Integration

Should a central repository be available where information on the genotyped panel can be accessed
by participating labs?

What types of data should be collected in addition to the marker data (SSR/SNPs)?
What efforts are underway to collect information on the species of interest?

Should internal records in the database also include location of wood sample and other data
(physically) stored at various locations.

Data Integrity

From alegal perspective, should minimum reporting standards be collected and enforced in a central
location for reference samples?

What types of validation can be included at the time of data submission?

Should standard analytical pipelines be made available such that SSR or SNP data is subject to
identical protocols?

From this discussion, TreeGenes provided information on the Tripal system which supports user logins and
group level permissions to protect sensitive data and expose labeled data sets to specific users. In addition,
TreeGenes has rapid development Drupal form templates that can be customized to the needs of individual
labs. These forms support many types of validation that would be critical to ensure data integrity. TreeGenes
has the ability to maintain information on the reference samples for each species but also keep the exact
coordinates and/or metadata private to those parties involved in evaluating samples. For data that can be made
public, it is easy to move datasets from the private space and into the public space for analysis with tools
such as CartograTree. Finally, the Tripal Galaxy integration within TreeGenes allows us to configure specific
analytical pipeline and exposure these to user groups. These pipelines could be initiated with the click of a
button assuming the data is correctly formatted for analysis. This functionality could streamline consistent
analysis for diagnostic labs.
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OGA: a tool to analysing heterozygous crops

Although the advent of next generation sequencing (NGS) technologies offers new possibilities for
characterising crop genomes, efficient SNP discovery tools suited to the analysis of allogamous species such
as perennial ryegrass (Lofitm perenne), with a complex genome and a high level of genetic heterogeneity,
remains challenging. SNP discovery in crops can be based on transcriptome sequencing (RNA-seq) as an
effective way to target exonic regions and avoid repetitive regions. De novo assembly algorithms relying
on k-mer based De Bruijn Graphs (DBG) are appropriate for the assembly of large data sets of relatively
short reads. These algorithms collapse near-identical reads into a single contiguous consensus sequence
(contig). DBG de novo assembly algorithms typically tolerate low polymorphism density to discriminate
between highly similar sequences such as duplicated regions, paralogues, or highly conserved domains.
Consequently, divergent alleles are reconstructed as two independent contigs, despite representing the same
locus. Furthermore, contig extension can be truncated in highly polymorphic regions, leading to neighboring,
non-overlapping fragments of the same locus. As a consequence, de novo transcriptome assembly in highly
heterozygous species typically yields a higher number of contigs than the actual number of genes expressed,
thus rendering a redundant and fragmented reference transcriptome. However, a unique non-redundant
consensus reference per expressed gene is essential for accurate read mapping and SNP discovery. Therefore,
the assembly of a minimal redundant transcriptome in which allelic sequences have been collapsed while
paralogues are kept separate is critical for accurate SNP calling. However, this is not a trivial task if the SNP
discovery is to be conducted on RNA-seq data of multiple, genetically diverse genotypes that represent a
broad range of the allelic diversity in the target germplasm.

Setting the sequence identity threshold for collapsing allelic sequences while keeping paralogues separate
during de novo assembly, contig clustering, and annotation is complex. Plant genomes tend to contain a
large number of multigene families, arising from tandem, segmental and whole genome duplication events.
Paralogues may display differential evolutionary divergence rates in various gene families depending on the
age of the duplication event and evolutionary constraints. Likewise, the allelic variation is non-uniformly
distributed across different functional classes of genes in the genome. Furthermore, polymorphisms are
non-uniformly distributed across the length of the transcript due to domain-specific functional selection
pressure. As a consequence, the degree of sequence similarity between paralogous sequences as well as
between alleles, displays great variation and the ranges (percent sequence identity) probably partially
overlap if considered across all gene families. In crops, this problem is exacerbated by many species being
obligate cross-pollinators and some genotypes having high levels of allelic diversity. In line with general
practice for transcript clustering, we assume that the sequence similarity between paralogous sequences
is lower than that between allelic sequences, and that CAP3 collapses allelic sequences, while keeping
paralogous sequences separate.

The strategy to get to a unique non-redudant consensus reference is demonstrated using an RNA-seq dataset
of 14 unrelated L. perenne genotypes chosen as SNP discovery panel for an association mapping study. First
de novo assembly using the CLCbio Genomics Workbench assembler (CLCbio) is performed on separate
genotypes of L. perenne to minimise the level of sequence complexity (step 1). The number of contigs generated
per genotype varied between 49,000 and 79,849, depending on the number of paired-end reads available per
genotype. This resulted in a total of 930,208 contigs combined over all 14 genotypes. As a consequence, this
creates a high degree of redundancy in the complete set of contigs (step 2) because commonly expressed
genes are reconstructed in several genotypes. Comparison of the transcriptome composition of individual
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genotypes showed that 1,448 genes were assembled in only one genotype, 13,964 genes were assembled in at
least five different genotypes, and 6,555 genes were assembled in all 14 genotypes. Each individual genotype
contained on average about 70% of the total number of genes. Hence, the de novo assembled transcriptome of
a single genotype cannot be used directly for read mapping because the transcriptome of any single genotype
is incomplete in comparison to the total gene-space expressed of all genotypes. In addition, within any given
genotype, allelic redundancy and transcript fragmentation is created for a subset of genes. Because this
depends on the genotype-specific combination of alleles for any given gene, it is impossible to choose a
single genotype in which all genes are assembled without allelic redundancy or fragmentation. In subsequent
steps, transcript fragmentation and allelic redundancy thus need to be resolved. We use the predicted gene set
of Brachypodium distachyon to guide further contig clustering and annotation. Therefore, we combine the
primary DBG assembly with a subsequent Overlap-Layout-Consensus (OLC) assembly algorithm to generate
a reference transcriptome with a single consensus reference sequence per locus. The procedure starts with a
tBLASTn search of all B. distachyon proteins against the 930k L. perenne contigs. For each B. distachyon
protein, all L. perenne contigs with a significant tBL ASTn hit are grouped (step 3). Initial manual curation of
the selected L. perenne contigs per B. distachyon candidate gene revealed that BLASTn must be performed
at the protein level, and set to relatively low stringency to capture fragments with relatively low levels of
sequence conservation between B. distachyon and L. perenne (e.g. 5’ and 3’ terminal sequences). However,
this also allows paralogous sequences to be included in the contig selection due to the presence of conserved
domains within protein families. CAP3 then generates one or more contigs from each of these groups (step
4). We assume that the sequence similarity between paralogous sequences is lower than that between allelic
sequences, and that CAP3 collapses allelic and fragmented sequences into a consensus sequence, while
keeping paralogous sequences separate. After extracting the contiguous consensus sequence of each cluster
(step 5), each CAP3 contig is compared to all 26,632 B. distachyon proteins by BLASTx (step 6). If the
best BLASTX hit is obtained with the B. distachyon protein that founded its CAP3 cluster, the CAP3 contig
is retained and is named according to the ‘founding’ B. distachyon protein to denote putative orthologous
pairs. A CAP3 contig with a best BLASTx hit to any other protein than the one founding its clustering step
is discarded because it probably corresponds to a paralogous sequence. So, while paralogous sequences may
be included by tBLASTn selection of contigs in step 3, CAP3 separates paralogues by sequence alignment,
and BL ASTx filtering removes the paralogous ‘by-products’ in step 6. A given L. perenne transcript may be
reconstructed several times, once with its B. distachyon orthologue as ‘founding’ protein (most optimal form),
and perhaps as paralogous ‘by-products’ in the assembly cycle of a close family member (sub-optimal form).
Therefore, the BLASTx selection routine (step 6) is included to remove all redundancy except the orthologous
B. distachyon - L. perenne transcript pairs. This allows the discrimination of alleles and paralogous sequences,
and facilitates annotation of the selected contigs according to their most likely orthologue in B. distachyon
(step 7). Next, for each contig, the CDS is determined as the longest ORF in the reading frame indicated
by the BLASTX (step 8). Because most allelic divergence is expected in the S’UTR and 3°’UTR, a second
round of CAP3 clustering is performed using only the CDS sequences to further reduce the remaining allelic
redundancy, followed by a final round of CDS detection and protein translation (step 9). We named this
procedure Orthology Guided Assembly.

Throughout the procedure, we evaluate the quality of the transcriptome assembly by analysing the degree
and origin of redundancy, the total number of resulting contigs, their length distribution, and the number of
unique genes of the model species for which orthologous transcripts were assembled (gene space coverage).
Furthermore, CAP3 clustering creates a majority vote consensus sequence for each locus, which represents the
most common base at each position within the dataset itself. Using 380.292 SNPs with a read depth >8 in each
genotype, we estimated that in 95.9% of the cases the reference sequence was identical to the most frequently
observed base at that position, confirming that we indeed created a reference according to the most common
sequence in the 14 genotypes. Because the reference is a consensus, the number of reference-read mismatches
is more equally distributed across genotypes, as compared to choosing an individual genotype from within the
dataset as reference, or any external reference genotype. Hence, our approach reduces bias from read mapping
stringency parameters and consequently improves the quality of read count and SNP frequency estimates.
Finally, we identify a transcriptome-wide set of more than one million transcript-anchored SNP markers in L.
perenne.
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An additional advantage from this procedure is that we can establish valuable linking between transcript
assemblies and associated SNP markers from different but related species. Applying the same approach on two
other species, namely Festuca and Phlewm vyielded similar efficiency concerning the amount of non-redundant
transcripts being assembled. Now, since the assemblies of these two additional species are ‘anchored’ to the
same Brachipodium gene we can easily group the assembled transcripts and align them to each other as well
as to the used Brachipodium anchor sequence. This results in a multiple sequence alignment allowing us to
identify inter- and intra-specific makers between species as well as between different genotypes within a
species.

PLAZA: a resource to analysing plant genomes

Flowering plants contain many genes, a majority of which have been created during the last 150 million
years through small- and large-scale duplications. Gene duplication and retention in plants has been extensive
and gene families are generally larger in plants than in animals. Furthermore, most, if not all plants have
experienced one, but probably more, whole genome duplications in their evolutionary past.

As a means to study genome organization and evolution, several tools and software have been developed to
discover genomic homology based on gene collinearity within and among species. Collinearity information
can be applied to analyse segmental and WGD events, whereas cross-species genome conservation facilitates
the analysis of chromosomal rearrangements, such as inversions, chromosomal fissions/fusions, and
translocations. These and other modes of evolution form the basis of the field of comparative genomics in
which we analyse the duplication history as well as evolutionary relationships between species.

A key challenge in comparative genomics is the reliable grouping of homologous genes (derived from a
common ancestor) and orthologous genes (homologs separated by a speciation event) into gene families.
Orthology is generally considered a good proxy to identify genes performing a similar function in different
species. Consequently, orthologs are frequently used as a mean to transfer functional information from well-
studied model systems, such as Arabidopsis thaliana or Oryza sativa (rice), to non-model organisms. In
plants, utilization of orthology is not trivial, due to a wealth of paralogs (homologous genes created through
a duplication event) in almost all plant lineages. Ancient duplication events preceding speciation lead to
outparalogs, which are frequently considered as subtypes within large gene families. In contrast to this are
inparalogs, genes that originated through duplication events occurring after a speciation event. Besides
continuous duplication events (for instance via tandem duplication), many plant paralogs are remnants of
whole genome duplications (WGDs). In flowering plants, the frequent WGDs in several lineages result in the
establishment of one-to-many and many-to-many orthologs (or co-orthologs).

PLAZA, an online resource for plant genomics, had been developed to integrate and distribute comparative
genomics data for both computational and experimental plant biologists. The first release, based on nine
sequenced plant genomes, included various tools to easily retrieve specific data types, such as gene families,
multiple sequence alignments, phylogenetic trees, and genomic homology. To accommodate the evolutionary
analysis of an increasing number of available plant genomes, more powerful and streamlined computational
pipelines were required as well as new tools to visualize genome information from multiple species. The latest
version of PLAZA, includes a major update of the comparative genomics platform, which currently hosts
fifty-two species together with a variety of new tools to browse gene families, study functional clustering,
and explore multispecies collinearity data. In addition to the development of a new tool to identify complex
gene orthology relationships, several methods for finding orthologs between two or more species have been
implemented and offered to the users, each with its own strengths and weaknesses. Whereas Reciprocal best
BLAST-Hit (RBH) detection between closely related species provides a practical solution to identify orthologs,
it cannot deal with complex one-to-many or many-to-many orthologous relationships between more distantly
related species. Although the construction of phylogenetic trees should offer the highest confidence to identify
speciation events in gene family trees, it has a relatively low gene coverage compared to sequence-based
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clustering methods, as trees could not be generated for all gene families. In PLAZA, 76,651 phylogenetic
trees were constructed covering 81% of all protein-coding genes assigned to gene families. Besides heavy
computational requirements, the method is also hampered by its sensitivity to differences in the topology of
the gene tree compared to the species tree, which are used for reconciliation.

To detect orthologous gene relationships in plants with an enhanced robustness, an integrative approach
was developed to identify orthologs on a gene-by-gene basis: the PLAZA integrative Orthology Viewer.
The developed ensemble approach consists of four distinct orthology prediction methods: orthologous
gene families inferred through sequence-based clustering with OrthoMCL, reconciled phylogenetic trees,
colinearity information and multispecies Best-Hits-and-Inparalogs (BHI) families. The latter are based on
the best BLAST hit for each species, extended with the inparalogous genes in each species. The integration
of gene collinearity facilitates the detection of positional orthologs, namely genes with conserved genome
organization between species. The combination of different methods for orthology detection, as implemented
in the PLAZA platform, allows for the more accurate selection of orthologs. The Integrative Orthology Viewer
displays for a query gene and its predicted inparalogs the associated orthologs, including the support from the
different orthology methods. In addition, all links are provided to explore the supporting evidence and specific
details of the individual predictions. For instance, the phylogenetic trees that served as the primary data source
for the tree-based orthologs can be viewed and the user can evaluate the support of a specific speciation node.

The PLAZA platform is a user-friendly platform for small- and large-scale comparative sequence analyses of
plant genomes. The latest version includes many new genomes and implements new methods for colinearity
and orthology detection as well as improved graphics.
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Chapter 3.4. Developing an expert database and a reference database
with the Global Timber Tracking Network

Tommi Suominen and Meaghan ParkerForney
European Forest Institute, Finland; World Resources Institute, USA

1. Introduction

Unsustainable and illegal logging as well as related trade cause many economic and ecological problems
both in producer and in consumer countries. It is one of the major causes for the loss of biodiversity.
Although instruments against such unsustainable and illegal practices have been established, there is a lack
of understanding how this instruments function in practice and practical control mechanisms to identify the
origin of timber and wood products. Such methods are one of the fundamental prerequisites for improving
forest and wood product sustainability through efficient import controls or corresponding origin testing by
industry and the trade.

Existing timber tracking systems use paper-based documentation of timber origin and use at all levels of
the processing process. Alternative methods are more and more used — especially DNA fingerprints and
stable isotopes. In certain cases, the combination of both methods, DNA-fingerprints and stable isotopes,
has the advantage that a higher spatial resolution and stronger statistical power for the control system can
be expected. In addition, there are also complementary technologies (e.g. visual and chemistry) which are
also very relevant. The methods and their applications for timber tracking advanced a lot during recent
years and continue to advance. The progress has been regularly discussed in international workshops and
during conferences of the first phase of GTTN 1, coordinated by Bioversity International. GTTN phase 2,
coordinated by the European Forest Institute (EFI), is largely based and built on the results and experiences
of the first phase.

The main objective of GTTN will remain the promotion of the integrated use of innovative technologies such
as DNA fingerprinting and stable isotope analysis together with other existing technologies to combat illegal
logging and associated trade worldwide. Building on the results and experiences of the first phase, the second
phase will continue to further develop and expand the network, seek new partnerships, new funding sources
and collaboration.

The GTTN information services are one of the main outputs to be delivered from the GTTN phase 2. The
service under development is divided by their target groups into two: a Service Providers Directory (SPD) and
a Reference Data Service (RDS). The Service Providers Directory needs to provide users along the supply
chain with information on species identification and the verification ofthe origin (country, region, concession)
of wood and wood products. Furthermore, it should provide information on available scientific methods and
tools (genetics, stable isotopes and wood anatomy), and contact information on certified labs for sample
analysis. The Reference Data Service needs to provide internal users (that have put their data into the database,
signed a data sharing agreement, successfully participated in ring tests for standardisation and are ready to
provide the lab services) with safe password protected access to a data repository on geographically annotated
reference data (e.g. genetics & isotopes) for identified priority species. The service is a crucially needed
to share the world’s presently collected data for the application of the identification methods by industry,
academia and regulatory authorities.

In the first phase of GTTN, the conceptual development of the GTTN service design went hand in hand
with the software development. This resulted in three different iterations of prototype designs of the system,
each building on the user feedback to the previous prototype. At that point, there was no separation of
services, but both the SPD and RDS were developed as one service. In the GTTN phase one project one of
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the complicated things was agreeing on the reference data sharing between data suppliers, who are also the
users of that data. An agreement on the data sharing agreement was reached only in the end of the project.
This prevented the system to be populated with reference data during the project, and as the reference data
and expert directory services were designed as one, this consequently prevented also the deployment of the
expert database.

2. The Service Providers Directory

The GTTN 1 phase user interface was more detailed and utilised an approach that was based on the user
making a “claim” — i.e. a shipment claims to be of a specific tree species or trade name and/or claiming to
be coming from a specific country. The user fills information relevant to the claim, which is then utilised to
identify suitable l1aboratories/people for analysing this claim, grouped by identification technology type (see
figure 1).

After the GTTN phase 1 ended, the World Resources Institute (WRI) had the last GTTN prototype simplified,
resulting in a simplified version that removed the reference data related functionality, and concentrated only
on the SDP. This result was still re-implemented by WRI as the SPD in a Drupal content management system
(CMS) web service under the WRI Forest Legality Initiative website http://www.forestlegality.org.

The WRI SPD has essentially simplified the data structure to a list that can be filtered by different criteria,
operated from four main level dialog boxes. The SPD version described here has not been published to
general use. This makes the graphical user interface very simple (see figure 2). The design is geared to a
user who knows the claimed species or a common name and is able to make the choice of a suitable analysis
technology.

Now, EFI and WRI have teamed up to finalise the implementation of the Service Providers Directory, in a
team effort. The finalisation of the expert database needs to be a top priority. There is a real and urgent need
for enforcement authorities to know where they can get analysis competence from.

The information on available expertise contained in the SPD is largely coming from an inventory conducted
by TRAFFIC, but has been appended with information provided by the International Association of Wood
Anatomists (IAWA). To ensure reliability and credibility of the SPD, this dataset that is 2-3 years old, needs
to be made up to date. When external users start to use the SPD, first impressions are important for the
willingness of the users to continue using the service and return to it. Out of date contacts will not be useful
to any user, and would disincentivise them to return to the service. This would work against our objective to
establish the SPD as a useful platform for support to e.g. enforcement authorities.

Before releasing the service, we plan to remove the contact details of individuals and implement an “email
to service provider” functionality that allows contacting the experts with a service request, or arequest fora
quote for service. For the service providers, this will make it apparent that the work requests to do analysis
work is facilitated through the SPD. We think this will on one hand incentivise the service providers to
maintain the information on the SPD regarding what analysis competence they have, in order to avoid
unnecessary contact requests or missing out on requests, if their competence description is too narrow.
We will also need to make a facility to allow for the users to update their own contact and competence
description data.

While we envision also more new features to improve the usability of this service, we will aim to release the
service soon, as we understand the persistently reiterated need to get this service publicly available. We will
carry out further user interface improvements to the service, after its initial release.
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3. The GTTN Reference Data Service

The Reference Data Service is still in its design stage. Some of this functionality was also designed and
implemented in the GTTN phase 1, but with this part we look at the design with fresh eyes, and try to analyse
the needs and service design alternatives, before embarking on the implementation.

One of the main design choices under discussion currently is whether to build up a distributed system or a
centralised system. Considerations for the two alternative design strategies are listed below.

A centralised system:

e Labs deposit directly their data in the database.

¢ Better for ensuring security, all access and data can be controlled.

A distributed system:

¢ Could use information from external, already existing data sources. The level of understanding that
the GTTN database can have on what data these databases contain, depends on the level of metadata
descriptions in those services.

¢ [fametadataservice forthis datais provided and the records/pages are described by metadata systematically,
the situation is good.
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¢ Inaccurate or only database level metadata means that we can only have a cursory understanding of the
contents = integration potential weak.

¢ Allows to build on other organisations know-how, while they remain responsible for maintaining their
own data.

¢ Risk: can a distributed service be safe from external manipulation? If our service relies on external services,
perpetrators could compromise the GTTN service by polluting the contents of any external service we are
relying on for reference data.

A compromise between these two solutions could be a hybrid that contains both metadata describing the data
available from participating labs by request and also contain actual data with its relevant metadata descriptions.
Sharing of metadata implies no direct outbound linkage to external data, but producing an awareness of its
presence, iflabs are not inclined to share their data openly with everyone. A **data search” interface will lead
the to the record describing the data and instead of a “Download data” button, there will be a button to “ Send
request to lab for reference data”.
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Bioinformatics analysis and database
generation based on high-throughput
information

Currently, GTIN is a meta-data-based, which could be re-structured and
enriched in the future.

Development of integrative initiatives among research teams (e.g: including
experts In taxonomy, genomics sequencing, genolyping, bioinformatics, elc)
would allow construction of an open-access database including raw data and
shared information on reference samples.

The aforementioned initiatives should firstly c atalogue, evaluate and assess
existing data resources {eg. NCBI, TreeGenes,..) and establish the key
service and data providers in terms of reference materials.

The availability of such an open-resowrce requires proper funding for
integration, curation, improvements, keeping it up-to-date and development
of tools to fucilitate data access 1o the final users/goals and database cross-
talking. Funding strategy is therefore required at national and inte rnational
level.
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Chapter 4.1. Development and application of genetic reference data
based on SNPs for timber tracking of tropical tree species

Bernd Degen and Céline Blanc-Jolivet
Thiinen Institut fiir Forstgenetik, Germany

Background

Since 2012, we are generating in frame of two large international projects genetic reference data based on
SNPs for several tropical tree species. From 01/02/2012 to 31/07/2015, we worked together with 16 partners
on the project “Development and implementation of a species identification and timber tracking system in
Africa with DNA fingerprints and stable isotopes”(Degen and Bouda 2015). This project was funded by the
International Tropical Timber Organization (ITTO) through grants from Germany, USA and Australia. Here,
we focused on the economic important tree species Iroko (Milicia excelsa), Ayous (T¥iplochiton scleroxylon)
and Sapelli (Entandrophragma cylindricum). The project collected more than 5400 leaf, cambium and wood
samples as reference material over the distribution areas of the three species. The samples were taken from
seven African countries: Cameroon, the Republic of the Congo, the Democratic Republic of the Congo, Ivory
Coast, Gabon, Ghana and Kenya. To help capacity building and transfer technology, the project established
three reference laboratories in tropical Africa: at the Forest Research Institute of Ghana in Kumasi for West
Africa; at the Institut de Recherche en Ecologie Tropicale in Libreville, Gabon, for Central Africa; and at
the Kenya Forestry Research Institute in Nairobi for East Africa. In October 2014, we started as a follow up
with the “Large scale project on genetic timber verification”. This project is financed by the German Federal
Ministry of Agriculture and Food (BMEL) and aims to develop genetic reference data for timber tracking of
additional seven tree species in Africa and seven species in Latin-America (https:/www.thuenen.de/en/fg/
projects/current-projects/largescale/). In Africa, samples were taken in Liberia, Ivory Coast, Ghana, Nigeria,
Cameroon, Gabon and the two Congos. In Latin-America, collections of reference material have been done in
Bolivia, Brazil, French Guiana and Peru.

Strategy for SNP development

In the last years, we have been focusing on timber tracking on SNPs (Single Nucleotide Polymorphism)
because the fragment amplified are short and thus better suitable for degraded DNA of wood. Based on the
experiences in former projects and the day to day work experience of the Thiinen-Centre of Competence on
Timber Origin, we did the SNP development in 4 steps (figure 1):

1. Using next generation DN A sequencing techniques, we identified for each species more than 1000 SNPs.
For this, we gained good experiences with the Rad-Sequencing (Pujolar et al. 2014) and “Skimming*
(Besnard et al. 2014). The RAD-Sequencing is done with high coverage for a few individuals in order
to obtain candidate SNPs in the nucleus. The “Skimming” is a Miseq-sequencing approach with low
coverage that provides candidate SNPs in the plastidial genomes. The next step was the selection of a
set of 480 SNPs by a pre-screening of several hundred SNPs at 96 individuals using the MassARRAY®
iPLEX™ platform (McKernan et al. 2002)8f.

2. Then we selected a set of 120 SNPs among the most informative ones for the final genetic screening of all
800-1500 individuals per species. The result of this step was the genetic reference data base.

3. The last step was aiming to simplify the work of timber testing by development of simple methods for
the screening of the top 15 highly informative (selection of 15 “golden™ or “silver” gene markers). Here
we call a SNP a “golden” marker if'it is fixed in one species or source of origin to one allele and for other
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species or sources of origin to another allele. For “silver” SNPs the fixation is not complete, but there are
large differences at the allele frequencies among groups. Then, the highly informative SNPs were grouped
in a single SNaPshot set for cost-effective screening.

RAD + MiSeq : Selection of
: 1000 - 4000 Pre-screening of
sequencing nSNPs / B 96 individuals 120 SNPs for
of a few cpSNPs / for 480 SNPs genotyping
individuals (N= 12) mESNPs ﬂ'
Methods for Selection of 15 Genetic :IT:::)EP(IES Rl
robust. f o] ug'oldenn & &= rbeference data <mmm ——
soraanig o “silver” SNPs e 30) reference
‘golden” SNPs
samples at
240 SNPs

Figure 1. Strategy for the development of SNEs for timber tracking af the Thiinen Institufe of Forest Genefics.

As criteria for the selection of the final set of 120 SNPs (step 3), we were considering the general amplification
rate for the SNPs, genetic differentiation among species and / or regions, and the correlation among genetic
and spatial distances among regions and the type of information provided by each locus. Self-genetic
assignment tests on the selected loci were compared with results from the complete set of loci to check that
no geographical information is lost.

So far we have published the development strategy and the resulting SNPs for 4 species or genera from the
above projects: Ayous (Jardine et al. 2016), Sapelli (Blanc-Jolivet et al. 2017a), Iroko (Blanc-Jolivet et al.
2017b), Khaya (Pakull et al. 2016). For Ayous, Iroko and Sapelli, we had not included the MiSeq approach,
but this was the case for Khaya.
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Examples

Iroko (Milicia excelsa)

In co-operation with partners in Belgium (University Brussels, Nature+) and France (INRA), we developed
genetic reference data for Iroko based on a set of 55 SNPs screened at 1480 individual Iroko trees in eight
African countries (Dainou et al. 2016, Blanc-Jolivet et al. 2017b, Dainou et al. 2017). There is a clear
geographic pattern of genetic groups within the distribution range (figure 2). Western Africa can be separated
from Central and East Africa. The genetic differentiation among countries measured with delta (Gregorius
1987) was with 0.172 moderate, same as the population fixation F_ = 0.20. But all genetic groups were
present in more than one country, and thus a self-assignment test gave only moderate success rates from 45%
to 88% on the country level.

'ciﬁ

*®
1

Figure 2. Genetic reference data for Ioko (Milicia excelsa) in Africa. The colors visualize the genetic groups obtained with a
Bayesian cluster analysis of 55 nuclear SNPS using the software STRUCTURE (Pritchard et al. 2000) for six putative genetic
clusters.

Ipe (Handroanthus serratifolius)

In frame of the Large-Scale project, we are developing in cooperation with partners in Brazil (Sao Paulo
Forest Institute), Peru (IIAP), French Guiana (INRA) and Bolivia, a genetic reference database for the high
value timber species Ipe (Handroanthus sp.). The actual reference data consist of 598 trees screened at a total
of 122 SNPs (83 nSNPs, 13 cpSNPs, 25 mtSNPs). The combination of nuclear and plastid SNPs lead to a high
success rate of self-assignments on the country level of 95% to 98% (figure 3).
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Figure 3. Genetic reference data for Ipe
(Handroanthus serratifolius) in South-
America. The colors visualize the genetic
groups and subgroups obfained with a
hierarchical Bayesian cluster analysis of
121 SNFs using the software STRUCTURE
{Erifchard ef al. 2000).

In March 2013, the Thiinen Centre of Competence on the Origin of Timber was created. The Centre of
Competence combines the expertise of the three Thiinen Institutes of Wood Research, Forest Genetics, and
International Forestry and Forest Economics, responsible for wood identification, proof of origin, certification
and timber trade structures (http:/www.thuenen.de/en/infrastructure/the-thuenen-centre-of-competence-on-
the-origin-of-timber/). Since then, we received in the years 2013 to 2016 more than 1240 wood samples

for genetic testing from competent authorities, non-governmental organizations (NGOs), timber traders and
others (figure 4). In 10-20% of those cases, our tests identified false declarations on tree species or geographic

origin.
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Genetic tests on species and origin of internationally traded timber
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Figure 4. Mumber of wood samples and classification of senders for genetic testing af the Thilnen Centre of Competence on the
Origin of Timber

Conclusion and Outlook

In tree species, the genetic reference data often show cross boarder gene pools. Generally it is easy to genetically
separate trees from different regions (groups of neighboring countries), also the genetic assignment to different
populations is quite reliable. The medium geographic scale namely the country of origin is often a challenge.
In addition, the species identification of reference samples caused for some species problems in the field or
the biological separation of species is not strict. In these cases, there is in the genetic reference data often an
overlapping of genetic signals (species differences, phylogeography, isolation by distance) that cause problems
for the assignment of origin. Here, common data analysis approaches such as genetic assignments based on
allele or haplotype frequencies have unsatisfying success rates. We recently developed an analysis method
using a nearest neighbors approach which can improve the results (Degen et al. 2017). The best strategy is
to group reference data according to the genetic clusters and to use them for testing of precise geographic
claims. We have first promising results that show that genetic reference data of SNPs are better (have higher
success rates of assignment) when they combine SNPs of different parts of the genome (nucleus, chloroplast,
mitochondria). The genetic screening of reference material using multiplexed PCR-based techniques such as
the MassARRAY approach is quite cost efficient and highly reliable. But the application of this approach for
small numbers of wood samples is still too expensive. We need to look for alternative techniques for SNP
genotyping on poor-quality DNA samples.
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Forests are important sources of timber, non-timber forest products, and other ecosystem services; tropical
forests alone harbour more than half of the world’s plant and wild animal species and store about 247 billion
metric tons of carbon (Saatchi et al. 2011). Illegal logging is a major cause of forest degradation and subsequent
loss (Burgess et al. 2012) estimated to account for between 15%—30% of the global trade in timber and worth
US$30-$100 billion annually, including processing (Nellemann and INTERPOL 2012). In tropical regions,
illegal logging rates are thought to be even higher, with 50%-90% of timber likely to be illegally sourced
(Nellemann and INTERPOL 2012). The consequences of these illegal activities are realized economically,
socially, and ecologically. Legitimate concession holders, governments, and local communities are denied
vital revenue; armed conflict and corruption are promoted; and regional biodiversity assets and ecosystem
services are degraded (Sikor and To 2011, Reboredo 2013).

Illegal logging for the international timber trade is predominantly a response to the external demand for wood
products generated by consumer nations; therefore, efforts to curb the practice must address these demand
drivers in addition to targeting illegal operations on the ground (Johnson and Laestadius 2011). In attempts
to stem such international demand, legislation in Canada (1992), the United States (2008), the European
Union (2010), and Australia (2012) now prohibits the importation of timber products harvested or traded in
contravention of applicable foreign laws.

Nonstate market driven certification schemes have been developed in response to growing consumer
demand for sustainable wood products and requirements to demonstrate compliance with timber regulations.
Certification is obtained through initial assessment of compliance against a set of principles, criteria and
indicators followed by periodic audits. Although it is difficult to fake compliance with standards of forest
management and harvesting operations, the chain of custody of products along supply chains are vulnerable.
Substitution or inclusion of prohibited timber, over harvesting, exclusion of sales from financial records and
mixing of certified and noncertified timber (Johnson and Laestadius 2011), present risks to the integrity of all
certification schemes.

To tackle these concerns, in May 2014, the Member States of the United Nations recognized the need for
“strengthening a targeted crime prevention and criminal justice response to combat illicit trafficking in forest
products, including timber” (UNODC 2014). The resolution included the promotion of the development of
tools and technologies that can be used to combat illicit trafficking of timber. Without the routine application
of such verification tools, there can be little realistic expectation of demand-side initiatives significantly
curbing the rates of illegal logging.

Current approaches to timber supply-chain verification

Reliance on paper-based methods alone leaves room for fraudulent activity. Documentation can be forged,
or genuine documentation can be inappropriately associated with illegal timber. Efforts to implement more
robust tracking systems using barcodes and electronic tagging go some way to ameliorating these risks (Seidel
et al. 2012). However, the basic problem remains: Without a verification technique that derives from the
timber itself rather than some externally affixed marker or associated paperwork, the system will always
be vulnerable to the inclusion of illegal or otherwise non-compliant material. In order to genuinely verify
that standards have been met, independent identification of the genus, species, geographic origin, specific
individual, and, in some cases, the age of timber are required, based on characters inherent to the timber itself
(Dormontt et al. 2015).
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Scientific methods for timber supply-chain verification

Science can provide the means to identify timber, but it is not a trivial task. Timber does not have the most
common diagnostic morphological features used for plant identification, such as flowers, fruits, and leaves.
Therefore, the definitive scientific verification of timber has to rely solely on characteristics inherent in the
wood itself. Various methods such as wood anatomical analysis (Wheeler and Baas 1998, Gasson et al. 2011),
phytochemical analysis (Pastore et al. 2011, McClure et al. 2015), isotopic analysis (Kagawa and Leavitt
2010, Krtiger et al. 2014), DNA barcoding (Lowe and Cross 2011, Jiao et al. 2015), and DNA profiling (Lowe
et al. 2010, Jolivet and Degen 2012) are used to determine timber identity.

In this presentation, we have focussed on the use of genetic individualization for timber verification. Genetic
individualization is the process of using the unique genetic profile of an individual to distinguish it from all
others (excluding clones). The method is used extensively in human forensics to identify the origin of biological
material. In timber identification, genetic individualization techniques can be used to verify whether shipments
contain the same individuals at different points in the supply chain or whether there has been substitution or
augmentation. Alternatively, the same techniques can be used to match timber evidence to the scene of illegal
logging crimes. The technique is best suited to high-value timber, for which testing costs represent a lower
fraction of the overall value of the timber and volumes and species diversity are typically low.

Genetic individualization to verify compliance in certified supply chains

In 2009, the International Tropical Timber Organization supported a project to evaluate the effectiveness of
DNA verification of the chain of custody in CertiSource certified supply chains of Merban timber (Intsia spp.)
in Indonesia (Lowe et al. 2010, Seidel et al. 2012). Specimens were taken from logs at point of harvest in Papua
and again on arrival at sawmills in Java. Genetic individualization was undertaken on a sample of matched
specimens. The study revealed a DNA amplification success rate of between 59.2% (forest) and 41.9% (sawmill)
and concluded that ongoing implementation of the system could be achieved at an affordable cost to industry.
The application of scientific verification in this example can be used to demonstrate well-managed supply chains,
and where mismatches are discovered, it can highlight weaknesses that can be further investigated by auditors.

Genetic individualization to identify illegal logging in US National Forest

In2012, the US Forest Service uncovered sites of illegal logging of Bigleaf Maple (4 cer macrophyilum) in the Gifford
Pinchot National Forest. Timber off cuts from a nearby sawmill were seized as evidence. In a World Resources
Institute—funded project, DNA markers (Jardine ez a/. 2015) and a subsequent DNA database were developed for
the species that would provide individualization results suitable for admission to the US court system in support of
a Lacey Act conviction (see table 2 for more information on the Lacey Act). The resulting database was used to test
the evidence and revealed a highly significant match. All four defendants pleaded guilty in 2015-2016 (Dormontt et
al, In Review). Research continues into reducing costs (see table 2 for cost details of the various methods) to enable
the use of DNA verification in Bigleaf Maple supply chains, as well as for law-enforcement purposes.

Scientific verification opportunities within the timber supply chain

The modern timber trade is characterized by complex global networks spanning multiple locations within
producer nations and multiple consumer countries, making the challenge of monitoring and policing especially
difficult. There are, however, discrete points along supply chains that present opportunities for routine
scientific verification (figure 1). In most forests, standard management practices produce detailed inventories
of standing trees. The collection of reference material to act as a benchmark for subsequent independent,
scientific, supply-chain verification could be incorporated into the inventory process.
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Requirements for implementation

The implementation of a global system of scientific timber supply-chain verification requires an
integrated approach from policymakers, certification bodies, law-enforcement agencies, and industry. A
concerted effort from the scientific community is also required to advance the development and forensic
validation of identification technologies, to expand the scope of existing capabilities (more species,
more geographic areas), and to continue to innovate in order to drive down costs. Certification systems
have so far provided the only means through which consumers can make informed choices about wood
product origins. However, the success to date of such schemes seems to present an unfortunate irony:
The greater the consumer demand for certified products and the higher the prices consumers are often
willing to pay (Aguilar and Vlosky 2007), the greater the incentive for unscrupulous actors in the supply
chain to defraud the system and reap the financial benefits of appearing to sell genuine certified products.
Independent scientific verification embedded within existing certification schemes would provide the
tools for certification bodies to police their supply chains, identify and exclude fraudulent products,
and protect the integrity of their brand. Certification in other primary industries, such as fishing, has
already begun to make such changes (MSC 2015), but beyond the pilot project of DNA verification of
CertiSource products, timber certification schemes have so far steered clear of embedding scientific
verification into their operating procedures.

Sustainably
and/or legally
logged forest

oemmmy

A Akadd

lllegally logged
forest

Log yard Sawmill Processing Export Import Point of sale
Genus/Species ID v v v v v v
Source region ID v v v v
Individual tracking v v v
Age determination v v v

Figure 1. A schematic representation of the fimber supply chain. Sustainably andior legally harvested timber originates from
appropriately managed logging concessions and s moved along the supply chain fo log yards, saw mills, and processing plants.
Products are then moved from processing to the point of sale or are exported for processing and reimported (offen through mulfiple
countries) before reaching the final point of sale. At each stage, illegally sourced fimber products can enter the supply chain. A range
of scientific fechnologies (visual, chemical, and genetic) exist that can be wsed fo verify the legality of timber products at each stage
of the supply chain.
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The routine use of timber-identification technologies by law-enforcement personnel policing trade routes
would dramatically increase the rates of detection and prosecution of illegal logging crimes. However,
implementation presents significant challenges: Distinguishing between legal and illegal timber is extremely
difficult and requires access to experts and/or specialized tools. Law-enforcement agencies need to develop
relationships with appropriate experts, raise awareness of the importance and availability of such resources,
and train staff to select and acquire samples for testing. Given that timber is only a small part of their remit,
the resources to provide such support are likely beyond the reach of many law-enforcement agencies.
Coordinated international efforts to address these needs present a potential solution. The International
Consortium on Combating Wildlife Crime, a collaborative effort involving five intergovernmental
organizations —the Convention on International Trade in Endangered Species of Wild Fauna and Flora
(CITES), INTERPOL, the United Nations Office on Drugs and Crime (UNODC), the World Bank, and
the World Customs Organization (WCO)— has convened an expert group, hosted by UNODC, bringing
together customs and law-enforcement personnel, scientists, and legal professionals working on timber
crime-related issues (UNODC 2015). The resulting guide, to be published this year, will detail how to
acquire robust timber-identification outcomes.

Any implementation of routine timber-identification methods urgently requires increased investment and
needs to direct effort towards the development and validation of scientific tests. Currently, the scientific basis
of identification methods has been established, but the capacity for affordable routine testing in a wide range
of taxa is generally lacking (Dormontt et al. 2015). A major impediment to the development of such tests is the
paucity of taxonomically robust reference material from which identification methods and data can be derived.
The current trend for reduced investment in collection-based science (Funk 2014) further impedes efforts to
increase the pool of available timber-identification tests.

Outlook

Illegal logging is a complex global issue associated with a range of economic, social, and environmental
drivers. The international scale of the problem demands an international response. Cooperation between
timber producing, processing, and consuming nations is required and coordinated investment (both
public and private) in scientific infrastructure. The technologies exist to encourage and enforce legal
compliance, as well as improve sustainability, transparency, and consumer choice in the timber trade.
Much work is still required, however, to expand the applicability of the available scientific verification
methods and provide the policy, certification, and enforcement frameworks needed for effective routine
implementation.
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Chapter 4.3. Challenges to implementation of high-throughput
genotyping technologies for DNA forensics in the timber market

Stephen Cavers
Centre for Ecology & Hydrology, CEH Edinburgh, United Kingdom

Much has been made recently of the power of DNA-based approaches to deliver a system that can monitor
timber movements and help to reduce the volume of illegally logged timber (Degen et al. 2013; Dormontt
et al. 2015; Ng et al. 2016; Tnah et al. 2010; Jolivet and Degen 2012: Deguilloux et al. 2002). In particular
the power of genomic (as opposed to marker-based genetic) technologies is being hailed as the way forward
(Ogden 2011), with such methods able to deliver the greatly increased resolution needed to track timber
movements in sufficient detail to permit enforcement. Allied to legal developments in major consumer
markets and new frameworks to shape agreements between producers and consumer countries, it seems the
time is ripe for major steps forward in control of illegal logging. However, whilst it is true that genomic
tools have great potential to vastly improve detection of the geographic patterns of genetic structure that
would underpin such a system, numerous challenges lie ahead. In particular, there is great urgency as forest
- and particularly tree species of major market interest - continues to be lost at a significant rate. So these
technological developments are taking place against a time limit, beyond which the resource we aim to protect
will already be lost. In addition, accessibility to the technology and the gap between an operational system and
reality on the ground remain major hurdles. In this paper, I focus on some of the challenges to implementation
of an operational system using DNA forensics to monitor timber movements, focussing on the tropics as this
is where the challenges are currently greatest (Anon n.d.). Although there is clear potential, several years since
research efforts began to be trained on this issue, a working system has yet to emerge and it is valid to ask why
this might be, as a means of drawing attention to the bottlenecks to achieving a successful system and to call
for major investment to overcome them.

In the tropics, the rate of forest loss and speed of movement of the timber exploitation market should focus
minds - headline examples make the case. Bigleaf Mahogany (Swietenia macrophylla), long a focus of
conservation efforts underpinned by research (Degen et al. 2013: Grogan et al. 2014: Novick et al. 2003)
and including CITES listed status (Snook 1996), is now effectively commercially extinct in many parts of its
indigenous range. Despite efforts to protect it in both consumer and producer markets, exploitation repeatedly
migrated to where the resource was least guarded and supply was maintained. Similar issues threaten other
famous, internationally-traded species such as Brazilian rosewood (Dalbergia nigra), ipé (Tabebuia spp.),
African mahogany (Khaya spp.), merbau (Intsia palembanica), as well as a long list of lesser known species.

An operational DNA forensic system needs to underpin confidence that owners can make use of resource
within legally agreed framework. In essence this boils down to a couple of key things, reflecting the existing
legal frameworks for sustainable exploitation of forest. Firstly, the systems needs to support assurance of trade
in the declared species (is this the species I wanted to buy?); secondly it needs to support assurance that a
wood product comes from the declared source (is this wood from where it says it is from?). The objectives of
DNA forensics are therefore to verify species identity and to trace individual genotypes to their point of origin.
Together with the question of whether the necessary checks to answer these questions can be delivered, this
focuses the discussion on some key ‘gaps’.

Diversity and taxonomic gap. DN A based species identification requires a database of verified species and a
set of ‘barcode’ sequences for each species, which can be used to identify them. Currently, there is a limited
set of verified barcodes for tropical species, but this is only part of the challenge. The raw species diversity in
tropical forests is enormous and of this, the proportion of species used in the timber market is high. Estimates
of the total number of tree species in the tropics varies between 35000 and 50000 (Slik et al. 2015); in the
Amazon it is estimated at around 16000 (ter Steege et al. 2013). Hundreds of these are of commercial interest
for timber. Even in an ideal world, the scale of the challenge of implementing DNA forensics for even a small
proportion of the world’s tropical timber species would be vast. However the problem is further complicated
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by the fact that not all tree species are distinct and evolutionarily well-separated; many remain poorly
characterised from a taxonomic point of view (Cavers et al. 2013), many may be hard to ever characterise
robustly, being at early stages of phylogenetic diversification (Richardson et al. 2001), or part of species
groups within which hybridisation readily occurs. Recent work on patterns of species diversity may offer
routes to simplification of the problem (ter Steege et al. 2013) - Amazonia was recently shown to have strongly
biased diversity (hyperdominance), with a few species accounting for the vast majority of the forest. This
characteristic may allow prioritisation of species for genetic characterisation, with successful implementation
of a system for a few species having a disproportionately large impact on the forest as a whole. Nevertheless,
the rate of description of new species remains high, with even apparently well-known species subject to major
taxonomic revision (State of the World’s Plants, 2017; (Anon n.d.)). The taxonomic gap in tropical forests
therefore presents a major challenge to setting in place a robust legal system.

There are some clear steps that could be taken to address the gap. Firstly, funding initiatives to support taxonomic
description of tropical trees are essential but these should also target finding ways to accelerate the description
of species. For example, whilst traditional botanical description proceeds, sequence databases could perhaps
be compiled ‘blind’, with unstructured plant tissue collection supported by downstream phylogenetic analysis
in the way that current sequence-based ‘microbiome’ studies are revolutionising description of microbial
communities. Secondly, reference collections need to be scaled up dramatically supported by a credible
network of facilities for storage and access. This could perhaps be accelerated by linking sample provision
to authority to log; the process of sample collection could overlay the description of a forest concession with
a simple field protocol to encourage uptake and provision of datasets to sample providers for their own use.
Finally, legal approaches need to take account of the fact that many species will never be fully described to the
extent that they have clear boundaries, many will have ‘fuzzy edges’. Building the flexibility to deal with such
uncertainty needs to be part of the system, maybe best achieved by retaining a focus on what the outcomes of
the system are meant to be (i.e. prioritise proof that a trader is working with sustainably managed, reference-
identified product, rather than requiring proof that they have the internationally-agreed “species X" ).

Sourcing and the spatial structure gap. Identification to source is perhaps the most novel aspect of the
introduction of DNA forensics to tropical forest management. As trees are static and establish spatial
genetic structure at various scales that reflects many factors including historical migrations, changes in
population size, and contemporary ecology the potential exists for phylogeographic maps to provide the
underpinning for a system of sourcing to geographic origin. In an ideal world, tree populations would be
clearly bounded and distinct at a scale that reflects existing legal boundaries (e.g. concession, political
border). However, as biological organisms, neither of these conditions are often likely to be met. Firstly,
spatial structure generated by historical events is often only evident at large geographic scales, reflecting
the scale of the processes that have driven it (Cavers and Dick 2013). Secondly, tropical tree ecology is
characterised by the need to persist in highly diverse ecosystem where the density of conspecifics is likely
to be low (Ward et al. 2005; Loveless and Hamrick 1984; Hamrick et al. n.d.). To overcome this, tropical
tree species are often equipped to be highly dispersive, genes travel long distances and as a consequence
population genetic structure is often weak. This means genetic groups may not fit the model required to
enable source identification. For example, genetic groups may not be geographic (Rymer etal. 2013), where
dispersal has driven simultaneous migration of multiple genetic groups or where mating is structured within
populations. Or the scale of genetic structure may be incompatible with human legal or administrative
boundaries. In Peru, for example, around 7 million ha of megadiverse tropical forest is now designated as
forest concessions, with the average size of a concession is between 5-10000 ha (Salo and Toivonen 2009)
but the spatial scale of genetic resolution for many species occurring in these forest areas is at a continental
scale. Finally, the distinction between populations may simply be unclear. Ongoing long distance gene
dispersal may simply preclude clear population boundaries and, whilst genetic differences may exist,
they may be gradients of difference making the distinction of trees incompatible with a boundary-based
administrative system. An additional potential complication is that, for some species, genetic structure may
have been altered by human influence over historical time in which case patterns may either have been
disrupted or may reflect encouragement of favoured genotypes.
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Perhaps the clearest way forward for source identification strategies to become effective to attempt revise the
system toreflect the resource, rather than the other way round. In other words, aspecies should be characterised
and the administrative units should reflect the genetic structure that is detectable. Such a strategy would
dovetail with other recently developed international proposals for management and conservation of Forest
Genetic Resources, in that characterisation permits management (Loo et al. 2014).

The implementation gap. The final major gap is that between the state of the art in technology, and what is
possible in the places where control is most urgently needed. In many producer countries, characterisation of
forest resources is limited (also true in major consumer countries although the latter - being predominantly
temperate - arguably have a more achievable task). Also, the capacity for analysis - either in terms of
characterising tree species, or in application of forensic testing - is limited. Both would need major, sustained
investment to allow development of a timber tracking system on a sufficient scale to have a substantial
impact on the problem of illegal extraction and trading. Furthermore, in many producer countries, illegal
resource exploitation issues extend beyond timber trees to many other tree species used in other ways. This
includes internationally traded species such as Prunus africana (exploited for bark, (Vinceti et al. 2013) and
Osyris lanceolata (used for incense, (Ooko 2009) but also locally exploited species - for example Acacia
senegal, which is internationally valuable for gum arabic production (Odee et al. 2012) but is threatened by
local use as firewood. In many cases, the priorities of producer countries do not mirror those of the major
consumer countries so the question of which species are to be targeted for generation of genetic resources
is not trivial.

Given that the hurdle of selecting species to target can be overcome, it is clear that major investment and support
is necessary, particularly in producer countries, to establish and - vitally - to maintain capacity to characterise
resources and to initiate testing procedures. In this process, it is essential that the producer countries are heard,
supported and that outcomes reflect their local priorities as well as those of the international community.

Conclusions

Recognising the huge potential benefits of a well-resourced, scientifically underpinned system for DNA-based
tracking of tropical timber, it is clear that a number of major challenges lie between the theory and making a
system operational. It should also be borne in mind that for some species, due to evolutionary circumstance,
population genetic history, or contemporary ecology it may never be feasible to monitor them using DNA
methods. However, where the biological reality permits, a number of ways forward suggest themselves, which
together would constitute major progress:

¢ Given the urgency of the need to act for tropical trees, rapid and large scale investment is needed to deliver
an effective system quickly enough to have an impact on maintaining the resource. This needs to be across
multiple aspects of the problem, addressing the taxonomic shortfall as well as in developing the practical
aspects of widespread implementation of a technologically sophisticated system.

¢ It would be valuable to seek to develop a system of referenced databases as part of an international
collaboration between producer and consumer countries, potentially supported by a credible internationally-
recognised institution.

¢ Seek methods to scale up the rate of taxonomic description and population of barcode databases, in
conjunction with prioritisation of species for in depth genetic resource characterisation. The latter should
aim to distinguish local and international priorities but make room for both.

¢ Finally, support and investment in facilities and capacity in producer countries is essential and urgently
needed, in a framework that sustains capability over the longer term.
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Chapter 4.4. SNPs based timber tracking tools for African mahogany
Khaya sp
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The Khaya genus, also known as African mahogany, includes six species (K. ivorensis, K. anthotheca, K.
grandifoliola, K. senegalensis, Khaya nyasica and K. madagascariensis) targeted by the illegal timber trade.
Wood from the first three species is marketed together as “ African mahogany” and is among the continent’s
most valuable sawnwood for export, with wide uses including shipbuilding. Policy instruments (e.g. EU
Timber Regulation, Lacey Act) have been established to reduce illegal logging and associated trade at a global
scale but practical control mechanisms to identify timber species and the geographic origin of wood and
wood products are still lacking. The objectives were to develop a method for accurate species identification
for African mahogany species, and to generate genetic reference data to identify the country of origin for
the four main species (K. ivorensis, K. anthotheca, K. grandifoliola, and K. senegalensis) traded. 100 single
nucleotide polymorphism (SNP) and one Indel markers were developed for Khaya sp. using a combination of
restriction associated DNA sequencing and low coverage MiSeq genome sequencing. The markers were used to
genotype 2,222 individuals of Khaya species collected in 18 African countries, using MassARRAY®iPLEX™
genotyping. Bayesian clustering produced four main genetic groups assigning all K. ivorensis, K. senegalensis
and K. grandifoliola trees in three different clusters; and K. anthotheca, K. madagascariensis and K. nyasica
in the fourth cluster. Discriminant analysis of principal component (DAPC) assigned individuals in 5 clusters
with clear separation between K. ivorensis, K. senegalensis, K. grandifoliola and K. anthotheca trees. K.
madagascariensis and K. nyasica were admixed. Genetic self-assignment tests with all 101 SNPs had success
rates varying between 92% (K. madagascariensis) and 100% (K. senegalensis); except K. nyasica (62%).
There was little evidence for hybridization among species and the vast majority (> 97%) of individuals was
assigned to the same species group as determined for them during sampling using morphological species
classification. Genetic reference databases developed for dry zone mahogany (K. senegalensis) and broad-leaf
mahogany (K. grandifoliola) from Ghana, Togo, Burkina Faso, Benin and Cameroon are presented. With K.
senegalensis, the overall genepool differentiation among the five countries was delta & =0.10 and the fixation
index F_ = 0.18. The cluster analysis using the genetic distance among countries showed 4 main groups:
Togo and Benin are less differentiated, while Burkina Faso, Ghana and Cameroun formed each a separate
cluster with a bootstrap value ranging from 78 to 100%. The percentage of self-assignment of each individual
back to its country of origin varies between 6 and 84% with the Bayesian approach (mean = 61%), and from
27 to 100% (mean=61%) with the nearest neighbor approach. With K. grandifoliola, the overall genepool
differentiation among the six countries was delta 6 = 0.17 and the fixation index F_ = 0.22. The cluster
analysis using the genetic distance among countries showed 2 sub-clusters with 100% bootstrap values: Togo
and Benin are together in one cluster and Cameroon and Ghana in the second cluster. The percentage of self-
assignment of each individual back to its country of origin varies between 29 and 100% (mean= 70%) with
the Bayesian approach, and from 25 to 100% (mean 86%) with the nearest neighbor approach. Results of the
blind tests showed clearly that the databases generated are robust and ready to be used to verify the origin of
woods and wood products of K. senegalensis and K. grandifoliola;, and for an accurate species identification
of all African mahogany species.
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Conclusions

Application of DNA technologies to prevent
timber illegal logging and trading

Based on learnt-lessons, it is criticad to design different genotyping methods’
coverage depending on the objectives (species ID, origin, individual
fingerprinting) and the target species.

In addition, different genotyping strategies and use of standards should
be applied according to the final goal, ie. “quick” test to confirm/reject
declarations (self~control of producers, timber traders, routine activities of
law enforcement bodies and officials, etc) and forensic analysis.

Reference samples and standardized markers should be used to check the
origin of the timber material. For this purpose, international cooperation
in the frame of colluborative projects is required. This core funding should
be reinforced by nationdal funding support to fulfill the requirements of each
country.

Complementary task forces will be developed to discuss, propose and monitor
the aforementioned activities.






Final outcomes

Summary and proposed roadmap

International multidisciplinary collaboration is indeed required to address
timber tracking, a complex task of global magnitude, which is threatening
world-wide forests. Funding of future cooperation at scientific and technical
level is strongly recommended to fulfill law enforcement needs by addressing
the following requirements:

e  Develop an updated list of prioritized tree species based on GTINs
previous list. Identify reference samples from collections, enhancing
collaboration with taconomists, for sharing and transfer of reference
material. Collect information on priovitized species from existing
databases (with data pertinent to biology, geography, genome sequence
or other molecular data availability, etc).

o Select different levels of testing according to the final aim of the analysis
(from barcoding to fingerprinting), considering that the development of
molecular markers for given geographic discriminations will involve
high costs in research.

e Develop cost efficient new technologies for multispecies analysis and
field-testing as requived for law enforcement. This would also involve the
assessment of the feasibility of applying ‘old’ data (e.g. microsatellites,
AFLP markers) as often the newer technologies might not be the most
cost-effective ones.

o  Build a database, as a much-needed critical tool. New structures were
discussed 1o integrate’harmonized existing resources (i.e. metadato-
GTTN) with a centralized concept to capture data in a single-enriched
database from different pariners.

Several task forces will be organized in collaboration with GTIN2 to
accomplish the aforementioned re quuivements. To that end, funding instruments
to build international collaborative actions are needed to integrate
[fragmented activities developed at world level. Additionally, national funding
will complement these core activities o target national specific interests.






