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ABSTRACT

DIGITAL SIGNATURES TO ENSURE THE AUTHENTICITY AND INTEGRITY OF
SYNTHETIC DNA MOLECULES

DNA molecules are increasingly being synthesized in the laboratory some of which are licensed
intellectual properties (IP). Synthetic samples are shared between academic labs, ordered from
DNA synthesis companies, and manipulated for a variety of different purposes, mostly to study
their properties and improve upon them. However, it is not uncommon for a sample to change
hands many times with very little proof of origin information encoded in the sample. This poses
significant challenges to the original inventor of the DNA molecules, trying to protect her IP rights.
More importantly, following the anthrax attacks of 2001, there is an increased urgency to employ
microbial forensic technologies to trace and track agent inventories. However, in the realm of
synthesized DNA such attribution is next to impossible with existing technology. We look into
how a digital signature of the DNA molecule can be embedded into the molecule itself to solve this
problem (if at all). We encounter several challenges that we do not face in the digital world. These
challenges arise primarily from the fact that the physical size of the DNA molecule can affect its
properties, random mutations can accumulate in the DNA samples over time, DNA sequencers can
sequence (read) DNA erroneously and is still relatively expensive (which means that laboratories
would prefer not to read and re-read a DNA to get error-free sequences).

In this research, we try to address these challenges and present a digital signature technology

that can be applied to synthetic DNA molecules in living cells.
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Chapter 1

Introduction

DNA synthesis is becoming more commonplace, and samples containing DNA frequently
change hands within the life sciences community. Samples are shared between academic labs,
ordered from DNA synthesis companies, and manipulated for a variety of different purposes. It is
becoming increasingly difficult to properly attribute DNA molecules to their original sources.

Example use cases where attribution of a DNA molecule to its originator is important are as
follows: (1) Following the anthrax attacks of 2001, there has been an increased urgency to em-
ploy microbial forensic technologies to trace and track agent inventories. Many of these biological
agents are created or manipulated in laboratories. (ii) Academic laboratories and biotech compa-
nies frequently treat synthetic DNA as licensed intellectual property that needs to be protected;
the first step towards such protections is successfully ensuring attribution. (iii) In the future, if
synthetic genes are used in gene therapy based medical treatment, such attribution could (a) read-
ily inform the user about matters related to the therapy, and/or (b) serve as some measure of the
quality of the therapy, Ad la brand name versus generic drugs. (iv) Recently, a DNA-based security
exploit was demonstrated as a proof of concept, where synthetic DNA was used to attack a DNA
sequencer that was deliberately modified with a vulnerability [1]; ensuring source attribution could
help mitigate similar attacks on DNA sequencers.

The exact sequence of synthetic DNA molecules is generally documented electronically. Thus,
one potential way (although indirect) of achieving such attribution is to include the origin infor-
mation in the electronic document. However, the association between physical sequences and
their electronic documentation is very loose [2, 3]. It is not uncommon for a sample to change
hands many times with only vague descriptions of where it originated or the exact sequences be-
ing shared. On the other hand, simply documenting samples more effectively can create security
and intellectual property risks [4]. For instance, if the full sequence of pathogenic viral vectors

was freely available, that information could be used with malicious intent. Or, for example, if a



bio-tech company wants to keep some sequence information confidential to protect their IP rights,
they may choose to exclude such information from the documentation. Regardless, the source of a
given sample cannot be verified using only a careful documentation of the DNA sequence.

In the digital realm, the problem of authenticating a document or software while still withhold-
ing proprietary or sensitive information is achieved by digital signatures. Digital signatures are
used to authenticate the source of a digital file and to confirm that the file has not been changed
since the originator applied the signature. Our hypothesis is that digital signature technology can
be used to solve the DNA attribution problem. Additionally, the same technology, can be used to
detect mutations in DNA samples. Mutations are known to occur randomly at low frequencies,
and they can compromise the function of DNA molecules. Recent works in DNA cryptogra-
phy, such as, encoding arbitrary information in DNA [5], and embedding watermarks in synthetic
DNA [6-10], gives us some degree of confidence in the validity of this hypothesis.

To solve the problem of tracing the source of synthesized DNA molecules and confirming their
identity and integrity, we have developed a system for generating digital signatures for molecules
of DNA in living cells. Specifically, we have used Shamir’s Identity-based Signature (IBS) scheme
[11]. For the unique identifier string of the originator, we use Open Researcher and Contributor
ID’s (ORCID) — https.orcid.org. ORCID is a non-profit organization which uniquely identifies
researchers using a 16 digit number. Many funding agencies require researchers to register for an
ORCID, and scholarly journals request that authors identify themselves using their ORCID. The
generated signature bits are converted to the four letters A, C, G, and T, which represent the four
nucleotide building-blocks of DNA. The sequence can then be synthesized and inserted into the
original DNA molecule. When this signed molecule is shared, a receiver can sequence the signed
molecule to verify that it was shared by an authentic sender and that the sequence of the original
molecule has not been altered or tampered with.

While the use of these techniques in the digital world is quite common, applying them to DNA
required several creative adjustments. The foremost challenge we faced arose from the physi-

cal size of the DNA sequence encoding the signature. Adding extraneous sequences to a DNA



molecule can impact it’s function or stability. It was, thus, important to minimize the size of
the added sequence in order to decrease the likelihood that the biological function of the signed
molecule would be effected and to decrease the cost of synthesizing the signature. This restricted
our ability to use more well-known signature schemes as well as larger key sizes for signatures.

The second challenge was accounting for DNA mutations. In a DNA sample, mutations oc-
cur randomly at low frequencies, and, as a result, there is a non-trivial possibility that a signed
molecule could undergo a mutation between the time it is signed and when it is validated. Muta-
tions could affect not only the original DNA molecule but also the signature. In both cases, the
signature validation will fail even if the molecule is sent by the correct authority and the original
sequence was correct during the process of signature generation. Mutations are beyond the control
of any authority and the relative impact of any given mutation can vary. In order to address this
concern, we included error correction codes to detect mutations in the signed DNA molecule. Er-
ror correction codes are prevalent in digital storage such as CD/DVD. It is possible to use the same
techniques to provide a reliable reconstruction of the original sequence for comparison, provided
a small number of changes have occurred. Our application of error correction codes to DNA could
also be used to ensure the integrity of digital information stored in DNA molecules.

Finally, while digital signatures provide a way to verify the source and integrity of a DNA
sample, there is additional information about the DNA sequence that would be very useful to the
recipient of a signed DNA sample. For example, the exact location of features within the sequence,
such as a certain gene, will still be unknown to the recipient. We thus developed a method to link
the physically signed DNA molecule with its digital representation, which contains the sequence

and its features with explanations.

Threat Model: For this work, we assume a polynomial-time adversary, Mallory, who is trying to
forge the signature of a reputed synthesized DNA molecule creator, Alice. Alice is trying to protect
her IP rights / reputation as she distributes DNA molecules synthesized by her to researcher Bob.
If the attacker, Mallory, is able to forge the signature of Alice then: (a) Mallory can replace the

actual DNA created by Alice with her own but keep the signature intact. (b) Mallory can create her



own DNA molecule and masquerade as Alice to sign it. (c) Mallory can modify parts of the signed
DNA molecule created by Alice. Therefore, for our proposed signature scheme to be secure, we
need to show that no polynomial-time adversary can forge a genuine signature without knowing
the secret used to sign.

The rest of the thesis is organized as follows. Chapter 2 gives a small overview of the biological
domain which forms the backdrop of our scheme, a brief overview of digital signatures, identity-
based signatures and Reed-Solomon Code. Chapter 3 comprises of the related works in this field
of research. Chapter 4 contains the challenges we faced and our design decisions. In Chapter 5
Section 5.1 we present our vanilla signature scheme and how the digital signature of the DNA is
embedded in the physical molecule. Section 5.2 describes the proof of security of our proposed
signature scheme. Section 5.3 describes the workflow that we have to follow in order to validate the
signed physical DNA molecule. Section 5.4 discusses how error correction code is used to address
the problem of DNA mutation. In Section 5.5, we describe the process of strongly tying the digital
document corresponding to the signed DNA molecule. In chapter 6 we describe the signature
generation and validation procedure of the developed application. In chapter 7 we describe the
experimental procedures conducted and their results to verify if the proposed solution works in real
world. In chapter 8 we describe some improvements upon our initial work. Finally, we conclude
in chapter 9 by briefly talking about validation of our scheme and discussing some open problems

that we can pursue in this area.



Chapter 2

Background

In this chapter, we discuss in brief the biological domain that is the backbone of our work.
Next, we describe an overview of digital signatures and identity-based digital signatures. Finally,

we discuss an overview of Reed-Solomon Codes.

2.1 Domain Background

As a first step, we have applied digital signatures to plasmids. A plasmid is a small DNA
molecule within a cell that is physically separated from the chromosomal DNA and can replicate
independently. They are most commonly found as small circular, double-stranded DNA molecules
in bacteria. In nature, plasmids often carry genes that may benefit the survival of the organism,
for example, antibiotic resistance. While the chromosomes are big and contain all the essential
genetic information for living under normal conditions, plasmids usually are very small and contain
only additional genes that may be useful to the organism under certain situations or particular
conditions. Artificial plasmids are widely used as vectors in molecular cloning, serving to drive
the replication of recombinant DNA sequences within host organisms. The reason for starting with

plasmids are -
e Plasmids can be isolated in large quantities.
e We can cut and splice them, adding whatever DNA we choose.

e We can put them back into bacteria, where they’ll replicate along with the bacteria’s own

DNA.

e We can isolate them again - getting billions of copies of whatever DNA we inserted into the

plasmid!



Plasmids are generally limited to sizes of 2.5-20 kilobases (each letter of the genetic code A-C-G-T
is 1 base).

The sequences that make up a plasmid are often documented electronically. Molecular biol-
ogists are now equipped with automated DNA sequencers that identify the pattern of bases in a
physical DNA sample and document the sequence in a digital file called a fasta file (. fasta). A
sample fasta file is shown in Figure 2.1. The sequences can then be converted to annotated files
such as .dna, or . gb files that include information about what genetic features are included in
the plasmid. A sample genbank (. gb) file is shown in Figure 2.2. Each of these files has a specific
format which denotes the sequences together with other pieces of information including the loca-
tion of features such as coding sequences (CDS), origin of replication, etc. Sequence-manipulation
softwares such as SnapGene (http://www.snapgene.com) convert sequences into maps of plasmid
features. Figure 2.3 depicts a map generated in SnapGene of the same digital DNA file depicted
in Figure 2.2. Features (shown as colored block arrows in Figure 2.3) can be added manually or
identified automatically by searching within the SnapGene database for common features. Not
all of the sequences contain features. There are substrings or subsequences that do not have any
known biological function. Biologists can add other DNA sequences in these areas with reasonable
confidence that the added sequences will not disrupt the activity of any existing features.

Although the sequences that make up a plasmid can be documented electronically, the elec-
tronic sequence file associated with a physical DNA sample is seldom shared along with the sample
it represents [12]. In life sciences manuscripts, plasmids are generally described one of four ways.
Most often, the main features of the plasmid relevant to the publication are broadly explained (ie.
"A plasmid containing gene X was used..."). Sometimes there is a more thorough description of
how the plasmid was constructed included in the methods section (ie. "Gene X was inserted into
a commercial plasmid between Origin Y and antibiotic resistance gene Z"). Full plasmid maps
(as shown in Figure 2.3) are very rarely included in published manuscripts, and inclusion of the
full sequence — which you would need to validate the plasmid — is even more rare. Additionally,

it is not uncommon for a plasmid to be shared multiple times between many labs until it is no



longer clear who made the original plasmid. Even within a lab, it is often difficult to track down
the digital sequence file associated with a plasmid if the person who constructed it is no longer an
active member. The ability to validate a physical DNA sample without having access to the digital
sequence file associated with it would, thus, be extremely valuable to the life sciences community.

We propose digital signatures as a strategy for encoding the ability to validate a physical DNA
sample within the DNA itself. Once the sequences are in a digital file, we can apply digital sig-
natures on the extracted sequence (message). The signature bits are then converted to ACGT

sequence as A-00, C-01, G-10, and T-11 and added to the original sequence.

>Sequence 1 assemblyl
CCCTAAACCCTAAACCCTAANCCCTAAACCTCTGAATCCTTAATCCCTAAATCCCTAAAT
CTTTAAATCCTACATCCATGAATCCCTAAATACCTAATTCCCTAAACCCGAAACCGGTTT
CTCTGGTTGAAAATCATTGTGTATATAATGATAATTTTATCGTTTTTATGTAATTGCTTA
TTGTTGTGTGTAGATTTTT TAAAAATATCATTTGAGGTCAATACAAATCCTATTTCTTGT
GGTTTTCTTTCCTTCACTTAGCTATGGATGGCGTTTATCTTCATTTGTTATATTGGATACARA
GCTTTGCTACGATCTACATTTGGGAATGTGAGTCTCTTATTGTAACCTTAGGGTTGGTTT
ATCTCAAGAATCTTATTAATTGTTTGGACTGTTTATGTTTGGACATTTATTGTCATTCTT
>Sequence 2
CCCTAAACCCTAAACCCTAAACCCTAAACCTCTGAATCCTTAATCCCTAAAT CCCTAAAT
CTTTAAATCCTACATCCATGAATCCCTAAATACCTAATTCCCTAAACCCGAAACCGGTTT
CTCTGGTTGAAAATCATTGTGTATATAATGATAATTTTATCGTTTTTATGTAATTGCTTA
TTGTTGTGTGTAGATT TTT TAAAAATATCATTTGAGGTCAATACAAATCCTATTTCTTGT
GGTTTTCTTTCCTTCACTTAGCTATGGATGGTTTATCTTCATTTGTTATATTGGATACARA
GCTTTGCTACGATCTACATTTGGGAATGTGAGTCTCTTATTGTAACCTTAGGGTTGGTTT
ATCTCAAGAATCTTATTAATTGTTTGGACTGTTTATGTTTGGACATTTATTGTCATTCTT

Figure 2.1: Sample fasta (.fasta) file

Once the signed sequence is obtained by adding the signature to the original sequence, it can
be outsourced to a gene synthesis company that will synthesize the signed DNA and send it. The
signature alone can be synthesized and inserted into the original molecule, or the entire plasmid

can be synthesized including the signature to eliminate the need for any downstream assembly.



Locus exported ) 2686 bp ds-DNA  circular sy 24-nov-2013
DEFINITION Standard E. coli vector with a multiple cloning site (MCS) for DNA
cloning. The MCS is reversed in pUCL8.
ACCESSION
VERSION v
KEYWORDS  plc1
SOURCE synthetic DNA construct
ORGANISM synthetic DNA construct
REFERENCE 1 (bases 1 to 2686)
AUTHORS  Yanisch-Perron C, Vieira ], Messing J.
TITLE Improved M13 phage cloning vectors and host strains: nucleotide
sequences of the M13mpl8 and pUC19 vectors.
JOURNAL  Gene 1985;33:103-19.
PUBMED 2985470
REFERENCE 2 (bases 1 to 2686)
New England Biolabs
TITLE Direct Submission
JOURNAL  Exported Nov 10, 2017 from SnapGene 4.1.0
http: //www. snapgene. com
COMMENT See also GenBank accession L09137.
FEATURES Location/Qualifiers
source
forganism="synthetic DNA construct”
/1ab_host="Escherichia coli"
/mol_type="other DNA"
CDs complement(146. .469)
/codon_start=1
/gene="1acz" i
.-"groduct:"LacZ-a'l pha fragment of beta-galactosidase"
/label=1acz-alpha
/translation="MTMITPSLHACRSTLEDPRVPSSNSLAVVLQRROWENPGVTOLNR
LAAHPPFASWRNSEEARTDRPSQOLRSLNGEWRLMRYFLLTHLCGISHRIWCTLSTICS
DAA™
primer_byind 379..395
/1abel=M13 fud
/note="common sequencing primer, cne of multiple similar
variants"
misc_feature 396. .452
/label=Mcs

/mote="nl19 muTtinle cloninag site”
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gctacagagt
atctgegetc
aaacaaacca

CTTTTAAATT

1 gacagttacc

tecatagttg
ggccccagrg
ataaacc.
atccagrcra
cgcaacgtTg
tcattcaget
aaagcggtra
tcactcatgg
trrrctgtga
agrrgetett
gtgctcatca
agatccagrt
accagegree
gcgacacgga
cagggrrate
ggagrTCcge
atgac attaa

EPELNEAIPNDERDTTMPVAMATTLRKLLTGELL TLASROOL IDWMEADKVAGPLLRSA
LPNWEIADKSGNGE RGSRGITAAL GPDGKPSRIVVIVTTGSOATMDERNRQIAE IGAS

LIKHW'
complement (2487. . 2591)
f?ene="hla"
/label=AmpR promoter
cagt

graa
i <gg

argac
Cggat
jgctog
grgtgaaata
aggcrgege
99cgaaagog
acgacgrigr
cgacctgeag
gtratccget
grgectaatg
€gggaaacct
tgcgrattgg
19CggCgage
ataacgcagg
cegegteget
gctcaagrea
gaagctooct
TTCTCCCTTE
Tgraggregt
gcgocttatc
Tggcageage
tcttgaagtg
tgctgaagec
ccgctggtag
ctCaagaaga
gttaagggat
aaaaatgaag
aatgcttaat
cctgactece
CTgCaargat
€ cagccggaag
Traattgrrg
trgccattge
ccggttocca
gctoctregg
tratggcage
ctggtgagta
geceggege
ttggaaaacg
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gcgetettec
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gretcatgag Tt a
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gacaagcoog TCagggcgog
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CCACQCTCac cggiticaga
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o

T
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aatattattg
Tt
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Figure 2.2: Sample genbank (.gb) file
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Figure 2.3: SnapGene view of a genbank file



2.1.1 Digital DNA file formats

An automated DNA sequencer provides the digital representation of the sequences present
within the physical sample. The output of a DNA sequencer is a fasta (. fasta) file as shown in
Figure 2.1. This file contains only the raw sequences in the sample. A genbank file (. gb) contains
the same raw sequences along with annotations. In Figure 2.2, after the word “ORIGIN” the raw
sequences are denoted and before that the features are annotated.

Sequence manipulation software such as SnapGene can be used to convert a fasta file to a
genbank file and vice versa. When a fasta file is converted to a genbank file, the software searches
its database for common annotations. The generated annotations may not be complete or correct
every time. Hence, the user has the flexibility to manually add additional annotations that may be
required to describe the sample sequence. These manually added annotations are only available to
the creator. When the same sample is sent to others, they will sequence it and obtain the fasta file
but the genbank file will contain only those annotations that can be automatically generated. In
order for the receiver to extract all the feature information for a given plasmid, the creator would
need to share the genbank file containing the manually added annotations. In this work, we assume
that the sender of the DNA sample will also share the genbank file, although this is very often
not the case. (We are looking into ways of eliminating this step such that the genbank file can be

generated from the fasta file itself.)

2.1.2 Circular DNA and reverse complement

Plasmid DNA is circular and double-stranded. The sequences represented in a fasta file are the
linear representation of a circular structure. As a consequence, there is no single set represen-
tation of the sequences in a sample. Following sequencing, any cyclic permutation of the sequence
is possible. For example, in a fasta file if the sequence is - “ACGGTAA”, when the same sample is
sequenced again, the fasta file might read as - “TAAACGG”.

Furthermore, since DNA is composed of two complimentary, anti-parallel strands, a sequencer

can read a sample in both the “sense” or “antisense” direction. The sequence may be represented



in a fasta file in either direction. When the sample is sequenced again, the output might be in the
other direction, or what is known as the reverse complement. The reverse complement of “A” is
“T” and vice-versa, and the reverse complement of “C” is “G” and vice-versa. The DNA molecule
has polarity with one end represented as 5" and the other represented as 3’. One strand adheres to
its reverse compliment in anti-parallel fashion. So if the sequence is - “ 5’-ACGGTAA- 3’ 7, the
reverse complement is “ 3'-TGCCATT- 5’ ”. The fasta file will represent one strand of the DNA
sequence in the 5 to 3’ direction; so the fasta file could read as “ACGGTAA” or “TTACCGT”.

By combining these two properties, for a DNA that contains /N number of bases, the correct

representation of the same sample is 2/N: N cyclic permutations plus each reverse complement.

10



2.2 Digital Signatures

A digital signature is a mathematical technique used to validate the authenticity and integrity
of a message, software or digital document. It is the digital equivalent of a handwritten signature
or stamped seal, but offering far more inherent security, a digital signature is intended to solve
the problem of tampering and impersonation in digital communications. Digital signatures can
provide the added assurances of evidence to origin, identity and status of an electronic document,
transaction or message, as well as acknowledging informed consent by the signer.

A digital signature can be used with any kind of message, whether it is encrypted or not, sim-
ply so the receiver can be sure of the sender’s identity and that the message arrived intact. Digital
signatures make it difficult for the signer to deny having signed something (non-repudiation), as-
suming their private key has not been compromised as the digital signature is unique to both the
document and the signer, and it binds them together. Most modern email programs support the use
of digital signatures and digital certificates, making it easy to sign any outgoing emails and validate
digitally signed incoming messages. Digital signatures are also used extensively to provide proof
of authenticity, data integrity, and non-repudiation of communications and transactions conducted
over the Internet.

Digital signatures are based on public key cryptography. It was invented in 1976 by Whitfield
Diffie and Martin Hellman [13]. It is also called asymmetric encryption because it uses two keys
instead of one key (symmetric encryption). The two keys are named public key known to everyone
and a private key, the private key has full control to the key owner and has to keep in a secure
environment. A unique element to the public key system is that the public and private keys are
related in such a way that only the public key can be used to encrypt messages and only the
corresponding private key can be used to decrypt them. Moreover, it is virtually impossible to
deduce the private key if you know the public key.

When Bob wants to send a secure message to Alice, he uses Alice’s public key to encrypt the
message. Alice then uses her private key to decrypt it. For digitally sign documents, Alice needs to

obtain a Private and Public Key - a one-time process, it’s done by Secured Signing Service while
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user registered. The private key isn’t shared and is used only by Alice while signing documents.
The public key is available for all, used to validate the signatory’s digital signature. This public
key is again validated or stamped by a certificate authority e.g. Verizon, Google etc. so that Bob
can be certain that this is Alice’s public key. The certificate authority creates a digital certificate for
Alice which certifies that the public key belongs to Alice along with other details. Certificates are
similar to ID Document. When you want to identify a user in the system you check his certificate.
When Alice sends the signed document to Bob, Bob uses Alice’s public key (which is included
in the signature within the Digital Certificate) to authenticate Alice’s signature and to ensure the
document didn’t alter after it was signed. A public key infrastructure (PKI) is a system for the cre-
ation, storage, and distribution of these digital certificates which are used to verify that a particular
public key belongs to a certain entity. The PKI creates digital certificates which map public keys
to entities, securely stores these certificates in a central repository and revokes them if needed. The

following figure depicts the working principle of a digital signature.

Signer

/“

g

Hash

. Encryptio 1100011
Algorithm ’

% Digitally Signed

Document

Data

Signature is valid
Hash

when hash values
WLy —— [ecryption =—————————p

are equal
Digitally Signed Hash
Document

é —_— C‘w _— Verifier

Public Key

Figure 2.4: Overview of a digital signature
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2.3 Identity-Based Digital Signatures

One significant impediment to the widespread adoption of public-key cryptography is its de-
pendence on a public-key infrastructure that is shared among its users. Before secure commu-
nications can take place, both sender and receiver must generate encryption and signature key
pairs, submit certificate requests along with proof of identity to a Certificate Authority (CA), and
receive CA-signed certificates, which they can then use to authenticate one another and exchange
encrypted or signed messages. This process can be both time-consuming and error-prone and is es-
pecially prohibitive for novice computer users. Although this is simple within a company, senders
outside the organization don’t have any access to a central directory, so it’s more difficult for them
to send encrypted/signed messages. Moreover, the process works only if the recipient has already
decided to use it and has made a key available. And most people don’t have public keys.

In 1984, Adi Shamir, of RSA notoriety, introduced the concept of identity-based cryptogra-
phy [11]. Its primary innovation was its use of user identity attributes, such as email addresses
or phone numbers, instead of digital certificates, for encryption and signature verification. This
feature significantly reduces the complexity of a cryptography system by eliminating the need for
generating and managing users’ certificates. It also makes it much easier to provide cryptography
to unprepared users, since messages may be encrypted for users before they interact with any sys-
tem components. In an identity-based cryptosystem, a unique identifier of the recipient (such as
his e-mail address) is used to calculate a public key. A trusted third-party server, called the private-
key generator, uses a cryptographic algorithm to calculate the corresponding private key from the
public key. In this way, recipients can generate their own private keys directly from the server as
needed, and they don’t have to worry about distributing their public keys. Ferris Research looked
at the costs of one commercial Identity Based Encryption system (from Voltage Security Inc. in
Palo Alto, California) and found that total cost of ownership of a typical system is one-third that
of a typical public-key system.

Figure 2.5 depicts the steps involved in an identity-based signature scheme. When Alice wants

to share a signed message with Bob, the steps involved are as follows:
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1. Alice connects to the central authority (PKG) over a secure channel and provides her identity.

2. The central authority after successfully authenticating Alice provides her a private key that

is tied to her identity and the master private key.

3. Alice uses this received private key to sign the message. She shares this signed message with

Bob.

4. Bob upon receiving the message connects to the central authority and requests for the master

public key.

5. The central authority after successfully authenticating Bob provides him with the public key.

6. Bob uses this public key to validate Alice’s signature.

Sk”,_]_,“_ | PKG pk i

upcn suwoeessful authenticarion
sk...

o

‘,I'J Uice

M || O Accept
s - or

Reject

Figure 2.5: Overview of an identity-based digital signature
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2.4 Reed-Solomon Codes

Reed-Solomon codes introduced by Irving S. Reed and Gustave Solomon in 1960 [14], are
block-based error correcting codes in which redundant information is added to data so that it can
be recovered reliably despite errors in transmission or storage and retrieval. The error correction
system used on CD’s and DVD'’s is based on a Reed-Solomon code. These codes are also used
on satellite links and other communications systems. The Reed-Solomon encoder takes a block of
digital data and adds extra redundant bits. Errors occur during transmission or storage for a number
of reasons (for example noise or interference, scratches on a CD, etc). The Reed-Solomon decoder
processes each block and attempts to correct errors and recover the original data. The number and
type of errors that can be corrected depend on the characteristics of the Reed-Solomon code.

A Reed-Solomon code is specified as RS(n,k) with s-bit symbols. This means that the encoder
takes k data symbols of s bits each and adds parity symbols to make a n symbol codeword. There
are n — k parity symbols of s bits each. A Reed-Solomon decoder can correct up to ¢ symbols that
contain errors in a codeword, where 2t = n — k.

The following diagram shows a typical Reed-Solomon codeword (this is known as a Systematic

code because the data is left unchanged and the parity symbols are appended):

DATA FARITY

Figure 2.6: A typical Reed-Solomon codeword

Example: A popular Reed-Solomon code is RS(255,223) with 8-bit symbols. Each codeword
contains 255 codeword bytes, of which 223 bytes are data and 32 bytes are for parity. For this
code: n =255, k=223, s =8, 2t =32, 1 =16. The decoder can correct any 16 symbol errors in the
code word: i.e. errors in up to 16 bytes anywhere in the codeword can be automatically corrected.

Given a symbol size s, the maximum codeword length (n) for a Reed-Solomon code is n = 2° — 1.
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For example, the maximum length of a code with 8-bit symbols (s=8) is 255 bytes. The amount
of processing power required to encode and decode Reed-Solomon codes is related to the number
of parity symbols per codeword. A large value of ¢ means that a large number of errors can be
corrected but requires more computational power than a small value of ¢.

One symbol error occurs when 1 bit in a symbol is wrong or when all the bits in a symbol
are wrong. RS(255,223) can correct 16 symbol errors. In the worst case, 16-bit errors may occur,
each in a separate symbol (byte) so that the decoder corrects 16-bit errors. In the best case, 16
complete byte errors occur so that the decoder corrects 16 x 8-bit errors. Reed-Solomon codes
are particularly well suited to correcting burst errors (where a series of bits in the codeword are
received in error).

Reed-Solomon codes are based on a specialist area of mathematics known as Galois fields
or finite fields. A finite field has the property that arithmetic operations (+,-,x,/ etc.) on field
elements always have a result in the field. A Reed-Solomon encoder or decoder needs to carry out
these arithmetic operations. For a detailed description of the construction and working principle of

Reed-Solomon encoding and decoding, an interested reader can refer to [15, 16].
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Chapter 3
Related Work

By converting the binary system of 0’s and 1’s used by computers into the four-letter genetic
code (A-C-G-T), encryption algorithms have been developed to store the content of a book, an
operating system, and even a movie in synthetic DNA [5, 17]. Computer scientists working in
the field of DNA computing have also proposed developing asymmetric encryption schemes us-
ing DNA sequences [18]. These pioneering projects demonstrate that DNA synthesis and DNA
sequencing technologies are able to translate between DNA molecules and digital information.
Our proposed approach is the first application of a digital signature scheme to DNA in a living
organism, which will provide a physical significance to a digital signature.

There is a growing body of research concerned with traceability and unique identification of the
source of DNA sequences. For instance, it has been proposed that unique watermarks be inserted
in the genome of infectious agents to increase their traceability [6]. The synthetic genomics com-
munity has demonstrated the feasibility of this approach by inserting short watermarks into DNA
without introducing significant perturbation to genome function [7-10]. The use of watermarks
has also been proposed in order to identify genetically modified organisms (GMOs) or proprietary
strains. Our digital signature-based approach will provide a much greater level of security than
watermarking because a watermark is independent of the sequence it is attached to (only changes
to the watermark itself would be detectable), and watermarks are easily counterfeited.

Heider et al. [19] describe DNA-based watermarks using DNA-Crypt algorithm. This tech-
nique is applicable to provide proof of origin to a DNA molecule. However, there are some limita-
tions. First, the watermark is generated from any binary data and added to the original sequence.
The watermark is independent of the original sequence hence provides no integrity of the actual
DNA sequence. If the watermark locations can be found, the original molecule sequence can be
changed by others keeping the watermark sequence unaltered and sent to the receiver. The re-

ceiver will trust that it came from the sender whose watermark is present in the DNA. Second, if
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an attacker or other legitimate competing user/organization knows the binary data that is used to
generate the watermark, they can generate their own arbitrary DNA and put in the watermark to
malign the actual user/organization. Due to these same reasons, in the digital realm, we do not
just rely on watermarks because of the limited security that it can provide. Instead, we use dig-
ital signatures as it provides much better and stronger security guarantees. Finally, DNA-Crypt
uses some symmetric key encryptions like AES, Blowfish to encrypt the binary data that is used
to create the watermark. Hence, these keys have to be transmitted to the receiver who will vali-
date the watermark. DNA-Crypt has options to export and import keys and exchange them with
receivers. But the receiver now has the secret key that was used to generate the watermark and
can masquerade as the originator of the DNA. Non-repudiation becomes a problem too. Although
DNA-crypt mentions that RSA algorithm can be used as an asymmetric scheme, the developers do
not talk about the challenges involved when using RSA since the length of the watermarks will be

dependent on the RSA security parameter.
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Chapter 4

Challenges and Design Decisions

In the digital realm, application of digital signatures nowadays is trivial. But when a signature
is embedded within a physical DNA molecule we face a couple of challenges. We describe them

below in brief and how we handled them.

4.1 Signature length

For any digital asset, e.g. a digital document, the length of the signature does not affect the
asset that is being signed. When applying digital signatures to DNA, we cannot use any arbitrary
length for the signature as a very long signature sequence could impact the properties of the DNA
molecule. Also, it is not expected to use weak security parameters to shorten the signature length
as this might keep the properties of the molecule intact but instead compromise the security of the
signature itself. For a digital document, a signature of 384 bytes (say) is trivial. But the same 384
bytes translates to 1536 bases(384 * 8 / 2) in a DNA. If a DNA sample originally contains say
2000 bases(not unusual for a plasmid), the addition of a 1536 nucleotide signature would nearly
double the size of the DNA molecule. As a consequence, we were not able to apply identity-
based signatures that use bilinear pairings. The signature length would affect the properties of the
plasmid. Hence, we decided to utilize Shamir’s IBS scheme with a minor modification. The details

of our signature scheme are described in section 5.1.

4.2 Signature identification

In a digitally signed document, the original message and the signature can be easily identified
and separated since we have delimiters that separate them. In the DNA domain, there exists another
problem of embedding the signature inside the original molecule. Because the site of insertion
will vary depending on the architecture of the plasmid, delimiters are needed to identify where

the signature starts and ends. So we have used an algorithm that identifies subsequences. Any
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subsequence of 10 base pairs (substring of length 10) that is not present in the original sequence
can be used as a start and end delimiter which will contain the signature. During verification,
all subsequences of 10 base pairs will be identified and only those subsequence that occur twice
within the entire sequence are the delimiters.

Although the above technique can be useful, to keep things simple we came up with an alternate
solution. Instead of the algorithm choosing the delimiters, the tool we developed lets the user input
their own delimiters of 10 base pairs. This approach can be beneficial as it lets the biologist design
delimiters that are relevant to their specific project. For instance, the delimiters can be designed
in such a way as to simplify synthesis/assembly of the DNA. The tool checks if the sequences are
permitted i.e. the 10 base pair subsequence does not already exist elsewhere in the plasmid. The
sequences that we have used as start and end delimiters are ACGCTTCGCA and GTATCCTATG
respectively. These sequences are relatively easy to identify visually, they are unlikely to develop

secondary structures and they contain a balanced number of A’s C’s G’s and T’s.

4.3 Error tolerance

When any digitally signed message is shared and verification fails, the sender just resends the
message again. But in the domain of DNA sharing, since we are primarily shipping samples, this
implies resending the sample (sometimes even batches of samples). This will incur a lot of cost.
The presence of a signature inside the molecule will ensure that any change in the signed DNA
will result is failed verification. But DNA molecules are prone to naturally occurring mutations.
Hence after a failed verification, it can be useful to check the location of mutation which caused
the verification to fail. If the mutation is in any important feature, the receiver can reorder the
sample. If the mutation is in any relatively unimportant part of the DNA, the receiver can choose
to proceed to work with it. In order to achieve this error tolerance, we have used error correction
codes specifically Reed-Solomon Codes [14]. But we assume that the start and end tags described
above do not mutate. Without the start and end tags we cannot identify where the signature is

located. The details about error correction codes are described in section 5.4.
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4.4 Strong association between physical DNA molecule and its

digital representation

We discuss two ways of achieving this association between the physical DNA sample and its
digital representation. The first way is to embed a dual signature in the digital representation. This
dual signature combines the signed sequence, the description and the identity of the signer and
generates a signature on this combined message. This signature is placed in the digital representa-
tion of the DNA such as the Genbank file which is shared with the receiver along with the physical
signed DNA sample. The receiver will be able to associate the received physical DNA sample and
this file easily due to the presence of the dual signature. This ensures that the explanation of the
sequences and the sequences in the plasmid are correct and related. Any change is the descriptions
without changing the molecule will invalidate this signature. Also, any change in the molecule
without updating the descriptions will invalidate the signature. In this approach, the signer has to
share two items with the receiver, the signed physical DNA and the associated digital file. The
details of this procedure are described in section 5.5.1.

The second way is to embed the features and descriptions of the physical DNA in the physical
DNA itself. In this approach, the signer does not need to send the digital file additionally since
the descriptions are already embedded in the DNA sequence. The receiver when sequencing the
received DNA sample can reconstruct the features and descriptions related to the sample. The de-
scriptions are extracted and converted into ACGT sequence, the plasmid DNA sequence is already
present. The signature is generated from the combination of the description sequence and plasmid
sequence. This ensures that the description sequence and the plasmid sequence are correct and un-
altered. The signature and description sequence are then embedded in the original DNA sequence.
We also use error correction codes in conjunction to provide some error tolerance from mutations.

The details of this procedure are described in section 5.5.2
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Chapter 5

Proposed Solutions

5.1 DNA Signature scheme

We use the identity-based signature scheme proposed by Shamir [11] in 1984. However, we
have simplified it to suit the DNA sharing domain. The unique identifier in our case is the OR-
CID(Open Researcher and Contributor ID). Shamir’s IBS is based on the RSA cryptosystem and
its security depends on the hardness of integer factorization in the RSA problem.

Setup: The setup is similar to the standard RSA cryptosystem setup. For a given security

parameter k, proceed with the following steps -
1. Generate two distinct primes p and ¢ at random with 2% < p,q < 23
2. Calculate the modulus nasn =p-q

3. Calculate the totient ¢(n) = (p—1)(¢— 1). Choose the master public key e as 1 < e < ¢(n),

such that e is relatively prime to ¢(n).

4. Calculate the master private key, d, as e~! mod ¢(n) in order to satisfy the congruent relation

d-e=1mod ¢(n)
5. Publish the public parameters <e,n> and the keep the private key d.

In our setup k is 1024 bits.

Key Extraction: The private key, s;p for a user with the identity /D is generated as:
s;p = H(ID)* mod n

where H is a secure hash function. We are using SHA-256 as the hash function.
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Signature Generation: For generating the signature for a message m € {0, 1}*, generate the

signature(o) as :
o= s mod n = H(ID)* ™™ mod n

Signature Verification: To verify a signature o for a message m and user identity /D, check

if the following equation holds:
o = H(ID)"™ mod n

We have simplified the existing Shamir’s IBS scheme by removing the random. The random
will prevent two same messages to have the same signatures. Using the original scheme with the
random, the signature length(c) will be 2048 bits or 1024 base pairs for the security parameter(k)
of 1024 bits. Removing the random will make the signature length 1024 bits or 512 base pairs for
the same security parameter(k) of 1024 bits. In the realm of DNA sharing, users will be primarily
shipping physical samples, not sending digital information over the internet.A signer will not be
sharing the same signed DNA molecule with a receiver more than once. Hence in this domain, we
can remove the random to get a shorter signature length.

Figure 5.1 depicts a map of the plasmid features of a digitally signed DNA file.

pUC19-Signed
3250 bp

lac operato

Figure 5.1: Snapgene view of a signed digital DNA file.
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An application software called DNA-Sign has been developed which users can utilize to gen-
erate signatures from a genbank file and also validate a signature on a genbank file. The details of

the signature generation and verification procedure are described in Chapter 6.

5.2 Proof of security for DNA signature scheme

Our DNA signature scheme is a simplified version of Shamir’s IBS scheme. To show that our
scheme is secure we first present the original Shamir’s IBS scheme:

Shamir’s IBS Scheme

Setup: Same as above.

Key Extraction: Same as above.

Signature Generation: For generating the signature for a message m € {0, 1}* :
1. Chooser € Z,.

2. Compute R = r¢ mod n.

3. Compute ¢ = H(R||m) mod n.

4. Compute t = syp - 7° mod n.

5. Output signature o = (R, t)

Signature Verification: To verify a signature o for a message m and user identity /D, check
if the following equation holds:

t¢ £ H(ID) - RFEI™) mod n

We show that the simplified Shamir’s IBS scheme is able to provide the same level of security

guarantees as the original scheme.

The signature in the original scheme is a tuple - (R, t). If the modulus chosen is 1024 bits, the

signature output will be 2048 bits which is 1024 base pairs. Based on our threat model, Shamir’s
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IBS scheme is secure if no polynomial-time adversary can forge the signature on a given message.
It is readily shown that this is equivalent to the difficulty of breaking the RSA public-key cryp-
tography. Here is how. To forge a signature, the adversary needs to find s;p from the equation

t = s;p - r° mod n. Let, r° = w. Therefore, s;p =t - w™*

. In order to find any inverse mod-
ulo n, one has to know ¢(n), where ¢(-) is the Euler totient function. Calculating ¢(n) from n
is equivalent to factoring n into two distinct primes — a known hard problem. Next, to calculate
w™!, the random r has to be calculated. If r can be found, then r¢ can be found as c is public.
¢ = H(R||m) mod n. R is first part of the signature and m is the message which bears the
signature. To find the random r, one has to know ¢(n) or the secret key d, since R = r¢, r = R%.

With that brief background, let us now consider the simplified Shamir’s IBS scheme. We
have simplified the original scheme by removing the random R. In our scheme, the signature
o= S%m). Therefore, s;p = oY, where y = H(m)~'. Hence to find y, one has to know ¢(n)
which is equivalent to the RSA problem. Therefore, no polynomial-time adversary can forge a
signature in the simplified scheme.

Note that our scheme will generate the same signature for the same message every time. This
is a threat where replay attacks on signatures is of concern. In our domain, the threat of replay
attacks is negligible since replaying the signed message implies sending the actual signed DNA to
the receiver again. As this is not any digital message which can be generated by packet crafting
or similar techniques, the attacker would have to actually synthesize the DNA molecule and send
it to the receiver. On the other hand, removing the random will make the signature length 1024
bits or 512 base pairs if the modulus(n) is 1024 bits. Hence, in our domain, although the same
original DNA plasmid, originating from the same source, will have the same signature every time,
the practical risk is minimal and is outweighed by the benefit of minimizing the signature length
so as to decrease the likelihood that the functionality or stability of the plasmid is disrupted.

We are exploring other identity based signature schemes which generate shorter signatures

as the signature sequences have to be ordered from gene synthesis companies and this can be

financially expensive. The cost of synthesis is about 7 to 9 cents per base pair.

25



5.3 Sign-Share-Validate Workflow

In our system, there are three players: 1) The signer will develop the DNA signature and sign
a sequence. 2) The verifier will use the signature to verify whether the received DNA sequence
was sent by the appropriate sender and was unchanged after signing. 3) A Central Authority will
provide the signer with a token that is associated with their identity. We assume that the central
authority is secure and trusted by all participants in the system.

There are also three steps to the sign-share-validate workflow, summarized in Figure 4. In
this example, Alice is developing a new plasmid. She starts in a sequence editor application by
combining sequences from different sources. When she has finalized the sequence of the plasmid
she wants to assemble in the lab, she uses the signature generating service hosted in a server to
create a DNA signature sequence she will add to her design. This DNA sequence is the digital
signature. It is generated using the signature algorithm described in section 5.1. Alice provides
the digital DNA file to sign, her unique identifier (ORCID), a six-digit plasmid ID, a start and end
sequence that will contain the signature sequence. The digital signature is inserted in the plasmid
sequence between two conserved sequences used to identify the signature from the rest of the
plasmid sequence. Alice will then assemble the signed plasmid by combining DNA fragments
from different sources. She will have to order the DNA fragment corresponding to the signature
from a gene synthesis company. She describes her plasmid in a paper and refers to it using the
six-digit number ID which she used to identify the plasmid in the signature. She did not include
the entire plasmid sequence in the online supplement of the article. She sends the plasmids to a
few collaborators.

Ellen is interested in using Alice’s plasmid. She gets the plasmid from another graduate student
who got it from his advisor a few years ago. Ellen has limited confidence in the plasmid because it
came in a hand-labeled tube. So, she decides to get it sequenced completely before doing anything
with it. She uploads the assembled sequence of the plasmid to the server to verify the plasmid.
The signature validation service in the server identifies the signature inserted between the two

signature tags. It will identify a block of 32 bp. to the right of the signature start signal to extract
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Figure 5.2: Example of a sign-share-validate workflow

the plasmid developer ORCID. Using the ORCID value as identity, the server decrypts the 512
bp signature block. Then validation service will verify the signature as described in section 5.1.
If the two values match, then Ellen will know that the plasmid was signed by Alice and that the
physical sequence of her plasmid corresponds exactly to Alice’s design. She had asked Alice for
the plasmid sequence to align with her sequencing data. Unfortunately, Alice had moved on with
her life and she no longer had access to the plasmid sequence files. Nonetheless, because she was
careful enough to sign her plasmid, Ellen can be assured that the plasmid she intends to use is the
one described in the publication.

It is also possible that validation service did not validate the plasmid signature. Several hy-
potheses could lead to this situation. It is possible that Alice was sloppy and did not manage to

assemble the plasmid corresponding to the sequence she had designed. It is also possible that her
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advisor handed Ellen a derivative of the plasmid described by Alice. One could also not rule out the
possibility of spontaneous mutations or a stupid labeling error. In this situation, Ellen may decide
to proceed with the plasmid based on the similarity of the plasmid sequence and the information

available in the Methods section of the paper describing the plasmid.

5.4 Error Correction Codes

Limitations of using signed DNA: The presence of a digital signature within a DNA will
guarantee that the original sequence, identity sequence and the signature sequence itself has not
been tampered with since the signer sent the DNA sample. If any of these change, intentionally or
unintentionally, the receiver will not be able to verify the DNA sequence. The sequences inside a
DNA are prone to mutation. Mutation is a naturally occurring phenomenon. Whenever there is any
mutation within the signed DNA, the receiver will not be able to verify and this is not the signer’s
fault.

Mutations can be of three types: 1) Point mutation - Where one base changes to another base
e.g. AAGGAA -> AAGAAA. 2) Addition - When a subsequence gets added to the original se-
quence e.g. AAGGAA -> AAGAGAA. 3) Deletion - When a subsequence gets deleted from the
original sequence. e.g. AAGGAA -> AAGG. In any of the above scenarios, the verification pro-
cess will result in failure. In a digital realm, if any message is not verified we can always resend
the message. But in the DNA sharing domain, this means that the sample has to be transported
again which incurs a lot of cost. Along with the problem of mutation lies the problem of sequenc-
ing. When the DNA is processed by the automated DNA sequencer, the output is not always one
hundred percent correct. It is dependent on the depth of sequencing.

In order to overcome these limitations, we are using error correction codes along with signa-
tures. The presence of error correction codes will help the receiver to locate and correct some
errors in the sequence. In information theory and coding theory, error detection and correction are
techniques that enable reliable delivery of digital data over unreliable communication channels.

Many communication channels are subject to channel noise, and thus errors may be introduced
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during transmission from the source to a receiver. Error detection techniques allow such errors
to be detected, and error correction is used to reconstruct the original, error-free data. In error
correction, redundant data, or parity data, is added to a message, such that it can be recovered by a
receiver even with a number of errors (up to the capability of the code being used). Error-correcting
codes are frequently used in lower-layer communication, as well as for reliable storage in media
such as CDs, DVDs, and hard disks. It is possible to use the same techniques to provide a reliable
reconstruction of sequences provided a small number of changes have occurred. Our application
of error correction codes to DNA can also be used to ensure the integrity of digital information
stored in DNA molecules.

We have used Reed-Solomon codes [14] for error detection and correction of DNA sequences.
As of now we have utilized it to correct point mutations only. Reed-Solomon codes are block-
based error correcting codes with a wide range of applications in digital communications and
storage. It is used extensively in storage devices e.g. CD/DVD, barcodes, QR codes, wireless
communication, satellite communication (voyager space probe used RS codes) etc. We will not
explain the construction and working principle of a Reed-Solomon code here. An interested reader
can refer to [15, 16] for details.

The most common convention of a Reed-Solomon code is (255,223,32) in which 223 is the
number of data symbols, 32 is the parity symbols and 255 is the total number of symbols that can
be processed at a time or block size. Using this convention the total number of errors that can be
corrected anywhere in the 255 symbols is 32/2 = 16. This convention uses 8-bit symbols. Since
the symbols are 8-bits, the block size is 2° — 1 = 255 and with respect to a programming language,
each symbol is treated as a byte. So the Reed-Solomon code of (255,223,32) can be simply put as
255 bytes block size, 223 data bytes, and 32 parity bytes. The total number of errors that can be
corrected is 16 bytes. The parameters are generated from Galois field GF(257).

Here also we face an obstacle while applying this to DNA domain. Note that a plasmid contains
2500 to 20,000 base pairs. If we treat each base as a character or byte, we will not be able to process

the entire sequence in a single block. We have to make blocks of 255 bases. This implies that in a
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block of 255 bases, 223 bases are the actual sequence and 32 bases are the parity sequence for that
block. As we mentioned earlier, we do not have the privilege of using any delimiters in a DNA as
we had in a digital message. Therefore, the parity sequences of every block cannot be identified.
Also, let us consider the following scenario - a user wants to correct 5 bases in a plasmid which
contains a total of 800 bases. By convention, this 800 bases cannot be processed at a time and will
be processed in four blocks (255 bases in each). We cannot be certain about the distribution of
errors in the four blocks i.e. there is no guarantee where the 5 errors might be. It can be all in one
block or other possible ways but certainly not uniform (1.25 in each block). So assuming the worst
case, we need to correct 5 errors in each of the blocks. Therefore the number of parity bytes for
total 800 bases is now 10 - 4 = 40. Whereas, if we could process the entire 800 sequence at once,
we would have only 5 - 2 = 10 parity bytes.

In order to adapt to this scenario, we used 16-bit symbols or shorts. Now the block size
is 21 — 1 = 65535. The sequence characters which were bytes are now shorts. The param-
eters are generated using Galois field GF(65537). This gives us the flexibility to process en-
tire plasmid sequence at once. The user when signing provides the number of errors that they
would like to correct. The original plasmid sequence and the generated sequence are passed to
the Reed-Solomon encoder. The Reed-Solomon encoder generates 2 - k shorts for k error tol-
erance. The 2k shorts are then converted to sequences. Each parity short is converted to an
8 base sequence (16/2). Previously the final signature sequence consisted of - < start ><
ORCID + Plasmid_ID + Signature >< end > where start and end were 10 base pairs each,
ORCID was 32 base pairs, Plasmid_ID was 12 base pairs and Signature was 512 base pairs. Now
the parity sequences are inserted between the signature sequence and end sequence. Updated sig-
nature sequence - < start >< ORCID + Plasmid_ID + Signature + Parity >< end >.
During the correction phase, the parity sequence is retrieved using the start and end sequences and
the length of other three parts which is already known. The number of errors that can be corrected

can be determined by the length of the parity sequence. Since each parity short is 8 bases, 16
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bases are two shorts and two shorts can correct one error, hence the number of errors that can be
corrected are - (parity sequence length) / 16.

Using the error correction code, the verifier can correct some number of errors (limit is set by
signer). Upon correcting the sequence, the verification is invoked again on the corrected sequence.
The position of the errors and the corrected value are conveyed to the verifier. The verifier can then
decide if the errors are in any valuable feature or not. If a valuable feature has been corrupted, the
verifier can ask for a new shipment, else if the error was in a non-valuable area in the plasmid, the
verifier can proceed to work with it.

The sign-share-verify workflow will be updated accordingly as follows. Ellen will upload the
digital DNA file to the server which she obtained after sequencing the plasmid shared by Alice.
The validation service will try to validate the sequence. If this validation results in failure, the error
correction part will be invoked will try to correct the sequence depending on how many errors Alice
chose to be tolerated during signing. If no corrections can be made (may be due to more mutations
in the sample than Alice predicted) Ellen will be notified with an alert. If corrections can be made,
the verification will start again on the corrected sequence. Upon successful verification on the
corrected sequence, Ellen will be notified about the errors(mutations) that occurred in the sample

she received.

5.5 Associating the DNA sample with its digital representation

The sequences within a physical DNA molecule can be obtained digitally using an automated
DNA sequencer. The sequencer outputs a digital file - .fasta which contains the ACGT sequence
of the sample. The fasta file can be converted into annotated files like .dna , .gb etc which contains
the genetic features along with its descriptions. Gene-manipulating software like Snapgene aid in
converting these subsequences into maps of plasmid features. Users can add feature descriptions
manually or search within the Snapgene database for any matching features. When the physical
DNA sample is shared, the receiver will also sequence the sample and obtain its sequence. Now

the receiver will be able to view only the features that Snapgene can automatically interpret from
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its database. The extra features that the sender manually annotated will not be available to the
receiver. Hence the sender also needs to share the annotated file with the receiver such that the
additional annotations are available to the receiver. Hence, it is essential to tie the digital file with
the physical sample in some way such that the receiver can be certain that the annotations belong
to the particular physical sample. We discuss two possible ways of tying the digital file with the

physical sample.

5.5.1 Dual signature in the digital DNA file

In this method, the sender needs to share the digital genbank file along with the physical DNA
sample. In order to associate the digital DNA file which contains the additional descriptions(let us
call this Fi,;) with the digital DNA file that receiver generates after sequencing the sample(let us
call this F|.,), we associate them together with a combined signature. The association between the
digital file and the physical sample is created in the following way:

Create association

1. Signer provides the digital DNA file containing the appropriate sequence and descriptions.
Extract the sequence and the descriptions. Only the sequence is used for signature creation

as described in section 5.1. Let this sequence be m., and the descriptions be mgesc.

2. Generate signature on my., as before and place this within the original sequence. Let this

final signed sequence be M.

3. Combine mge,. and mg;, by calculating the following:

Meomy = H (H (Misig )| H (Mese))

where H is a secure hash function e.g. SHA-256 and Il is concatenation operation.

4. Create signature for this 7.y, using the same procedure -
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o' = 8™ mod n = H(ID)*™emt mod n

5. Add o’ to the genbank file with a keyword “ASSOC”.

6. Share the file with the recipient.

Validate association

1. Recipient obtains F.,, and generates Fy., from the received sample. The tool takes both

files as input.
2. Extract 0/, mges. from F.,; and mg;, from Fi.,,. The ID is extracted from m,,.

3. Calculate m . as:

Meomp = H(H(msig> [ H (Mese) )

4. Check if the following equation holds:

°

(0")¢ = H(ID)™™ mod n

Using this combined signature, the recipient can validate that the description file was sent by the
authentic sender, the manually added descriptions have not been changed and these descriptions
belong to the same DNA sample that was shared. The sign-share-verify workflow will work as
follows. Ellen will upload the digital DNA file she generated after sequencing the sample shared by
Alice and also the digital DNA file that Alice shared (which contains the additional descriptions).
The server will match the combined signature and Ellen will be notified about the association
between the two files.

The limitation of this method is that any user who wants to share a DNA sample must also

share the approriate digital file. But often there are many researchers who are working together
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on a sample and each of them makes changes to the physical sample independently. These subtle
changes are not always documented in the digital file. Hence the digital file might not be a correct
representative of the physical sample. The advantage is that the physical sample is unaltered and

hence its properties will remain intact.

5.5.2 Self Documenting DNA

In this method, the sender needs to share only the physical DNA sample. The annotations
are embedded within the physical sample itself. The receiver can sequence the physical DNA as
before and from the fasta file, the genbank file(all descriptions and sequence) can be generated.
However, the disadvantage is that since we are embedding some additional sequence within the
original plasmid, its size will increase and hence it might not retain all of its original properties.
But if the sample can retain its original properties this method might be a better option than the
previous. Experiments are required to check the validity and applicability of this method. If the
experimental validations are successful this will be integrated with the signature scheme to produce
a physical DNA sample which contains proof of origin, sequence integrity validation and which
contains the description about itself within its sequence. As of now this is a separate application,
later if the experiments succeed this will be integrated with the signature application. In that case
the workflow will be slightly modified than this. In this workflow, given a digital genbank file,
the descriptions are extracted, compressed using any compression technique, converted to ACGT
sequence and added to the existing sequence of the DNA. The workflow of this method is as

follows:

1. User provides the digital DNA file containing the appropriate sequence and descriptions.
The user also provides three conserved tag sequences. These tag sequences are not present
within the original plasmid sequence i.e. they are unique. The user then provides the location
where to put the description sequence and also the number of errors/mutations that will be

tolerated.
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2. The sequence and the descriptions are extracted from the provided digital(genbank) file.
Only the sequence is used for signature creation as described in section 5.1. The descriptions
are utilized here, the descriptions are compressed using a compression algorithm and are

converted to ACGT sequence. This description sequence is placed between tag#1 and tag#2.

3. The original plasmid sequence is then combined with this description sequence by placing
it within the location specified by the user. We cannot place this in any arbitrary location
as there might be feature existing there and that will change the properties of the plas-
mid. If the user chooses to insert in the begining of the original sequence the output is -
< tag#1 >< descriptions >< tag#2 >< original >. If the user chooses to insert in the
end of the original sequence, the output is - < original >< tag#1 >< descriptions ><
tag#2 >. Otherwise, if the user chooses a location within the original sequence, the output

is < originalpartl >< tag#1 >< descriptions >< tag#2 >< originalpart2 >.

4. A checksum is generated on this intermediate sequence.Any existing checksum generating
algorithm can be used. We have used CRC32 checksum [20]. As we are using CRC32
checksum, the checksum length is always 32 bits or 16 base pairs. This checksum sequence
is placed within tag#2 and tag#3 by appending the checksum and tag#3 after tag#2. The
error correction code is then generated from this sequence(i.e. the original, description and
checksum sequence) and appended after this checksum, also within tag#2 and tag#3. We
call this subsequence - < tag#1 >< descriptions >< tag#2 >< CHECKSUM ><
ECC >< tag#3 > as “annotation sequence” . Similar to the signature sequence, we use
error correction code(ECC) to tolerare some amount of mutation that can occur within the
DNA. Without this error correction code, mutations will lead to corrupted original sequence

and description sequence which will result in a incorrect digital file at the receiver’s end.

5. The final combined sequence output is - < originalpartl >< tag#1 >< descriptions ><
tag#2 >< CHECKSUM >< ECC >< tag#3 >< originalpart2 >. Depending on

the users choice of insertion, either < originalpartl > or < originalpart2 > can be empty.
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The final combined sequence, i.e. the original and the annotation sequence is written to a
text file or .fasta file. This file contains only ACGT sequences. The following figure depicts

an example .fasta file.

>Sequence 1 assemblyl
CCCTAAACCCTAAACCCTAAACCCTAAACCTCTGAATCCTTAATCCCTAAATCCCTAAAT
CTTTAAATCCTACATCCATGAATCCCTAAATACCTAATTCCCTAAACCCGAAACCGGTTT
CTCTGGTTGAAAATCATTGTGTATATAATGATAATTTTATCGTTTTTATGTAATTGCTTA
TTGTTGTGTGTAGATTTTTTAAAAATATCATTTGAGGTCAATACAAATCCTATTTCTTGT
GGTTTTCTTTCCTTCACTTAGCTATGGATGGTTTATCTTCATT TGT TATATTGGATACAA
GCTTTGCTACGATCTACATTTGGGAATGTGAGTCTCTTATTGTAACCTTAGGGTTGGTTT
ATCTCAAGAATCTTATTAATTGTTTGGACTGTTTATGTTTGGACATTTATTGTCATTCTT
>Sequence 2
CCCTAAACCCTAAACCCTAAACCCTAAACCT CTGAAT CCTTAATCCCTAAAT CCCTAAAT
CTTTAAATCCTACATCCATGAATCCCTAAATACCTAATTCCCTAAACCCGAAACCGGTTT
CTCTGGTTGAAAATCATTGTGTATATAATGATAATTTTATCGTTTT TATGTAATTGCTTA
TTGTTGTGTGTAGATTTTTTAAAAATATCATTTGAGGTCAATACAAATCCTATTTCTTGT
GGTTTTCTTTCCTTCACTTAGCTATGGATGGTTTATCTTCATTTGTTATATTGGATACAA
GCTTTGCTACGATCTACATTTGGGAATGTGAGTCTCTTATTGTAACCTTAGGGTTGGTTT
ATCTCAAGAATCTTATTAATTGTTTGGACTGTTTATGTTTGGACATTTATTGTCATTCTT

Figure 5.3: A sample .fasta file

6. The combined sequence is then outsourced to a gene synthesis company who will create a
DNA fragment containing the combined sequence which can be shared. Otherwise, only
the annotation sequence can be outsourced and the DNA fragment containing the annotation
sequence will be created. The user then combines the original plasmid sequence and the

annotation sequence in the lab and then it is ready to be shared.

7. The receiver upon receiving the shared plasmid, sequences it using an automated DNA se-
quencer. The generated .fasta file will have the combined sequence. The receiver then pro-
vides the three tag sequences that the sender provides. Using this information, the digital
DNA file is created along with the descriptions directly from this fasta file. The receiver

does not need to use any gene manipulation tools to interpret the features and descriptions.
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8. The description sequence is present within tag#1 and tag#2, the checksum and error cor-
rection sequence is present within tag#2 and tag#3. First, the checksum, error correction,
descriptions and original sequence are extracted and isolated. Then the original sequence
and description sequence are combined and a CRC32 checksum is generated. It is then val-
idated against the extracted checksum. If these two sequences are equal, this implies the
sequences have not been altered i.e. no mutations occurred. In this case, the genbank file
is generated after this step. If this checksum validation fails, the error correction sequence
comes into action and tries to correct any mutations that may have occurred, provided the
number of error is within the tolerance limit set by the sender. If the number of errors are
within the tolerance limit, the genbank file is generated with the corrected information and
the user is provided with the position and content of the error. If the number of errors are

more than the tolerance limit, the user is notified.

In this approach, the assumption is tag#2 and tag#3 is not corrupt or mutated. Since the cor-
ruption of any or both of these tags will result in irrecoverability of the error correction sequence.
Consequently, due to loss of tag#2, the description sequence end cannot be located and hence the
digital genbank file cannot be reconstructed. As a possible solution to this scenario, the use of
string silimarity metrics can be used to make a guess where the mutated tags might be located.
There are many techniques which address string silimarity e.g. Jaccard Similarity, Dice’s Coeffi-

cient, Levenshtein distance, Jaro-Winkler edit distance etc. that can be used to solve this problem.
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Chapter 6

Signature generation and verification procedure

The tool we have developed allows a user to generate and validate signatures. The parameters
i.e. e,d, N are fixed in the prototype where the modulus N is 1024 bits.

Signature generation: The user provides the following inputs for signature generation -
1. The genbank (.gb) file.

2. ORCID - a 16 digit number in XXXX-XXXX-XXXX-XXXX format.

3. Plasmid ID - a 6 digit number.

4. Location of signature placement.

5. Number of errors to be tolerated.

All the necessary input checks e.g. the file has extension .gb, ORCID format is correct, ORCID
is integers etc. are done. The signature generation procedure begins by splitting the genbank file by
the keyword ORIGIN. Refer to figure 2.2. After the keyword ORIGIN is the actual sequence
and before it are the descriptions. The sequence is the message to sign and the descriptions are kept
for verifying if the user provided location is colliding with an existing feature. Let us assume the
sequence to sign is SEQUENCE and there exists a feature from location 1 to 3 which corresponds
to SEQ. Next,the location of signature placement is checked. If the location collides with a feature,
the user is alerted to change the location. For our example, if the user had provided 2, the tool will
alert the user that there is already a feature SEQ there and ask for a new location. If the user
chooses 4 which is after the letter Q, it will be allowed. Next, the OCRID and Plasmid ID are
converted to ACGT sequence by the following conversion method - [0 - AC, 1 - AG, 2 - AT, 3 -
CA,4-CG,5-CT,6-GA,7-GC, 8 -GT, 9 - TA ]. The reason for choosing this conversion
type is that if any ORCID or plasmid ID has repetitions e.g. 0000-0001-4578-9987, the converted

sequence will not have a long run of a single base. If we used 0 - AA, the example ORCID
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would have AAAAAAAAAAAAAA in the beginning, and long runs of a single nucleotide can
result in errors during sequencing. In the chosen conversion method the ORCID would start with
ACACACACACACAC. Let the converted ORCID and Plasmid ID sequence be ORCID and PID.
The signature is generated according to the scheme described in section 5.1. The signature bits
are then converted to ACGT sequence. Let this signature sequence be SIGN. Also, recall that the
start and end tag where this signature is to be placed is predefined. Let this start tag be START
and end tag be END. The signature sequence is concatenated with ORCID and plasmid ID and
then placed between the start and end - START ORCID PID SIGN END. This entire string is
placed at the position specified by the user. As we chose 4 in our example, the total sequence looks
like - SEQ START ORCID PID SIGN END UENCE. Now this string is passed into the error
correction encoder. According to the number of tolerable errors specified by the user, the parity bits
are generated. The parity bits increase with the number of errors to be tolerated. These parity bits
are then converted to ACGT sequence. Let this be ECC. When the encoder output is generated,
the string looks like - SEQ START ORCID PID SIGN END UENCE ECC. Next, the ECC is
separated and this is placed before the signature and end tag. So the final output string is - SEQ
START ORCID PID SIGN ECC END UENCE . Note that the error correction code is generated
after generating the signature sequence and combining with original sequence. Hence any error in
that string can be corrected provided it is within the tolerable limit. For our example, if we put 2
as our error tolerance limit, then any 2 errors within the string SEQ START ORCID PID SIGN
END UENCE ECC can be tolerated. For example if there is 1 error in SEQ and 1 error in SIGN,
or 2 errors in SIGN, or 1 error in SIGN and 1 error in ECC, it can be corrected. But if there are
more than two errors it cannot be tolerated. The final output string - SEQ START ORCID PID
SIGN ECC END UENCE is written into another genbank file. The descriptions are updated i.e.
the locations of the signature, start, end, ecc are added and if there are features after the signature

placement locations they are updated. The output genbank file is shared with the recipient.
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Signature verification: The user provides the following inputs for signature verification -

1. The shared genbank (.gb) file.

2. The fasta (. fasta) file which the receiver obtained after sequencing the shared, signed

DNA.

The sequence in the fasta file might not be the in the same order as the receiver sent it. That
is, after sequencing the shared DNA, the fasta file may look like - ORCID PID SIGN ECC END
UENCE SEQ START which is a cyclic permutation of the final sequence the receiver obtained
after signature generation. The genbank file contains the correct order. The tool aligns the genbank
sequence and the fasta sequence. If there is any mutation in the shared DNA the fasta file will have
some errors but most of it will be aligned correctly. If there are no mutations the file will be aligned
perfectly. For now let us assume there is no mutation and hence the fasta sequence and the genbank
sequence will be aligned perfectly - SEQ START ORCID PID SIGN ECC END UENCE. The
tool looks for start and end tags which we had predefined. After obtaining the start tag, 32 bases are
counted, this is the ORCID sequence, next 12 bases are counted, this is the plasmid ID sequence,
then 512 bases are counted, this is the signature sequence. Next the substring after this signature
sequence to the end tag is retrieved, this is the error correction sequence. Finally, the portion before
start tag and the portion after end tag is concatenated to reconstruct the message for signature
verification. So as of now we have retrieved SEQUENCE, START, ORCID, PID, SIGN, ECC
and END. The SEQUENCE, ORCID and SIGN is used for signature verification according to
the scheme described in section 5.1. If there is no mutation, the signature verification will succeed
and the user is alerted for successful verification. If there is any mutation ,the verification will fail.
In this case the extracted parts are used to construct the string - SEQ START ORCID PID SIGN
END UENCE ECC. Recall that this was the output of the error correction encoder. If the error
is within the tolerable limit, it will be corrected. If the error is more than the tolerable limit, the
user is alerted that the verification and the error correction both failed. If the error is corrected, we

again use the counting method to retrieve the corrected parts - SEQUENCE, START, ORCID,
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PID, SIGN, ECC and END. The verification is invoked on the corrected SEQUENCE, ORCID
and SIGN. If the verification succeeds the second time the user is notified about success. Also, the
corrected parts and the previously extracted parts (before first verification) are compared to display
where the error was. If the verification fails on the corrected parts, the user is notified about failure
after correction and the corrected errors are displayed.

It is to be noted that although the corrected errors are displayed to the user, the actual content
of the DNA did not change, only the fasta representation changed. The physical DNA still contains
the error i.e. if the sample is sequenced again, the freshly obtained fasta file will again be erro-
neous. Hence, the error correction works more like error detection. The user gets the correction
information, and if he thinks the errors are not in any important part of the DNA, the user can
choose to work with the shared sample. If he thinks the errors are in an important part of the DNA,

the sample can be re-ordered from the sender.
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Chapter 7

Results

To validate the ability to verify digital signatures from sequencing data and ensure that digital
signatures do not interfere with the function of plasmids, a series of experiments were conducted
in three different phases.

For Phase I and II, two plasmids were designed for assembly by the Gibson cloning method.
One of these was the commonly used commercial vector pUC19. The other was a minimal ex-
pression vector consisting only of two antibiotic resistance genes and an origin of replication. For
each of these, the sequences, including the signatures, were ordered in four separate parts from
one of two DNA synthesis companies, TWIST or Integrated DNA Technologies. TWIST offers
DNA synthesis at a more affordable rate ($0.07/bp), but they were not able to synthesize all of the
sequence fragments needed. The total cost of DNA synthesis for the two plasmids was $397.88
and $395.16 with the signature accounting for $48.16 of the total cost in each case.

Once the four building blocks for each plasmid were received, they were put together by Gibson
assembly and transformed into Escherichia coli cells. The cells were plated on media containing
antibiotics. Three colonies from each plate were grown up in liquid cultures containing antibiotics,
the DNA was extracted, and the expected structure of the plasmids was confirmed by restriction
enzyme digests. The ability of the cells to grow in liquid and solid media containing antibiotics
indicates that the signature did not interfere with the origin of replication or the antibiotic resis-
tance genes for either plasmid. The entire process from receiving the plasmid building blocks to
confirming the plasmid structures was accomplished in 2 weeks. For one strain transformed with
each plasmid, DNA was extracted and sequenced by Sanger Sequencing, and the resulting reads
were manually assembled into a single Fasta file for each plasmid. The Fasta files were verified
with the digital signature software.

In Phase III, the potential impact of digital signatures on sequence function was further tested

using a different strategy. Sequences were designed for a minimal expression construct for the re-
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porter gene Lac-Z, which, in the presence of the chemicals Isopropyl S-D-1-thiogalactopyranoside
(IPTG) and 5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside (X-gal), results in the production
of a blue precipitate. A plasmid including the Lac-Z expression construct was ordered from TWIST
with and without the addition of a digital signature. The sequences were synthesized by TWIST
within one of their predefined vector backbones. The cost of the sequences was $76.82 without the
signature and $131.72 with the signature.

E. coli transformed with the plasmid with the signature “SIGNED” and the plasmid without
the signature “CONTROL” were grown on media with and without antibiotics, IPTG, and X-gal.
Both plasmids resulted in equivalent numbers of blue colonies suggesting that the performance
of the origin of replication, the Lac-Z construct, and the antibiotic resistance marker were all
unaffected by the presence of the digital signature. The “SIGNED” plasmid was also extracted
from cells, sequenced by Sanger Sequencing, the sequence was manually assembled into a single
Fasta file from the reads, and the fasta file was verified using the digital signature software. This
entire process took approximately one week. Figure 7.1 shows that the addition of signature does
not change the behavior or function of the plasmid. The two samples on the left are the signed
plasmids and the two samples on the right are the control plasmids.

The next step is to order plasmids with mutation in different parts e.g. mutation in signature,
mutation in ORCID, mutation in the original sequence and then proceed with the same test cases
and check if the verification fails at first and if the error correction code can help to detect mutations

and provide information to the user about the mutations.
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Signed Control
LB+amp+Xgal+IPTG LB+amp+Xgal+IPTG

Signed Control
LB+amp+Xgal LB+amp+Xgal

Figure 7.1: Comparing expression of a reporter construct with and without a digital signature.
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Chapter 8

Improvements

In this chapter, we discuss some of the improvements that we have made to the work described
above. One of the improvements include overcoming one assumption that the identifying tags i.e.
the start and end tag which contains the signature or in the self-documenting plasmid case the
annotations, do not mutate. The second improvement is using modern elliptic curve and pairing-

based cryptographic schemes to generate even shorter signatures with stronger security.

8.1 Allowing mutations in identifying tags

In chapter 4, section 4.2, we defined two identifying tags which contains the signature. The start
tag was chosen as ACGCTTCGCA and end tag as GTATCCTATG. Also, when we described error
correction code to tolerate mutations within the DNA, we assumed that the start and end tag do not
mutate. Otherwise, it will not be possible to locate the signature and consequently, it will not be
possible to locate the error correction code itself. Without the ability to locate the error correction
code, we cannot invoke error correction in the first place. Let us look at the example provided in
chapter 6 - after signature generating is complete the DNA is of the form - SEQ START ORCID
PID SIGN ECC END UENCE. This form is synthesized and sent to the receiver. The receiver
while validating looks for the start and end tag to extract the information between them. If there
is any mutation within the tags itself, for example, SEQ SMART ORCID PID SIGN ECC END
UENCE (the T in the start has mutated to M) this first step will fail and the user will come up with
an alert message that the tags cannot be located.

In order to overcome this limitation, we have used partial matching techniques such that the
start and end tag can be located approximately. Since the start and end tags are fixed, we know
what we are searching for in the DNA molecule. As per the example, we are looking for the key-
word START within the mutated string SEQ SMART ORCID PID SIGN ECC END UENCE.

Although there is no concrete match, we can use the partial matching techniques to output the
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closest match to START, which in this example is SMART. The approximate matching technique
breaks the entire string in which we are looking for the result into substring of length input string.
Each of the broken substring in the larger string is assigned a score based on how similar it is to the
input string. The match is inferred using the highest score. Now in the real DNA, we are looking
for sequences of A, C, G, and T. So there might be a case that there are multiple close matches
which means there are multiple starts. In those cases, we use the end tags to narrow our results.
The following steps describe how the approximate matching technique works. There can be a total

of four scenarios -

1. Case 1: No mutation in both start and end tags. - In this case, we can locate the extract
locations of the tags and hence approximate matching techniques are not needed. There can

be mutations in any other place which will be handled by the error correction code.

2. Case 2: Mutation in START tag only. - In this case, only the start tag has mutated, the
end tag is found directly. The tool looks for the closest match to START. If there is a single
match with the highest score then we can be pretty certain that the start tag has been located
correctly. However, in the substring of A, C, G and T, there can be multiple matches with
close scores i.e. there is no single stand out high score. In that case, we can use the end tag
for further elimination of choices. We already know that the content within the start tag and
the end tag is more than 556 base pairs (Signature is 512, ORCID is 32 and Plasmid ID is
12). Hence we choose only those start tags which are of distance 556 base pairs/characters
or more apart from the end tag. The logic is set to 556 or more because the length of the

error correction can be O if the user chooses no error correction.

3. Case 3: Mutation in END tag only. - In this case, only the end tag has mutated, the start tag
is found directly. The tool looks for the closest match to END. If there is a single match with
a highest score then we can be pretty certain that the end tag has been located correctly. For
multiple matches with close scores, we use the same logic as described above - the distance

between the start and end tag is more than or equal to 556 base pairs.
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4. Case 4: Mutation in both START and END tags. - In this case, we try to locate the closest
match for both tags. If there is a single match with a highest score for both of them then we
can be pretty certain that we have located them both correctly. Also, we invoke the criteria
of length more than or equal to 556 between them for more certainty. In case of multiple
start and end tags, we check the length criteria for each start and end tag pair possible from

the obtained results.

Various techniques exist to handle matching of similar strings. Most of the methods measure,
the distance between strings, using a distance equation (similar to euclidean distance) to do so.
One of the poineering works in this field is the Levenshtein distance. The Levenshtein distance
between two words is the minimum number of single-character edits (insertions, deletions or sub-
stitutions) required to change one word into the other. Levenshtein distance is generally considered
to be very accurate, but can become computationally intensive with very long strings. Similar to
Levenshtein, Damerau-Levenshtein distance with transposition (also sometimes calls unrestricted
Damerau-Levenshtein distance) is the minimum number of operations needed to transform one
string into the other, where an operation is defined as an insertion, deletion, or substitution of
a single character, or a transposition of two adjacent characters. The Optimal String Alignment
variant of Damerau-Levenshtein (sometimes called the restricted edit distance) computes the num-
ber of edit operations needed to make the strings equal under the condition that no substring is
edited more than once, whereas the true Damerau-Levenshtein presents no such restriction. The
difference from the algorithm for Levenshtein distance is the addition of one recurrence for the
transposition operations. Jaro-Winkler is a string edit distance that was developed in the area of
record linkage (duplicate detection). The Jaro-Winkler distance metric is designed and best suited
for short strings such as person names, and to detect typos. Jaro-Winkler computes the similarity
between 2 strings, and the returned value lies in the interval [0.0, 1.0]. It is (roughly) a variation
of Damerau-Levenshtein, where the substitution of 2 close characters is considered less impor-
tant then the substitution of 2 characters that a far from each other. The distance is computed as

-1 = (Jaro — Winkler similarity). A few algorithms work by converting strings into sets of
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n-grams (sequences of n characters, also sometimes called k-shingles). The similarity or distance
between the strings is then the similarity or distance between the sets. Jaccard index is one such
method which works on n-grams.

We used all of the five algorithms mentioned above for the approximate start and end tag
matching. One of the reasons for using all of the above was we wanted to find out which would be
most suited to the DNA domain. Also we wanted to measure the accuracy and efficiency of these
well known approaches. For testing, the fasta file is taken as input and the start and end tag within
the fasta file are manually changed. Then we search for the location of the defined start and end
tags within the mutated fasta file. The cases considered were single substitution, single deletion,
single insertion, double substitution, double deletion, double insertion, triple substitution, triple
deletion, and triple insertion.

The results for each algorithm are summarized on a case by case basis in Figure 8.1. The raw
results are presented in table 8.1. As can be seen from the Figures the Jaro algorithm was fairly
inaccurate with an average accuracy of only 35.12 %. The Jaccard algorithm fared much better but
was still imperfect with an average accuracy of only 95.18 %. All of the three Levenshtein variants
were perfectly accurate in their assessment. These results indicate that if accuracy was the chief

concern, either of the three Levenshtein variants would be ideal choices.

Table 8.1: Correct matches out of total reviewed strings by algorithm for each case.

Jaro - Winkler | Jaccard index | Levenshtein | Damerau-Levenshtein | Optimal Alignment
1 Substitution 10/30 30/30 30/30 30/30 30/30
1 Deletion 6/9 9/9 9/9 9/9 9/9
1 Insertion 28/34 34/34 34/34 34/34 34/34
2 Substitution 50/435 408/435 435/435 435/435 435/435
2 Deletions 19/44 41/44 44/44 44/44 44/44
2 Insertions 212/665 665/665 665/665 665/665 665/665
3 Substitution 118/3675 3216/3675 3675/3675 | 3675/3675 3675/3675
3 Deletions 42/123 101/123 123/123 123/123 123/123
3 Insertions 900/9129 9129/9129 9129/9129 | 9129/9129 9129/9129
Average Accuracy | 35.12% 95.18% 100.00% 100.00% 100.00%
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Figure 8.1: Accuracy of algorithms per case as a percentage.

Another important consideration in algorithm selection was speed. While an algorithm may be
perfectly accurate in its selection of a closest match to a string this means little in practice if the
algorithm has an untenably long run time. To this end the speed of the algorithms were compared.
To accomplish this each method was used to compare a series of one million random strings of
a set length. The distance metric was calculated between each of these strings against a separate
tag string of equal length. The amount of time it took for all of the strings to be compared was
recorded. This was done for each algorithm with strings ranging in size from 4 characters to 100
characters. A graph of the time in milliseconds (ms) for each algorithm is given in Figure 8.2.

As can be seen from Figure 8.2 there were noticeably different rates of growth for each al-
gorithm. The Jaro and Optimal String Alignment algorithms were the quickest, each growing at
very slow rates with Jaro being slightly faster overall. Jaro never surpassed 9000ms while Opti-
mal String Alignment remained below 13000 ms (milliseconds). There did not appear to be an

appreciable difference in the rate of growth between these two. The rates of growth for the Jac-
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Run-time Comparison of String Matching Algorithms

nment

Time in Milliseconds

Number Of Characters

Figure 8.2: Runtime analysis of various algorithms in milliseconds.

card, Levenshtein, and Damerau-Levenshtein algorithms appeared to be exponential. However,
their growth seemed to be occurring at different exponential rates. Damerau-Levenshtein was in-
creasing the most rapidly overall. Run times for very long strings exceeded 150,000 ms. Jaccard
was not far behind, taking up to 100,000ms for lengthy strings. Levenshtein was somewhat more
nimble, never exceeding 75,000 ms. The results indicate that if the speed of the algorithm was
the chief concern then Jaro or Optimal String Alignment would be the clear choice. Considering
both timing and accuracy a clear winner emerges. The Optimal String Alignment Algorithm was
both very fast and extremely accurate. Although any of the three Levenshtein variants were more
than accuracy enough Levenshtein and Damerau-Levenshtein suffered from unacceptable growth
in runtime. While the Jaro algorithm was marginally faster than the Optimal String Alignment
algorithm, Jaro was significantly less accurate and displayed a similar level of growth. Taking both

of these factors into consideration Optimal String Alignment was chosen as the preferred method.
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8.2 Search for shorter signatures

The length of the signature plays a very important role in this domain. As mentioned earlier,
shorter signatures imply less cost of synthesizing the signature and shorter signatures will be less
likely to impact the existing functionality and stability of the plasmid during signature embedding.
In our work, we simplified the identity-based signature(IBS) scheme proposed by Adi Shamir to
gain signature length. The Shamir’s IBS scheme and consequently our simplified Shamir’s IBS is
based on multiplicative groups over integers. There is no other identity-based signature scheme
that is based on multiplicative groups over integers. The other IBS schemes are based on elliptic
curve cryptography and pairing-based cryptography. We have used both of them to generate shorter
signatures than the simplified Shamir’s IBS. We will first briefly discuss the working principles of
elliptic curve cryptography and then discuss the identity-based signature scheme based on elliptic
curves called “Identity-based elliptic curve digital signature algorithm”(IBECDSA). Then we will
briefly discuss the basics of pairing-based cryptography and then discuss some of the identity-based
signature schemes based on pairing-based cryptography.

The use of elliptic curves in cryptography was suggested independently by Neal Koblitz [21]
and Victor S. Miller [22] in 1985. Elliptic curve cryptography algorithms entered wide use from
2004 to 2005. As of now, many standard cryptography algorithms that are widely used for se-
cure communication such as the Diffie-Hellman (DH) key exchange protocol, Digital Signature
Algorithm (DSA) have been replaced by their elliptic curve variants namely, Elliptic Curve Diffie-
Hellman(ECDH) key exchange protocol and Elliptic Curve Digital Signature Algorithm (ECDSA).

The primary benefit promised by elliptic curve cryptography is a smaller key size, reducing
storage and transmission requirements, i.e. that an elliptic curve group could provide the same
level of security afforded by an RSA-based system with a large modulus and correspondingly
larger key: for example, a 256-bit elliptic curve public key should provide comparable security to
a 3072-bit RSA public key. The U.S. National Institute of Standards and Technology (NIST) has
endorsed elliptic curve cryptography in its Suite B set of recommended algorithms, specifically

elliptic curve Diffie-Hellman (ECDH) for key exchange and Elliptic Curve Digital Signature Al-
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gorithm (ECDSA) for digital signature. The U.S. National Security Agency (NSA) allows their
use for protecting information classified up to top secret with 384-bit keys. Elliptic Curve cryptog-
raphy is particularly suited to applications where security is needed but lacks the power, storage
and computational power that is necessary for our current cryptosystems. The following figure

explains the key size needed in elliptic curves compared to traditional RSA/DSA.

Symmetric scheme ECC-based scheme RSA/DSA
(key size in bits) (size of n In bits) (modulus size in bits)

56 112 512

80 160 1024
102 224 2048
128 256 3072
=03 384 7680
256 512 15360

Figure 8.3: Comparison of key-size required in different cryptography schemes.

8.2.1 Brief background on elliptic curve cryptography

The main difference between RSA/DSA and elliptic curve cryptography is the fact that we are
not dealing with numbers or integers anymore. We are dealing with points on the curve. A detailed
explanation of elliptic curve cryptosystems and its working principles can be found here [23].
Apart from this, there are several other resources on the internet which an interested reader can
find. We will be going through a very short introduction to elliptic curve cryptography.

An elliptic curve is a plane curve defined by an equation of the form :

y* = 2° + ax + b (mod p)

where p is a prime number, a and b € Z,, and 4a® + 27b* # 0. The following figure shows

some examples of elliptic curves.
The modulo p, creates a group of points for a curve. In elliptic curve cryptography, we work

with this group of points instead of integers as in RSA/DSA. A group in mathematics is a set for

52



yi=x" -1 VY=x+1 yY=xX-3xr+3 y=x-4x v =x"—x
i ! . ! 71 I,
J Vi P _ /
,"'I py P . \\\\___f'f P ." /
i { | | | oy \
1 L | | ] | I _) "'
% o I| | I'
) “‘-.H ‘\-_ .//—\«._\- I‘l\_ + ! .'".
y Y 'l,I L

Figure 8.4: Examples of elliptic curves.

which we have defined a binary operation that we call addition and indicate with the symbol +.
In order for the set G to be a group, addition must defined so that it respects the following four

properties:

1. closure: if a and b are members of G, then a + b is a member of G;
2. associativity: (a +b) +c=a+ (b+ c);
3. there exists an identity element O such thata +0=04+a=a;

4. every element has an inverse, that is: for every a there exists b such that a + b = 0.

If we add a fifth requirement:

5. commutativity: a + b = b + a, then the group is called abelian group.

With the usual notion of addition, the set of integer numbers Z is a group (moreover, it’s an abelian
group). The set of natural numbers N, however, is not a group, as the fourth property can’t be

satisfied.

We can define a group law for ellipctic curves as follows:

e the elements of the group are the points of an elliptic curve;
o the identity element is the point at infinity 0;

o the inverse of a point P is the one symmetric about the x-axis;
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e addition is given by the following rule: given three aligned, non-zero points P, (), and R,

their sumis P+ Q + R = 0.

Point addition

With 2 distinct points, P and (), addition is defined as the negation of the point resulting from
the intersection of the curve, F, and the straight line defined by the points P and (), giving the

point, .

P+Q=R

(xpvyp) + ($q7?/q) = (xrayr)

Assuming the elliptic curve, F, is given by y? = x3 + ax + b, this can be calculated as:
N = Yo" Y
Lqg — Tp

T, =\ — 1, — 1,

Yr = )‘(xp —z,) — Yp

Point doubling

Where the points P and (), are coincident (at the same coordinates), addition is similar, except
that there is no well-defined straight line through P and (), so the operation is closed using limiting
case, the tangent to the curve, F, at P and (). This is calculated as above, except with:

:39612,—1-@

2y,

where «a is from the defining equation of the curve, F, above.
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Scalar multiplication

Other than addition, we can define another operation: scalar multiplication, that is:

n-P=P+P+---+P
n times
where n is a natural number. Written in that form, it may seem that computing nP requires n
additions. But there are faster algorithms like double and add and others that can efficiently do
this computation.

Given, n and P, there exists many algorithms that will give us the result () = nP. But if we
are given () and P, and we need to find n, there is no polynomial time algorithm to find n. This is
the crux of elliptic curve cryptography and is called the elliptic curve discrete logarithm problem.

Finally, the summary of the differences between working with groups of integers as in

RSA/DSA and working with groups of elliptic curve points are described in the figure below:

Group z3 E(Z,)

(Group Integers Points (x,)1 on £

Elements {1.2...p-1} plus &

Group Multiplication Addition

Operation modulo p of points

Notation Elements: g h Elements B0
Multiplication: g - 1 Addition: P+ Q
Inverse; g1 MNegative, —F
Division: gfh Subtraction: P—Q
Exponentiation: g2 Multiple, aF

Discrete Given ge Z% Given Pe £(Z))

Logarithm and ©7=g2 mod p, and Q = aF,

Problem find 2 find 2

Figure 8.5: Group operations on elliptic curves vs group operation on integers
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8.2.2 Elliptic curve parameters

After getting familiar with the working principles of elliptic curves, the question arises how do
we get a curve and its parameters. There are many curves out there which can be used for elliptic
curve cryptography and some of them have been standardized and recommended by NIST after
testing them rigorously. The full list of NIST recommended curves can be found here [24]. Below
is an example of a curve from that document. This curve is called NIST P-192 or secpl192rl
because of the prime and the order of the curve has 192 bits.

The verifiably random elliptic curve domain parameters over I, secp192r1 are specified by

the sextuple 7" = (p; a; b; G; n; h) where the finite field F,, is defined by:

p = FFFFFFFF FFFFFFFF FFFFFFFF FFFFFFFE FFFFFFFF FFFFFFFF
— 2192 o 264 -1

= 6277101735386680763835789423207666416083908700390324961279

The curve E : y? = 2% + ax + b over I, is defined by:

a = FFFFFFFF FFFFFFFF FFFFFFFF FFFFFFFE FEFFFFFF FFFFFFFC
=-3
b = 64210519 E59CS0ET 0F ATE9AB 72243049 FEBSDEEC C146B9B1

= 2455155546008943817740293915197451784769108058161191238065

E was chosen verifiably at random as specified in ANSI X9.62 from the seed:

S =3045AFE6F C8422F64 ED579528 D38120E A E12196D5

56



The base point GG in compressed form is:

G =03 188D A80E B03090F6 TCBF20EB 43A18800 FAFFOAF D 82FF1012

and in uncompressed form is:

G =04 188DAS0E B03090F6 TCBF20EB 43A18800 FAFFOAFD 82FF1012

07192895 FFC8DAT8 631011ED 6B24CDD5 7T3F977A1 1E794811

Finally the order n of GG and the cofactor are:

n=FFFFFFFF FFFFFFFF FFFFFFFF 99DFEF836 146BC9B1 B4D22831
= 6277101735386680763835789423176059013767194773182842284081

h =01

After loading these parameters we can proceed to a signature algorithm like ECDSA. The
signature generated by this curve having 192 bits prime using ECDSA will have the same security

of using a 1536 bit prime DSA.

8.2.3 ECDSA

Here we will describe how ECDSA [25] works. Note that ECDSA is not an identity-based
signature algorithm that is every entity using ECDSA must have its own public-private key pair.
But in order to move to identity-based ECDSA, we need to go through the steps in ECDSA as
many steps are common. ECDSA is widely used today as a signature algorithm as it is fast, secure
and offers a smaller signature size than DSA. One of the notable use of ECDSA is in Bitcoin to
ensure that funds can only be spent by their rightful owners.

Suppose Alice wants to send a signed message to Bob. Initially, they must agree on the curve

parameters (CU RV E, G, n). In addition to the field and equation of the curve, we need G, a base
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point of prime order on the curve; n is the multiplicative order of the point G. These parameters
can be taken from the NIST P-192 curve described in the above section.

Alice creates a key pair, consisting of a private key integer d 4, randomly selected in the interval
[1,n — 1]; and a public key curve point Q4 = d4 X G. We use X to denote elliptic curve point
multiplication by a scalar.

For Alice to sign a message m, she follows these steps:

1. Calculate e = HASH(m), where HASH is a cryptographic hash function, such as SHA-
256.

2. Let z be the L,, leftmost bits of e, where L, is the bit length of the group order n.
3. Select a cryptographically secure random integer k from [1,n — 1].

4. Calculate the curve point (z1,71) = k X G.

5. Calculate » = x1 mod n. If r = 0, go back to step 3.

6. Calculate s = k(2 + rda) mod n. If s = 0, go back to step 3.

7. The signature is the pair (7, s).

It can be noted that the signature is a tuple (r, s) and both are modulo n. So the length of each
variable is as long as n and consequently, the length of the signature is 2n. Now if we use NIST
P-192, the length of n is 192 bits, hence the signature length is 384 bits. If we use a more secure
curve NIST P-256, the signature length will be 512 bits.

For Bob to authenticate Alice’s signature, he must have a copy of her public-key curve point

(4. Bob can verify () 4 is a valid curve point as follows:
1. Check that @) 4 is not equal to the identity element O, and its coordinates are otherwise valid.
2. Check that () 4 lies on the curve.

3. Check thatn x Q4 = O.
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After that, Bob follows these steps for signature verification:
1. Verify that r and s are integers in [1,n — 1]. If not, the signature is invalid.

2. Calculate e = HASH (m), where HASH is the same function used in the signature gener-

ation.
3. Let z be the L,, leftmost bits of e.
4. Calculate w = s~ mod n.
5. Calculate u; = zw mod n and uy = rw mod n.

6. Calculate the curve point (1, y1) = u3 X G + ug X Q4. If (21,y1) = O then the signature

is invalid.
7. The signature is valid if = 21 (mod n), invalid otherwise.

It is not immediately obvious why verification even functions correctly. To see why, denote as

C the curve point computed in step 6 of verification,

C=u XxG+uy xQa

From the definition of the public key as Q4 = d4 X G,

C:U1XG—|—U2dAXG

Because elliptic curve scalar multiplication distributes over addition,

C= (Ul +u2dA) x G

Expanding the definition of u, and u, from verification step 5,

C= (25" +rdas') x G
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Collecting the common term s~ 1,

C=(z+rda)s ' xG

Expanding the definition of s from signature step 6,

C=(z+rdy)(z+rd) (k) x@

Since the inverse of an inverse is the original element, and the product of an element’s inverse and

the element is the identity, we are left with

C=kxd

From the definition of r, this is verification step 6.

8.2.4 Identity-based ECDSA

The identity-based variant of ECDSA called IBECDSA was proposed by Hu Jin et. al. in
2010 [26]. The algorithm utilizes many steps in the original ECDSA. The key derivation from the
identity is the added step like any other identity-based signature scheme. The scheme consists of
four steps: setup, extract, sign, verify.

Setup: The setup generates the elliptic curve parameters. One can utilize any recommended
parameters from the NIST document [24] e.g. NIST P-192 or secpl192rl. The secret key is
x is randomly chosen and is called master secret key because the secret-keys of the users will be
derived from this and their identity. The public key P,,, = G where G is the base point. The

public key is also called master public key.
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Extract: Takes as input the elliptic curve parameters, the master secret key z, and a user’s
identity and returns the users identity-based secret key. This step is perfomed the central authority

for each user A with identity D 4.

1. Choose arandom r € Z*, computer R4 = rG and h = H(ID, || R4). where H is a secure

cryptographic hash function such as SHA-256.
2. Compute s4 = (r + hx) mod n.
User A’s secret key is (R4, s4) and it is transmitted to A via a secure channel. A can validate her
private key by checking whether the following equation holds:
SAG = RA + H(IDA ” RA)Ppub
Sign: To sign a message m, a user A with the curve parameters and the secret key (R4, 54)
does the following:

1. Generate the signature (7, s) of the message m using the algorithm of ECDSA signature

generation, where the secret key is s 4.
2. A’s signature for the message m is (R4, 7, S).

Verify: To verify A’s signature (R4, 7, s) on m, B needs to obtain the curve parameters and

the associated master public key P,,;. The verification procedure is as follows:
1. Compute h = H(IDy4 || Ra)
2. Compute Q = Ry + hP,u

3. Verify the signature (7, s) of the message m, using the ECDSA signature verification algo-

rithm, where the public key is ().

It can be noted that the signature generated by IBECDSA is a triple (R 4, 7, s). We already know

the r and s from ECDSA and their length. r and s is of length n each where n is the order. For
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example using the NIST P-192 curve, where n is 192 bits r and s totals 384 bits. Lets look ar R 4,
it is a point on the curve and so it is two parts to it, the z-coordinate and the y-coordinate. It would
be better to represent the signature as (Rax, R4y, 1, s) because R4 is internally two components.
Each of the coordinates is again n bits in length so the total signature length in IBECDSA is 4n.
Hence using NIST P-192 the signature length would be 768 bits. However, there is a technique
called point compression where instead of denoting a point on the curve by (x, y) it is sufficient to
just denote it by z. This is because the y coordinate can be solved by plugging the value of x in
the curve equation E : y? = 2 + ax + b.

But it is to be noted that the y is not linear, it is a square term. So for every x there are two
possible values of y. So which value of y is the correct value? For this inference, we need to
encode some extra bits of information about y coordinate while compressing. Recall section 8.2.2,
the base point has two representations, the compressed form, and the normal form. The normal
form begins with 04. This is to indicate the receiver that both the values are passed and there is
no need to calculate the y coordinate. In the compressed form we can see that the x coordinate us
prefixed by 03. The convention of compressing is that, if the y coordinate has odd value then the
x co coordinate is prefixed by 03. If it is even, the x coordinate is prefixed by 02. The receiver can
use this information while calculating the corresponding y value from the compressed form. The
length of the normal representation (x, y) is of length 2n - (1, n) but the compressed representation
is not n rather it is n + 8. In this extra 8 bits or 1 byte, the extra information about the y coordinate
is enclosed i.e. 02 or 03. Hence, it is possible to make this IBECDSA signature length 3n + 8 bits
instead of 4n bits.

We compared the IBECDSA signature length with the original Shamir’s IBS scheme and the
simplified Shamir’s IBS scheme for various security parameters. The following table represents
the signature length in each of the schemes and how much signature length gain we can have by

switching to IBECDSA.
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Table 8.2: Signature size comparison using Shamir’s scheme, Simplified Shamir’s Scheme and IBECDSA.

Equivalent
Simplified IBECDSA IBECDSA
. Shamir’s IBS Key Size
Key Size Shamir’s IBS Size Without Size With
Size in ECC
Size Point Compression | Point Compression
/ Name of curve
1024 bits 20438 bits 1024 bits 160 bits / NIST P-160 640 bits 488 bits
1536 bits 3072 bits 1536 bits 192 bits / NIST P-192 768 bits 584 bits
2048 bits 4096 bits 2048 bits 224 bits / NIST P-224 896 bits 680 bits
3072 bits 6144 bits 3072 bits 256 bits / NIST P-256 1024 bits 776 bits

8.2.5 Brief background on pairing-based cryptography

Pairing-based cryptography emerged in 2000 with Joux’s tripartite Diffie Hellman [27] and
Sakai’s pairing-based cryptosystem [28]. But it gained a lot of popularity with Dan Boneh’s
groundbreaking solution to a long time unsolved problem of “Identity-based Encryption” [29].
Identity-based cryptosystems were first proposed by Shamir in 1984 [11]. The signature scheme
we have used in our work is a simplified version of his proposed scheme. Although he came up with
a working solution for identity-based signatures, he could not describe a fully working scheme for
identity-based encryption. The identity-based encryption is possible only through pairing-based
cryptography. Not only identity-based encryption but identity-based key exchange, identity-based
identification, and many other schemes are possible because of pairing-based cryptography.

Pairing-based cryptography is an extension of elliptic curve cryptography. Pairing-based cryp-
tography uses specially chosen curves that allows us to check more complicated equations over
elliptic curve points. Pairing or bilinear pairing (and hence the name) can be thought of as an op-
eration which when applied to elements of two groups, generates an output element which belongs
to a third group. A detailed explanation of how pairing-based cryptography works can be found
here [30]. There are many resources on the internet apart from the referred paper which can be
used since this is one of the hot topics in cryptography. We will not be going through all the details

of the working principles of pairing-based cryptography. We will be going through the definition of
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bilinear maps, sketch a small example of how they work and then move on to describe the special
curves that support pairing.

The following definition of “pairing” is commonly used in most academic papers [30] -

Let GG1, G4 be two additive cyclic groups of prime order ¢, and G another cyclic group of
order g written multiplicatively. A pairing is a map: e : G; X G2 — Grp , which satisfies the
following properties:

Bilinearity: Va,b€ F,VP € G1,Q € Gy : e (aP,bQ) = e (P, Q)™

Non-degeneracy: e # 1

Computability: There exists an efficient algorithm to compute e.

If the same group is used for the first two groups (i.e. G; = (3), the pairing is called symmetric
and is a mapping from two elements of one group to an element from a second group.

Some researchers classify pairing instantiations into three (or more) basic types:

1. G; = Gs

2. Gy # G but there is an efficiently computable homomorphism ¢ : G — G.

3. G # G5 and there are no efficiently computable homomorphisms between Gy and Go.

The word “bilinear” here means it satisfies the constraints:

e(P,Q + R) =¢(P,Q) xe(P,R)

e(P+5,Q) =e(P,Q) *e(5,Q)

Note that + and * can be arbitrary operators, when we create fancy new kinds of mathematical
objects, abstract algebra doesn’t care how + and * are defined, as long as they are consistent in the

usual ways,eg. a +b=0b+a, (axb)xc=ax*(bxc)and (axc)+ (b*c) = (a+b)*c.
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Lets take a simple example of pairing with numbers. Let’s assume : e(x,y) = 2*¥. Then, we

can see:

e(3,4+5) =209 = 277

e(3,4) x e(3,5) = 20 5 2(35) — 912 4 915 _ 927

We can observe the “bilinear” property. However, such simple pairings are not suitable for cryp-
tography because the objects that they work on are simple integers and are too easy to analyze;
integers make it easy to divide, compute logarithms, and make various other computations; simple

integers have no concept of a “public key” or a “one-way function”.

8.2.6 Pairing supported curve parameters

In elliptic curve parameters, we saw that the format of the parameters of the different curves
is the same, the main difference is in the length of the prime used in the curve equation. Apart
from that, all NIST defined curves have almost the same parameters like a, b, G, n etc. However,
in pairing supported curves, there are a lot of different “types” of curves. Each type of curve
is different in its base form or equation that defines it. Also, for each type, the prime can be
different to provide better security. In our work, we have used the jJPBC: Java pairing based
cryptography library [31](http://gas.dia.unisa.it/projects/jpbc). The different types of curves and
their parameters are provided in the library as “properties” files. The library has the following
types of curves supported :

Type A: Type A pairings are constructed on the curve y* = z* 4+ x over the field F, for some
prime ¢ = 3 mod 4. Both G and G are the group of points E(F}), so this pairing is symmetric.
It turns out #E(F,) = ¢+ 1 and #E(F2) = (¢ + 1)?. Thus the embedding degree £ is 2, and

hence G'7 is a subgroup of Fi2. The order r is some prime factor of ¢ + 1.
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There is only one built-in type A curve in the library. The parameters in the file a.properties
are -

type a

q 87807107996633125224377819847540498158068831994142082110286533992664756308
802229570786251794226622214231558587695823174592777133673174813249251299982247
91

h 1201601226489114607938882136674053420480295440125131182291961513104720728
9359 704531102844802183906537786776

r 730750818665451621361119245571504901405976559617

exp2 159

expl 107

signl 1

sign0 1

Here, ¢ is 512 bits or 64 bytes, r is 160 bits or 20 bytes. It is recommended to use at least
512-bit primes for type A curves. Other parameters can be generated using the following line of
code -

ParametersGenerator pbcPg = new PBCTypeACurveGenerator(rBits, gBits);

The size of the group elements are as follows - since r is 20 bytes, any element in the group Z,
is 20 bytes. An element in the group G, is an element over Fj,. Since ¢ is 512 bits or 64 bytes, an
element of the group G is 2*64 = 128 bytes (each element is a point whose x cord is 64 bytes and
y cord is 64 bytes). Since this curve uses symmetric pairing, the elements of the group G and G
are also 128 bytes each.

Type Al: Type Al uses the same equation, but have different fields. It supports fields of com-
posite order. The parameters are very close to type A, hence we are not listing the A1 parameters.
The code to generate type Al parameters is -

ParametersGenerator pbcPg = new PBCTypeA 1CurveGenerator();
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Type D: These are ordinary curves of with embedding degree 6, whose orders are prime or a
prime multiplied by a small constant. A type D curve is defined over some field F;, and has order
h x r where r is a prime and % is a small constant. Over the field, Fis its order is a multiple of 2.
Typically the order of the curve F is around 170 bits, as is F,, the base field, thus ¢* is around the
1024-bit mark which is commonly considered good enough. These type of curves were discovered
by Miyaji, Nakabayashi, and Takano and commonly known as MNT curves [32].

There are 3 type D curves built-in the library - d159, d201, and d224. The numbers represent
the bits in the prime ¢. Let us look at the parameters in the d159.properties file -

type d

q 625852803282871856053922297323874661378036491717

n 625852803282871856053923088432465995634661283063

h3

r 208617601094290618684641029477488665211553761021

a 581595782028432961150765424293919699975513269268

b517921465817243828776542439081147840953753552322

k6

Here, ¢ is 160 bits or 20 bytes, r is 160 bits or 20 bytes. The parameters a and b are the
coefficients in the equation E : y*> = 2% + ax + b. The size of the group elements are as follows
- since r is 20 bytes, any element in the group Z, is 20 bytes. An element in the group G, is an
element over F7,. Since ¢ is 160 bits or 20 bytes, an element of group G is 2¥20 = 40 bytes. The
elements of the group G, are over Fis and hence they are 120 bytes. An element of G'r is also 120
bytes. Apart from the parameters listed above there are some more which we did not show, they
are nk - number of points in E(Fqk), hk where nk = hk % r x r, coeff0, coeff1, coeff2 and nqr -
quadratic nonresidue in F},. The other two files have the same parameters just the prime bits are
more. The code to generate type D parameters is -

ParametersGenerator pbcPg = new PBCTypeDParametersGenerator(discriminant);
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Type E: The CM (Complex Multiplication) method of constructing elliptic curves starts with
the Diophantine equation DV? = 4q — 3. If t=2 and ¢ = Dr?h? + 1 for some prime 7 (which we
choose to be a Solinas prime) and some integer h , we find that this equation is easily solved with
V =2rh.

As g 1s typically 1024 bits, group elements take a lot of space to represent. Moreover, many
optimizations do not apply to this type, resulting in a slower pairing. Hence this type E curve is
not generally used in any schemes and so we will not be listing the parameters here. An interested
user can look up the file e.properties in the jPBC library.

Type F: Using carefully crafted polynomials, k = 12 pairings can be constructed. Only 160 bits
are needed to represent elements of one group and 320 bits for the other. Also, embedding degree
k = 12 allows higher security short signatures. The equation is of the form E : y?> = x> + b. These
type of curves were discovered by Barreto and Naehrig and commonly known as BN curves [33].

There is only one type F curve built in the library. The parameters in the file f.properties are -

type f

q 205523667896953300194896352429254920972540065223

r 205523667896953300194895899082072403858390252929

b40218105156867728698573668525883168222119515413

beta 115334401956802802075595682801335644058796914268

alpha0 191079354656274778837764015557338301375963168470

alphal 71445317903696340296199556072836940741717506375

Here, ¢ is 158 bits or 20 bytes, r is 158 bits or 20 bytes. The parameter b is the coefficient in
the equation F : y* = 2® + b. The size of the group elements are as follows - since 7 is 20 bytes,
any element in the group Z, is 20 bytes. An element in the group ¢ is an element over F,. Since
q is 20 bytes, an element of group Gy is 2*20 = 40 bytes. The elements of the group G5 are 80
bytes and the elements of group G are 240 bytes. The code to generate type F parameters is -

ParametersGenerator pbcPg = new PBCTypeFCurveGenerator(rBits);
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Type G: Type G curves are exactly the same structure as type D curves with the only difference
being in the embedding degree. The embedding degree £ is of 10. These types of curves were
discovered by Freeman [34]. The parameters are exactly the same as described in type D curve
parameters. There is only one type G curve built in the library called g149.properties. The prime
q 1s 149 bits the order r is also 149 bits. The size of the group elements are as follows - since 7 is
149 bits or 19 bytes, any element in the group 7, is 19 bytes. An element in the group (i is an
element over F7. Since ¢ is 149 bits or 19 bytes, an element of group G is 2¥19 = 38 bytes. The
elements of the group G5 and G are 190 bytes each. The code to generate type G parameters is -

ParametersGenerator pbcPg = new PBCTypeGParametersGenerator(discriminant);

The following table represents the different types of curves built in the jJPBC library and the

different sizes of the group elements for each type of curve.

Table 8.3: Sizes of the different group element for the different types of curves built in jPBC.

Bits in prime (q) Size of Size of Size of Size of

Curve Name oo P V| elementin | elementin | elementin | element in
/Bits in order (r) 7 G a a
T 1 2 T

Foperti 512/ 160 160 bits 1024 bits 1024 bits 1024 bits
A.properties or 20 bytes | or 128 bytes | or 128 bytes | or 128 bytes

. 1024 bits 2080 bits 2080 bits 2080 bits
al.properties 103371022 or 128 bytes | or 260 bytes | or 260 bytes | or 260 bytes

. 160 bits 320 bits 960 bits 960 bits
d159.properties 1597158 or 20 bytes | or 40 bytes | or 120 bytes | or 120 bytes

. 184 bits 416 bits 1248 bits 1248 bits
d201 properties 2017181 or 23 bytes | or 52 bytes | or 156 bytes | or 156 bytes

. 224 bits 448 bits 1344 bits 1344 bits
d224.properties 2241224 or 28 bytes | or 56 bytes | or 168 bytes | or 168 bytes

. 160 bits 2048 bits 2048 bits 1024 bits
€-properties 10207160 or 20 bytes | or 256 bytes | or 256 bytes | or 128 bytes

. 160 bits 320 bits 640 bits 1920 bits
f.properties 158 /158 or 20 bytes | or 40 bytes | or 80 bytes | or 240 bytes

. 152 bits 304 bits 1520 bits 1520 bits
g149 properties 1497149 or 19 bytes | or 38 bytes | or 190 bytes | or 190 bytes
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8.2.7 Identity-based signature schemes using pairings

There are several identity-based digital signature schemes using pairings. Some of the notable
schemes are - Sakai-Kasahara, 2003 [35], Sakai-Ohgishi-Kasahara, 2000 [36], Paterson, 2002
[371, Cha-Cheon, 2003 [38], Xun Yi, 2003 [39]. The Sakai-Kasahara scheme described two types
of identity-based signatures - one is called an El-Gamal type and the other is called the Schnorr
type. We have implemented all the above schemes using the jJPBC library. Based on the signature
sizes that each of the schemes offers and also the cost of signature generation and verification, the
best scheme is the Sakai-Kasahara Schnorr type. A detailed study of the schemes described above

can be found in [40].

8.2.8 Sakai-Kasahara identity-based signature

We will first describe the Sakai-Kasahara Schnorr type scheme. Then we will discuss the
signature length based on the different type of curves that can be used. Also, the time to generate
and validate a signature depends on the type of the curve used. We will evaluate both aspects: time
to sign and verify, and the size of the signature using this algorithm for all the different types of
curves present in the jPBC library.

The Sakai-Kasahara Schnorr type scheme has four steps: setup, extract, sign and verify

Setup: The setup generates the curve parameters. The different curves provided in the jPBC
library can be used to load the parameters. Let g; be the generator of Gy, g» be the generator of
G,. Arandom x € Z is chosen to be the master secret. Two public keys P, and P, are calculated
as- P, =x-g;and P, = x - go. An embedding function H is chosen such that H(0,1)* — G;.

Extract: Takes as input the curve parameters, the master secret key x, and a user’s identity and
returns the users identity-based secret key. This step is perfomed the central authority for each user

A with identity 1D 4.

1. For an identity /D 4, calculate C4 = H(ID,). That is map the identity string to an element

of Gl.

2. Calculate V4 = x - Cy4.
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User A’s secret key is (C'4, V1) and is sent to the user via a secure channel.
Sign: To sign a message m, a user A with the curve parameters and the secret key (C'a, V)

does the following:
1. Choose arandom r € Z. Compute Z4 =1 - go.
2. Compute e = ¢,(Ca, Z4), where e, is the pairing operation.

3. Compute h = Hy(m || e), where H; is a secure cryptographic hash function such as SHA-

256 and || is the concatenation operation.
4. Compute S = hVy +rCy .

A’s signature for the message m is - (h, .S)

Verify: The verification procedure is as follows:
1. Compute w = €,(S, g2) * €,(Ca, —hP)
2. Check Hy(m || w) = h

The above equation works because:

e=e,(Ca,Z4) = e, (Ca,r-g2) = €,(Ca, go)"
w = e,(9,92) * €,(Ca, —hPy)

= en(hVa +1rC4, g2) ¥ €,(Ca, —ha - go)

= ep(ha - Cy +71C4, g2) * en(Ca, g2) "

- €n<<hl’ + T) ’ CA?QQ) * €n<CA792)_hx

hx+r hx

= €n<CA7g2) * en(CAa.QQ)i

=e,(Ca, g2)"

Hence, h = Hi(m || ) = Hy(m || w).
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It can be observed that the signature is a tuple (h, S) where h is the result of a hash function.
This length is dependent on the choice of the hash function. If we choose SHA-1, then £ is 20 bytes
and if we choose SHA-256 the length is 32 bytes. The value S is an element of the group GG;. Hence
its length will be dependent on the curve type and the length of the prime. The following is the

comparison of the signature length using the different curves without using any point compression.

Table 8.4: Signature size using different curves for the Sakai-Kasahara scheme.

Signature Size using SHA-1 | Signature Size using SHA-256
(Bytes) (Bytes)

Curve Name

a.properties

(20, 128) = 148

(32, 128) = 160

al.properties

(20, 260) = 280

(32, 260) =292

d159.properties (20, 40) = 60 (32,40) =72
d201.properties (20,52)="172 (32,52)=84
d224.properties (20, 56) =76 (32, 56) = 88
e.properties (20, 256) =276 (32, 256) = 288
f.properties (20, 40) =60 (32,40) =72
g149.properties (20,38) =58 (32,38)=70

A bit of tuning to further shorten signature size:

It can be noted that since S is a point on the curve, we can apply point compression technique
to shorten its length. By default, the JPBC library does not have this built in but we have included
this technique to shorten the signature size. So if the size of .S is 2n bytes - the point compression
technique will result in n + 1 bytes.

Another observation can be made when computing the verification step - ,,(C4, —hP,). Here
—h is the negative hash value integer and we perform a scalar multiplication with the point P.
There is only one integer group involved and that is Z, where r is the order of the curve. So when

performing that scalar multiplication —h - P, jPBC internally converts the hash value to an element
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of Z, by modulo 7. Hence, instead of writing the signature as (h, S) we can rewrite that as (R, .S)
where R = h mod r. This implies our signature is now of the form (R, S), where R is an element
of the group Z.,.

Also, we can note the fact that if we use SHA-1, then it will not make that much of a difference
in the size, but SHA-1 is not a recommended hash function nowadays, it has been replaced by
SHA-256. In this case, we can gain some length since SHA-256 is 32 bytes. However, this tuning
will degrade signature length for type Al curves as the element in Z, is 128 bytes. So if we use
the Al curve, it is better to keep the signature in the form (h, S). For all other types converting
the signature to (R, S) is better. The following table represents the signature sizes using different

curves after tuning the signature to (R, S) -

Table 8.5: Signature size using different curves for the Sakai-Kasahara scheme before and after tuning.

Signature size before tuning | Signature size after tuning
Curve Name and using SHA-256 and using SHA-256
(Bytes) (Bytes)
a.properties (32, 128) =160 (20, 65) = 85
al.properties (32, 260) = 292 (128, 131) =259
d159.properties (32,40) =72 (20, 21) =41
d201.properties (32,52)=84 (23,27) =150
d224.properties (32,56) =88 (28, 29) =57
e.properties (32, 256) = 288 (20, 129) = 149
f.properties (32,40) =72 (20, 21) =41
g149.properties (32,38)=170 (19, 20) =39
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Based on the signature size, it can be observed that the best performance is provided by the
d159, f, and g149 curves. However, the length of the primes are a bit different and also the embed-
ding degree is different. In the d159 curve, the prime is 159 bits and the embedding degree is 6. In
the f curve, the prime is 158 bits and the embedding degree is 12. In the g149 curve, the prime is
149 bits and the embedding degree is 10. In the context of the small difference in signature sizes
and the security related to each type, the better choice is the f curve.

The time to generate the signature and verify also depends on the type of the curve because
of their properties. The following table denotes the time to sign and verify using the different
types of curves. The times are measured after tuning the signature because it involves additional

computation of point compression and decompression.

Table 8.6: Average time taken to sign and verify for different types of curves for the Sakai-Kasahara scheme.

Curve Name Average Time to sign | Average Time to verify
(milliseconds) (milliseconds)
a.properties 56 60
al.properties 594 448
d159.properties 102 98
d201.properties 121 138
d224.properties 129 131
e.properties 262 214
f.properties 133 251
g149.properties 170 219
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From the speed perspective, it can be seen that the a type curve is the fastest while generating
and verifying the signature. But the size of the signature is way larger. The short signature size
generating curves i.e. d159, f and g149 take a bit more time. The d159 curve takes around 100 ms
for both signature generation and verification. The f curve takes around 150 ms to sign and 250
ms to verify, and the g149 curve takes around 200 ms to sign and verify. It is, therefore, a matter
of priority - signature size over speed. If we need to sign and verify a lot of messages and we do
not care about the signature size then type A curve is a good choice. However, if the size of the
signature is more important than speed like in our application, the f type curve is a better option.

The f type curve offers the best of both world - the signature size is short, second only to the
2149 curve. With respect to speed it offers almost the same performance as the g149 and the d159
curve. But the main reason to select the f type curve is that it offers the best security among the
three as its embedding degree is higher.

We started with 512 base pair signatures using simplified Shamir’s scheme. We then moved to
elliptic curve based signature schemes and found that if we use the same security level the signature
size would be 244 base pairs. For a better security level, the signature size would be 292 base pairs.
Then we moved to pairing-based cryptography and found that for a tight security level, the length

of the signature can be reduced to just 164 base pairs.
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Chapter 9

Conclusion and Future Work

We discussed a novel effort to embed digital signatures into DNA molecules that are synthe-
sized in the laboratory. Does digital security solutions, in particular cryptographic techniques, map
well to a physical world? That was the big question that we had in mind for this research.

Synthetic DNA molecules are frequently shared physically. There is a need to bestow origin
attribution properties to these molecules which are often licensed intellectual property. However,
recent efforts to provide this property using watermarking techniques suffer from the problem that
the watermark is independent of the DNA molecule (although it is embedded in the molecule).
Thus, the watermark can potentially be removed from a physical DNA and embedded in another
sample or replaced with another entity’s watermark. We described our efforts to provide more
secure origin attribution properties using digital signatures.

As a proof of concept, signatures were generated in the laboratory and inserted into two plas-
mids. The first, 401734, is a synthetic plasmid composed of two antibiotic resistance genes and
an origin of replication. The second, 190691, is the commonly used standard vector pUC19. The
physical signature embedding and validation protocol is a complex biological process, a detailed
discussion of which involves extensive domain knowledge beyond the scope of this work. Con-
sequently, we omit this discussion from this work. We performed experiments to determine if
the addition of the signature would impact the characteristic and the function of the original plas-
mid. From the experiments, it was inferred that the addition of the signature does not impact the
characteristic of the plasmid. The experiments that we did was on the 512 bp signature using the
simplified Shamir’s scheme. As improvements, we have come up with schemes that offer way
smaller signature size - 164 bp. So we can be optimistic about the fact that this signature will also
not impact the characteristics and the functionality of the plasmid.

There are several research questions that have not yet been answered and works that we plan

to undertake in this area. First, our choices of parameters for the digital signatures as well as error
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correction codes are not based on some mathematical models of properties of the DNA vis-a-vis
its size. Rather they are based on domain knowledge and experimental analysis. Models of DNA
properties can help in making optimal parameter choices to trade off the size of the sequences
encoding signatures, security strengths of signatures and degree of error resiliency.

Related to this first research challenge is the question of whether embedding signatures is appli-
cable for naturally occurring DNA and for DNA sequences larger than plasmids such as microbial
or even plant or animal genomes. We have assumed that there is some leeway regarding the prop-
erties of DNA molecules that allows for the addition of a signature without altering function or
stability. Current knowledge indicates that large portions of genomes probably do not play a func-
tional role. So it is possible to embed a signature in these regions. However, from an evolutionary
standpoint, sequences which do not play a functional role are less likely to be retained unchanged
in the genome. Additionally, the sheer size of a genome means that mutations are more likely
to occur and sequencing technologies are not yet robust enough to provide completely error-free
whole genome sequences. In that case, what kind of security guarantees can we provide? For
instance, could we apply digital signatures only to portions of larger sequences that are significant,
such as those parts of a microbial genome which have been re-engineered for a specific purpose?
Are there alternate signature schemes that are worth investigating that would be better-suited to
whole genomes?

A third research area would involve signing and verifying the same DNA molecule multiple
times by different users. Alice signs and sends a DNA sample to Bob and Bob validates Alice’s
DNA. Then Bob continues to modify it, signs it and sends it to Mallory. Can Mallory only verify
Bob’s signature, or is there a way for Mallory to track the entire pathway starting from Alice? It
would be interesting to see if the concept of aggregate signatures can be applicable in these sce-
narios. Also, it would be interesting to see if we put a signature on top of an existing signature
whether the characteristic of the DNA changes or not. If it does not, how many signatures can be
inserted before the characteristics of the original DNA molecule begin to change? Also, if we can-

not put multiple signatures within the same DNA molecule, how do we remove the signature that
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was present before signing it again. Finally, does removing the signature also alters the property
of the DNA?

A fourth problem that comes into focus is the issue of key revocation. What are the semantics
of key revocation and how is this going to be achieved? Certainly key revocation in the cyber-
bio world is very different from the digital world. If a key is revoked in the digital world, one
can dis-validate any message signed with the revoked key. Signing, a duplicate copy of the same
message is not expensive. However, it is not trivial to dis-validate a DNA molecule, synthesize a
new one with the same properties and sign it with a new key. This causes us to rethink the whole
key revocation model in the cyber-bio world.

A fifth research area involves studying the synthetic DNA sharing supply chain and developing
techniques to ensure origin attribution. To illustrate the problem, recall that DNA molecules are
shared to study their properties and possibly manipulate them to build a different DNA molecule.
If a DNA molecule is licensed as an IP and is subsequently used in this manner, the synthesizer of
the original molecule would like to get some credit for the root molecule. It will be interesting to

study how if at all, this can be achieved.
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