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Phenotype – What you “observe”
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Genotype – Determinants of what you “observe”
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Example of genotype-phenotype correlation
• GWAS (Genome Wide Association Study)
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Molecular level genotype-phenotype correlation
• Two variants of the same protein with two different phenotypes

• Clearly L10R has a significant impact on the phenotype
• But…
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Molecular level genotype-phenotype correlation
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• What if you have 300 variants each with 10-20 mutations?
• How to figure out what’s what in terms of genotypes and phenotypes?
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Enter: SigniSite
• Input: A multiple sequence alignment (MSA) with a numerical value to each sequence
• Algorithm:

1. Form a MSA of different variants of the same protein
2. Rank the associated numerical values
3. Sort the sequences based on the ranks
4. For each amino acid residue at each position:

1. Calculate the mean observed rank
2. Compare with the mean expected rank
3. Derive z-score from comparison

5. Form z-score matrix with number of rows corresponding to the number of positions in 
the MSA and number of columns corresponding to the number of proteogenic amino 
acids (20)

6. Adjust z-scores for multiple comparisons (each z-score calculated is one test)
7. The adjusted z-score matrix can now be viewed as a Position Specific Scoring Matrix and 

we can create sequence logo based on calculated adjusted z-scores
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Let us take a closer look
• After forming an MSA and sorting the sequences, we have this observed amino acid 

distribution at p13

• Do genotype arginine at p13 significantly impact the phenotype?
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Do the GT R at p13 significantly impact the PT?
• The test is rank based, so we want to test the observed mean rank with the 

expected mean rank and then test the hypothesis:
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THE SIGNISITE METHOD

The initial step of SigniSite is to check if the submitted set
of sequences is aligned. This is done by checking the length
of each sequence. If not all sequences are of the same length,
i.e. not aligned, a multiple sequence alignment (MSA) will
be created using MAFFT with accurate options (’mafft-einsi’)
(1).

To perform the SigniSite analysis, each sequence must have
an associated real number, quantifying the phenotype of the
dataset. The sequence associated real number must be placed,
white-space separated, at the end of each FASTA header in
the MSA. If this is not the case, SigniSite will assume that
the submitted sequences are pre-sorted with respect to some
desired phenotype (The web-server will alert the user if pre-
sorting is assumed). The values can be sorted either ascending
or descending (default). If using ascending sorting, the lowest
value(s), is considered the strongest, e.g. binding affinity. If
using descending sorting, the highest value(s), is considered
the strongest, e.g. fluorescent label intensity. SigniSite utilises
a non-parametric approach for the analysis, in that SigniSite
will perform the analysis based on the ranks of the sequence
associated real numbers, rather than the values of these. In
the following the details of the SigniSite method will be
elaborated.

Rank matrix generation
The first step of the SigniSite method is to sort the submitted
MSA with respect to the sequence-associated real values.

Let N , (N�2) be the number of sequences in the MSA
and n

p,a

,
�
1n

p,a

<N
�

be the number of a specific amino
acid type a observed at a specific position p in the MSA.
Henceforth subscript ’p,a’ will denote amino acid residue type
a at position p in the MSA. Initially the sequences in the MSA
are sorted descending on their associated real numbers. We
can now assign a rank value to each sequence, so that the
first sequence gets a rank of one, the second a rank of two,

etc. In case two or more sequences share the same annotated
real number value, the sequences are assigned the mean of
the ranks they occupy. Each type of amino acid residue a
observed at position p is subsequently assigned the rank of
the sequence they appear in. Given these rank values, we can
for each position p in the MSA and for each type of amino
acid residue a observed at p calculate an observed mean rank
value as:

xobs
p,a

=
1

n
p,a

NX

i=1

rank
p,b

i

·�(b
i

,a) (1)

where the sum is over all sequences in the MSA and b
i

is the amino acid at position p in the i0th sequence in
the MSA, such that �(b

i

,a)=1 if b
i

=a and b
i

,a=0 if
b
i

6=a. The result of this is a mxn
aa

rank matrix, R, where
the number of rows, m, is the number of positions in the
MSA and the number of columns, n

aa

=20, corresponds
to the 20 proteogenic amino acids, sorted according to
’A,R,N,D,C,Q,E,G,H,I,L,K,M,F,P,S,T,W,Y,V’.
Each position in R, r

i,j

, 1 im, 1jn
aa

hold the mean
of the assigned ranks for amino acid residue a at position p.

Please note that since each sequence as prerequisite has one
sequence associated value, each sequence, and subsequently
each amino acid at each position, has an assigned rank. The
number of sequences, sequence associated values and ranks
are thus all equal to N .

The statistical framework of SigniSite, z-score calculation
The statistical framework of SigniSite, is such that the
null-hypothesis for the non-parametric statistical test that is
performed by SigniSite is: H0: Amino acid residue a at
position p has no preference for ’strong’ or ’weak’ phenotypic
values and the alternative hypothesis is: H1: Amino acid
residue a at position p has a significant preference for either
’strong’ or ’weak’ phenotypic values, (two-tailed test) i.e.:

H0 : µexp
p,a

=xobs
p,a

H1 : µexp
p,a

6=xobs
p,a

(2)

Where µexp
p,a

is the expected mean of the ranks and xobs
p,a

is
the observed mean rank. Under the null-hypothesis, we can
then compute a standard score z

p,a

quantifying the probability
of observing xobs

p,a

:

z
p,a

=
µ
exp

p,a

�xobs
p,a

�
exp

p,a

(3)

where �exp
p,a

, �exp
p,a

>0 is the standard deviation of the mean
expected rank given the composition of amino acid residues

c� 2008 The Author(s)
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Do the GT R at p13 significantly impact the PT?
• The test is rank based, so we want to test the observed mean rank 

with the expected mean rank and then test the hypothesis:
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THE SIGNISITE METHOD

The initial step of SigniSite is to check if the submitted set
of sequences is aligned. This is done by checking the length
of each sequence. If not all sequences are of the same length,
i.e. not aligned, a multiple sequence alignment (MSA) will
be created using MAFFT with accurate options (’mafft-einsi’)
(1).

To perform the SigniSite analysis, each sequence must have
an associated real number, quantifying the phenotype of the
dataset. The sequence associated real number must be placed,
white-space separated, at the end of each FASTA header in
the MSA. If this is not the case, SigniSite will assume that
the submitted sequences are pre-sorted with respect to some
desired phenotype (The web-server will alert the user if pre-
sorting is assumed). The values can be sorted either ascending
or descending (default). If using ascending sorting, the lowest
value(s), is considered the strongest, e.g. binding affinity. If
using descending sorting, the highest value(s), is considered
the strongest, e.g. fluorescent label intensity. SigniSite utilises
a non-parametric approach for the analysis, in that SigniSite
will perform the analysis based on the ranks of the sequence
associated real numbers, rather than the values of these. In
the following the details of the SigniSite method will be
elaborated.

Rank matrix generation
The first step of the SigniSite method is to sort the submitted
MSA with respect to the sequence-associated real values.

Let N , (N�2) be the number of sequences in the MSA
and n

p,a

,
�
1n

p,a

<N
�

be the number of a specific amino
acid type a observed at a specific position p in the MSA.
Henceforth subscript ’p,a’ will denote amino acid residue type
a at position p in the MSA. Initially the sequences in the MSA
are sorted descending on their associated real numbers. We
can now assign a rank value to each sequence, so that the
first sequence gets a rank of one, the second a rank of two,

etc. In case two or more sequences share the same annotated
real number value, the sequences are assigned the mean of
the ranks they occupy. Each type of amino acid residue a
observed at position p is subsequently assigned the rank of
the sequence they appear in. Given these rank values, we can
for each position p in the MSA and for each type of amino
acid residue a observed at p calculate an observed mean rank
value as:

xobs
p,a

=
1

n
p,a

NX

i=1

rank
p,b

i

·�(b
i

,a) (1)

where the sum is over all sequences in the MSA and b
i

is the amino acid at position p in the i0th sequence in
the MSA, such that �(b

i

,a)=1 if b
i

=a and b
i

,a=0 if
b
i

6=a. The result of this is a mxn
aa

rank matrix, R, where
the number of rows, m, is the number of positions in the
MSA and the number of columns, n

aa

=20, corresponds
to the 20 proteogenic amino acids, sorted according to
’A,R,N,D,C,Q,E,G,H,I,L,K,M,F,P,S,T,W,Y,V’.
Each position in R, r

i,j

, 1 im, 1jn
aa

hold the mean
of the assigned ranks for amino acid residue a at position p.

Please note that since each sequence as prerequisite has one
sequence associated value, each sequence, and subsequently
each amino acid at each position, has an assigned rank. The
number of sequences, sequence associated values and ranks
are thus all equal to N .

The statistical framework of SigniSite, z-score calculation
The statistical framework of SigniSite, is such that the
null-hypothesis for the non-parametric statistical test that is
performed by SigniSite is: H0: Amino acid residue a at
position p has no preference for ’strong’ or ’weak’ phenotypic
values and the alternative hypothesis is: H1: Amino acid
residue a at position p has a significant preference for either
’strong’ or ’weak’ phenotypic values, (two-tailed test) i.e.:

H0 : µexp
p,a

=xobs
p,a

H1 : µexp
p,a

6=xobs
p,a

(2)

Where µexp
p,a

is the expected mean of the ranks and xobs
p,a

is
the observed mean rank. Under the null-hypothesis, we can
then compute a standard score z

p,a

quantifying the probability
of observing xobs

p,a

:

z
p,a

=
µ
exp

p,a

�xobs
p,a

�
exp

p,a

(3)

where �exp
p,a

, �exp
p,a

>0 is the standard deviation of the mean
expected rank given the composition of amino acid residues

c� 2008 The Author(s)
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Do the GT R at p13 significantly impact the PT?
• The expected mean rank is

• I.e. “the middle” of all amino acids, where N is the number of 
sequences in the MSA

• In this example we get (20 + 1)/2 = 10.5
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THE SIGNISITE METHOD

The initial step of SigniSite is to check if the submitted set
of sequences is aligned. This is done by checking the length
of each sequence. If not all sequences are of the same length,
i.e. not aligned, a multiple sequence alignment (MSA) will
be created using MAFFT with accurate options (’mafft-einsi’)
(1).

To perform the SigniSite analysis, each sequence must have
an associated real number, quantifying the phenotype of the
dataset. The sequence associated real number must be placed,
white-space separated, at the end of each FASTA header in
the MSA. If this is not the case, SigniSite will assume that
the submitted sequences are pre-sorted with respect to some
desired phenotype (The web-server will alert the user if pre-
sorting is assumed). The values can be sorted either ascending
or descending (default). If using ascending sorting, the lowest
value(s), is considered the strongest, e.g. binding affinity. If
using descending sorting, the highest value(s), is considered
the strongest, e.g. fluorescent label intensity. SigniSite utilises
a non-parametric approach for the analysis, in that SigniSite
will perform the analysis based on the ranks of the sequence
associated real numbers, rather than the values of these. In
the following the details of the SigniSite method will be
elaborated.

Rank matrix generation
The first step of the SigniSite method is to sort the submitted
MSA with respect to the sequence-associated real values.

Let N , (N�2) be the number of sequences in the MSA
and n

p,a

,
�
1n

p,a

<N
�

be the number of a specific amino
acid type a observed at a specific position p in the MSA.
Henceforth subscript ’p,a’ will denote amino acid residue type
a at position p in the MSA. Initially the sequences in the MSA
are sorted descending on their associated real numbers. We
can now assign a rank value to each sequence, so that the
first sequence gets a rank of one, the second a rank of two,

etc. In case two or more sequences share the same annotated
real number value, the sequences are assigned the mean of
the ranks they occupy. Each type of amino acid residue a
observed at position p is subsequently assigned the rank of
the sequence they appear in. Given these rank values, we can
for each position p in the MSA and for each type of amino
acid residue a observed at p calculate an observed mean rank
value as:

xobs
p,a

=
1

n
p,a

NX

i=1

rank
p,b

i

·�(b
i

,a) (1)

where the sum is over all sequences in the MSA and b
i

is the amino acid at position p in the i0th sequence in
the MSA, such that �(b

i

,a)=1 if b
i

=a and b
i

,a=0 if
b
i

6=a. The result of this is a mxn
aa

rank matrix, R, where
the number of rows, m, is the number of positions in the
MSA and the number of columns, n

aa

=20, corresponds
to the 20 proteogenic amino acids, sorted according to
’A,R,N,D,C,Q,E,G,H,I,L,K,M,F,P,S,T,W,Y,V’.
Each position in R, r

i,j

, 1 im, 1jn
aa

hold the mean
of the assigned ranks for amino acid residue a at position p.

Please note that since each sequence as prerequisite has one
sequence associated value, each sequence, and subsequently
each amino acid at each position, has an assigned rank. The
number of sequences, sequence associated values and ranks
are thus all equal to N .

The statistical framework of SigniSite, z-score calculation
The statistical framework of SigniSite, is such that the
null-hypothesis for the non-parametric statistical test that is
performed by SigniSite is: H0: Amino acid residue a at
position p has no preference for ’strong’ or ’weak’ phenotypic
values and the alternative hypothesis is: H1: Amino acid
residue a at position p has a significant preference for either
’strong’ or ’weak’ phenotypic values, (two-tailed test) i.e.:

H0 : µexp
p,a

=xobs
p,a

H1 : µexp
p,a

6=xobs
p,a

(2)

Where µexp
p,a

is the expected mean of the ranks and xobs
p,a

is
the observed mean rank. Under the null-hypothesis, we can
then compute a standard score z

p,a

quantifying the probability
of observing xobs

p,a

:

z
p,a

=
µ
exp

p,a

�xobs
p,a

�
exp

p,a

(3)

where �exp
p,a

, �exp
p,a

>0 is the standard deviation of the mean
expected rank given the composition of amino acid residues

c� 2008 The Author(s)
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at the position in question. Based on the magnitude of the
z
p,a

, we can then compare with the level of significance and
subsequently either reject or accept the null-hypothesis.

µ
exp

p,a

and �
exp

p,a

could be computed by reshuffling
(permuting) the residues present at a given position p a large
number of times. For larger data sets, this approach however
becomes computationally unfeasible. The values are therefore
more efficiently estimated using an analytical approximation.
The statistical evaluation performed by SigniSite is similar
to the Wilcoxon rank statistic (2), and we can therefore
analytically derive approximations for µexp

p,a

and �exp
p,a

. For
µexp
p,a

this yields:

µexp
p,a

=
N+1

2
(4)

recall that N is the number of sequences in the MSA. For
�exp
p,a

we get:

�exp
p,a

=

s
(N�n

p,a

)(N+1) ·t
c

12 ·n
p,a

(5)

recall that n
p,a

is the number of occurrences of residue
a at position p. If a given position in the MSA is fully
conserved, i.e. n

p,a

=N)�
exp

p,a

=0. In this case, the amino
acid a at position p is assigned z

p,a

=0. t
c

, 0<t
c

1, is the
tie-correction factor. t

c

=1) no tied values, t
c

=0) only
tied values (not allowed, since t

c

=0)�exp
p,a

=0, for which
z
p,a

is not defined). The tie-correction factor adjusts for tied
observations and is computed by defining a tie-vector, T,
where each element t1,t2,...,t

h

(h being the number of unique
sequence-associated values) is the count of occurrences of a
given value v

i

(2). The tie-correction factor t
c

is defined as:

t
c

=1� 1

N3�N
·

hX

i=1

(t3
i

�t
i

) (6)

Given a random set of amino acid sequences and
associated numerical values, the distribution of assigned z-
scores at a position Z

p

can be approximated by the normal
distribution Z

p

⇠N (µ=0,�2=1), thus allowing straight-
forward assignment of p-values to each of the observations.

The final result is a z-score matrix, with the same
dimensions as the rank matrix.

Correction for Multiple Comparisons
SigniSite will perform one test per residue per position in the
MSA. Clearly, this raises a multiple testing scenario, as the
more hypotheses we test, the higher the chance that we obtain

at least one false positive result. Based on the assigned p-
value, the user can address the multiple testing problem by
two different methods: Bonferroni’s single-step and Holm’s
step-down procedure (3). Bonferroni correction is more
conservative than Holm correction. A detailed elaboration of
these procedures is beyond the scope of this study and the
reader is referred to Dudoit et al., 2002 for details on these
procedures.

Example of calculations
The following is a simple fictive example for illustrating
how to perform an evaluation. In an alignment, at p13, we
observe ’R’ in 5 of 20 sequences. After descending sorting,
’R’ occupies ranks 1,2,5,6,7. We now know the ranks, that
n13,R=5 and that N=20, therefore:

xmean

13,R =
1

5

20X

i=1

rank13,b
i

·�(b
i

,R)=
1

5
·(1+2+5+6+7)=4.2

�exp13,R=

r
(20�5)(20+1) ·1

12 ·5 =2.3

µexp13,R=
20+1

2
=10.5

z
p,a

=
10.5�4.2

2.3
=2.75

The final z13,R=2.75 corresponds to an uncorrected p-value
of p13,R=0.006. At first this may seem highly signficant, but
if e.g. a total of 50 tests are performed when analysing the
alignment, the Bonferroni corrected p-value becomes:

pBonf.

adj

=min(1,p·n
tests

)=min(1,0.006 ·50)=0.3

Corresponding to z
adj

=1.04.

BENCHMARK DATASETS

Stanford University HIVdb Genotype-Phenotype Datasets
Human immunodeficiency virus type 1 (HIV-1) Protease
Genotype-Phenotype Datasets (GPDs) (Version 5.0, March,
2012) were downloaded from the Stanford University HIV
Drug Resistance Database (HIVdb) (4, 5), available at
[http://HIVdb.stanford.edu/cgi-bin/GenoPhenoDS.cgi]. The
GPDs consist of sequenced variants of the HIV-1 protease,
where the fold-change in resistance of each variant (compared
to wild-type) against 8 different Protease Inhibitors (PIs),
namely APV, ATV, IDV, LPV, NFV, RTV, SQV, TPV (See
section ”Overview of HIV-1 PIs” for details) has been
measured using 3 different assays (’Antivirogram’ (VircoTM),
’PhenoSense’ (ViroLogicTM) and ’All Others’).
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Do the GT R at p13 significantly impact the PT?
• The observed mean rank is

• I.e. “the middle” of the observed amino acid, where n is the 
number of the particular amino acid were testing

• In this example we get (1 + 2 + 5 + 6 + 7) / 5 = 4.2
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THE SIGNISITE METHOD

The initial step of SigniSite is to check if the submitted set
of sequences is aligned. This is done by checking the length
of each sequence. If not all sequences are of the same length,
i.e. not aligned, a multiple sequence alignment (MSA) will
be created using MAFFT with accurate options (’mafft-einsi’)
(1).

To perform the SigniSite analysis, each sequence must have
an associated real number, quantifying the phenotype of the
dataset. The sequence associated real number must be placed,
white-space separated, at the end of each FASTA header in
the MSA. If this is not the case, SigniSite will assume that
the submitted sequences are pre-sorted with respect to some
desired phenotype (The web-server will alert the user if pre-
sorting is assumed). The values can be sorted either ascending
or descending (default). If using ascending sorting, the lowest
value(s), is considered the strongest, e.g. binding affinity. If
using descending sorting, the highest value(s), is considered
the strongest, e.g. fluorescent label intensity. SigniSite utilises
a non-parametric approach for the analysis, in that SigniSite
will perform the analysis based on the ranks of the sequence
associated real numbers, rather than the values of these. In
the following the details of the SigniSite method will be
elaborated.

Rank matrix generation
The first step of the SigniSite method is to sort the submitted
MSA with respect to the sequence-associated real values.

Let N , (N�2) be the number of sequences in the MSA
and n

p,a

,
�
1n

p,a

<N
�

be the number of a specific amino
acid type a observed at a specific position p in the MSA.
Henceforth subscript ’p,a’ will denote amino acid residue type
a at position p in the MSA. Initially the sequences in the MSA
are sorted descending on their associated real numbers. We
can now assign a rank value to each sequence, so that the
first sequence gets a rank of one, the second a rank of two,

etc. In case two or more sequences share the same annotated
real number value, the sequences are assigned the mean of
the ranks they occupy. Each type of amino acid residue a
observed at position p is subsequently assigned the rank of
the sequence they appear in. Given these rank values, we can
for each position p in the MSA and for each type of amino
acid residue a observed at p calculate an observed mean rank
value as:

xobs
p,a

=
1

n
p,a

NX

i=1

rank
p,b

i

·�(b
i

,a) (1)
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to the 20 proteogenic amino acids, sorted according to
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of the assigned ranks for amino acid residue a at position p.

Please note that since each sequence as prerequisite has one
sequence associated value, each sequence, and subsequently
each amino acid at each position, has an assigned rank. The
number of sequences, sequence associated values and ranks
are thus all equal to N .

The statistical framework of SigniSite, z-score calculation
The statistical framework of SigniSite, is such that the
null-hypothesis for the non-parametric statistical test that is
performed by SigniSite is: H0: Amino acid residue a at
position p has no preference for ’strong’ or ’weak’ phenotypic
values and the alternative hypothesis is: H1: Amino acid
residue a at position p has a significant preference for either
’strong’ or ’weak’ phenotypic values, (two-tailed test) i.e.:
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THE SIGNISITE METHOD

The initial step of SigniSite is to check if the submitted set
of sequences is aligned. This is done by checking the length
of each sequence. If not all sequences are of the same length,
i.e. not aligned, a multiple sequence alignment (MSA) will
be created using MAFFT with accurate options (’mafft-einsi’)
(1).

To perform the SigniSite analysis, each sequence must have
an associated real number, quantifying the phenotype of the
dataset. The sequence associated real number must be placed,
white-space separated, at the end of each FASTA header in
the MSA. If this is not the case, SigniSite will assume that
the submitted sequences are pre-sorted with respect to some
desired phenotype (The web-server will alert the user if pre-
sorting is assumed). The values can be sorted either ascending
or descending (default). If using ascending sorting, the lowest
value(s), is considered the strongest, e.g. binding affinity. If
using descending sorting, the highest value(s), is considered
the strongest, e.g. fluorescent label intensity. SigniSite utilises
a non-parametric approach for the analysis, in that SigniSite
will perform the analysis based on the ranks of the sequence
associated real numbers, rather than the values of these. In
the following the details of the SigniSite method will be
elaborated.

Rank matrix generation
The first step of the SigniSite method is to sort the submitted
MSA with respect to the sequence-associated real values.
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for each position p in the MSA and for each type of amino
acid residue a observed at p calculate an observed mean rank
value as:
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Please note that since each sequence as prerequisite has one
sequence associated value, each sequence, and subsequently
each amino acid at each position, has an assigned rank. The
number of sequences, sequence associated values and ranks
are thus all equal to N .

The statistical framework of SigniSite, z-score calculation
The statistical framework of SigniSite, is such that the
null-hypothesis for the non-parametric statistical test that is
performed by SigniSite is: H0: Amino acid residue a at
position p has no preference for ’strong’ or ’weak’ phenotypic
values and the alternative hypothesis is: H1: Amino acid
residue a at position p has a significant preference for either
’strong’ or ’weak’ phenotypic values, (two-tailed test) i.e.:
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