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Background: Category fluency is a widely used task that relies on multiple neurocognitive

processes and is a sensitive assay of cortical dysfunction, including in schizophrenia. The

test requires naming of as many words belonging to a certain category (e.g., animals) as

possible within a short period of time. The core metrics are the overall number of words

produced and the number of errors, namely non-members generated for a target category.

We combine a computational linguistic approach with a candidate gene approach to

examine the genetic architecture of this traditional fluency measure.

Methods: In addition to the standard metric of overall word count, we applied a computa-

tional approach to semantics, Latent Semantic Analysis (LSA), to analyse the clustering

pattern of the categories generated, as it likely reflects the search in memory for meanings.

Also, since fluency performance probably also recruits verbal learning and recall processes,

we included two standard measures of this cognitive process: the Wechsler Memory Scale

and California Verbal Learning Test (CVLT). To explore the genetic architecture of tradi-

tional and LSA-derived fluency measures we employed a candidate gene approach focused

on SNPs with known function that were available from a recent genome-wide association

study (GWAS) of schizophrenia. The selected candidate genes were associated with lan-

guage and speech, verbal learning and recall processes, and processing speed. A total of 39

coding SNPs were included for analysis in 665 subjects.

Results and discussion: Given the modest sample size, the results should be regarded as

exploratory and preliminary. Nevertheless, the data clearly illustrate how extracting the
enetics Research Group, Department of Psychiatry, Trinity Centre For Health Sciences,
ublin 8, Ireland.
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meaning from participants’ responses, by analysing the actual content of words, generates

useful and neurocognitively viable metrics. We discuss three replicated SNPs in the genes

ZNF804A, DISC1 and KIAA0319, as well as the potential for computational analyses of

linguistic and textual data in other genomics tasks.

ª 2014 Published by Elsevier Ltd.
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1. Introduction

1.1. Category fluency and schizophrenia: the role of the
intermediate phenotype

A complex combination of susceptibility genes and environ-

mental factors is assumed to contribute to the overall clinical

presentation of psychiatric disorders. Applying a reductionist

approach to the diverse presenting phenomenology is not

only daunting, but likely overlooks much of the associated

deficits in the case of schizophrenia (but see Morar et al., 2011)

where cognitive deficits are quite central to the neuro-

developmental course of the illness (Elvevåg & Weinberger,

2001). With such complex medical disorders one way to

reduce the complexity of genetic effects is the ‘intermediate

phenotype’ approach where it is argued that the putative risk

genes should show greater effects at the intermediate level.

Applied to psychiatry, this research strategy argues for

bridging the gap between the emergent psychosis and the

effects of genes on cells that directlymodulate neurocognition

(Goldberg & Weinberger, 2004; Meyer-Lindenberg & Wein-

berger, 2006; Tan, Callicott, & Weinberger, 2008). Such a

research framework is appealing (but see Flint and Munafo

(2007) for a different opinion), as the resulting intermediate

phenotypes (e.g., working memory, episodic memory, se-

mantic memory) are more amenable to systematic neurobio-

logical research than the transient phenomenology (Elvevåg &

Weinberger, 2009). Crucially, in psychiatric disorders it is at

this intermediate phenotype level that genetic associations

often show both stronger penetrance (Tan et al., 2008) and

inheritance (Snitz, MacDonald, & Carter, 2006) than at the

level of clinical diagnosis. Consequently, several major chal-

lenges emerge, namely the unavoidable required refinements

to the intermediate phenotype and the management of the

huge amount of data resulting from investigations of inter-

mediate phenotypes.

Given the increasing importance of genome-wide associ-

ation studies (GWAS) in neuropsychiatric research, it is

increasingly apparent that intermediate phenotypes are

potentially the means with which genomic discoveries will be

made, but also may be limiting factors. Indeed, this new

approach is magnitudes more complex than any enterprise

embarked on hitherto in psychiatric genetics and arguably

requires sophisticated phenotypes in order to unravel the

complexities and thus eventually the pathologies within

neural functional systems. Bilder and colleagues argue that

cognitive ontologies need to be developed and refined to not

only enable greater consistence and collaboration in research,

but also to facilitate connections between intermediate phe-

notypes and genes (Bilder et al., 2009).
emus, K. K., et al., Cate
http://dx.doi.org/10.1016
One crucial part of this puzzle is a modern cognitive

neuroscientific re-operationalization of common psychomet-

ric concepts and terms. Here we focus on one of the most

widely used neuropsychological tests e the category fluency

task e to illustrate the current limitations of the ‘verbal de-

scriptions’ of the underlying cognitive constructs and the is-

sues that emerge when trying to explore the genetic

architecture of the associated constructs. Specifically, the

recall process likely involves a search for meanings as re-

flected in the ‘clustering’ of words in the output. Many ap-

proaches have been employed to examine the structure of the

clustering, but are often problematic given the subjective

judgements of cluster boundaries or have turned out to be

simply unreliable (Voorspoels et al., in press). We have pre-

viously adopted LSA as an objective and reliable methodology

to chart the flow of meaning in words and discourse (Elvevåg,

Foltz, Weinberger, & Goldberg, 2007), and briefly describe this

technique below. Our current motivation is that the ‘content’

of words has rarely been considered a useful candidate in

investigations concerning genomics. This absence may be

partially due to the notoriously subjective and labour intense

efforts required in quantifying the content of words. However,

advances in computational linguistics provide a viable

framework within which the meanings of words can be

rigorously investigated.

1.2. Latent semantic analysis: building a semantic space

Latent Semantic Analysis (LSA) is a statistical approach to the

acquisition and representation of meaning, which allows

similarities among the elements of a language (e.g., words,

sentences, or passages) to be computed based on word co-

occurrence patterns in large corpora of naturally produced

discourse. LSA is a computational model of meaning that

closely mimics human understanding of the contextual use of

language, which has been widely used for information

retrieval, machine understanding of text, and applications

such as automated essay scoring (for an overview, see

Landauer, Kintsch, McNamara, & Dennis, 2007). Unlike stan-

dard keyword-based methods, LSA can detect subtle aspects

of semantic content. LSA has been widely used for cognitive

modelling of learning and memory processes as well as for

computing coherence in language and thought processes. The

reduced dimension semantic representation from LSA allows

comparison by computing the semantic similarity between

individual terms or groups of terms (see Supplementary

Methods for further details and an example).

In the case of the category fluency task, the total number of

words produced has been shown to be an important metric

and poor performance (i.e., production of substantially fewer

words than expected based on demographically based
gory fluency, latent semantic analysis and schizophrenia: a
/j.cortex.2013.12.004
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Table 1 e Candidate genes, SNPs and SNP functions.

Gene SNP Function

Language and speech (N ¼ 9)

ATP2C2 rs2303853 Gly411Ser

DCDC2 rs2274305 Ser221Gly

DYX1C1 rs600753 Glu191Gly

KIAA0319 rs807534 Tyr424/968/1004/1013Cys

KIAA0319 rs807541 Ala309/853/889/898Ala

KIAA0319 rs4576240 Thr97/133/142/Pro

NAGPA rs887854 Asn495Asn

ZNF804A rs1366842 Thr707Lys

ZNF804A rs12477430 His747Arg

Episodic memory (N ¼ 14)

ADCY8 rs12545028 Arg523Arg

BDNF rs6265 Val66/74/81/95/148Met

CAMK2G rs2675671 Lys49Lys

CLSTN2 rs17348572 Ile331Thr

CLSTN2 rs7632885 Val366Ile

CLSTN2 rs10804675 Val847Val

COMT rs4680 Val158Met

GRIN2B rs3026160 Cys838Cys

HTR2A rs6314 His368/452Tyr

HTR2A rs6313 Ser34Ser

WWC1 (KIBRA) rs17551608 Arg250Cys

WWC1 (KIBRA) rs3822659 Ser735Ala

WWC1 (KIBRA) rs3733980 Val801Val

WWC1 (KIBRA) rs3203960 Leu1005/1011/Leu

Verbal fluency (N ¼ 5)

CACNA1C rs1544514 Ala174Ala

DISC1 rs2492367 Ile119/469/501Ile

DISC1 rs6675281 Leu485/607/639Phe, Thr572Thr

DISC1 rs12133766 Leu499/621/653/Leu, 30 UTR

SLC6A3 (DAT) rs6350 Asn38Asn

Processing speed (N ¼ 11)

ATRNL1 rs10885721 Thr1203Thr

C20orf196 rs1699233 Gly107Gly

CRTC3 rs8033595 Ser72Asn

DIP2C rs3740304 Tyr1551Tyr

DIP2C rs2288681 Ala1274Ala

NFKBIL1 rs2230365 Ser103/126/Ser

PDE1C rs3213709 Gly610/670/Gly

PDE1C rs2302450 Ala594/654Ala

PDE1C rs1860790 Asn591/651Asn

PKNOX1 rs234781 Thr114Thr

SPATA7 rs3179969 Val42/74Met
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normative data) has been associated with a variety of clinical

disorders, including schizophrenia (Bokat & Goldberg, 2003;

Lezak, 1995). A possible common mechanism associated

with less than optimal performance on this simple task re-

lates to speed of performance, but there are many other

components, namely language, speech, verbal learning and

recall, semantic organization (Schwartz, Baldo, Graves, &

Brugger, 2003), and fluency in general.
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2. Methods

To explore the genetic architecture of traditional measures

(e.g., number of valid words generated) and LSA-derived

measures of verbal fluency (e.g., average vector length;

measures described in Section 2.1) we adopted a candidate
Please cite this article in press as: Nicodemus, K. K., et al., Cate
candidate gene approach, Cortex (2014), http://dx.doi.org/10.1016
gene approach and focused on SNPs with known function

that were available from genome-wide association SNP chips.

Note that although for some SNPs the function is known

based on the sequence of the DNA (e.g., whether there is an

amino acid change), for most SNPs the result of this function

on cognition is not known. Candidate genes associated with

language and speech were selected: ATP2C2 (1 SNP), DCDC2

(1), DYX1C1 (1), KIAA0319 (3), NAGPA (1) (Graham & Fisher,

2013) and ZNF804A (2) (Becker et al., 2012), verbal learning

and recall (as a subset of the concept of episodic memory):

ADCY8 (1), BDNF (1), CAMK2G (1), CLSTN2 (3), COMT (1),

GRIN2B (1), HTR2A (2), WWC1 (3) (Papassotiropoulos & de

Quervain, 2011), Qverbal fluency: CACNA1C (1) (Krug et al.,

2010), DISC1 (3) (Palo et al., 2007), and SLC6A3 (1) (Pauli

et al., 2012) and processing speed: ATRNL1 (1), C20orf196 (1),

CRTC3 (1), DIP2C (2), NFKBIL1 (1), PDE1C (3), PKNOX1 (1),

SPATA7 (1) (Luciano et al., 2011) (Table 1). Previous evidence

for association with cognition and evidence for potentially

deleterious effects of non-synonymous SNPs on their result-

ing protein product identified using the “Sorting Tolerant

from Intolerant” (SIFT) algorithm (Kumar, Henikoff, & Ng,

2009) are given in Supplementary Table 1, which provides a

priori hypotheses on the direction of association for many

SNPs selected.

A total of 39 coding SNPs were included for analysis. Note

that the groupings of genes by association with phenotypes is

not complete; indeed, genes investigatedmay have pleiotropic

effects across phenotypes but were grouped by associations

reported in the literature. For comparative purposes, we

included two standardmeasures of verbal learning and recall:

the logical memory test from the Wechsler Memory Scale-

Revised (WMS-R; Wechsler, 1987) and the California Verbal

Learning Test (CVLT; Delis, Kramer, Kaplan, & Ober, 1987).

2.1. LSA candidate gene association study

2.1.1. Participants
Healthy control participants (N ¼ 307), patients with schizo-

phrenia (N ¼ 194) and their unaffected siblings (N ¼ 164) were

included, all of whom gave informed consent to participate in

the Clinical Brain Disorders Branch National Institute of

Mental Health ‘Sibling Study’ protocol, which is an U.S.

investigation of neurobiological abnormalities related to ge-

netic risk for schizophrenia (Weinberger DR, PI). All partici-

pants were screened by two board-certified psychiatrists

using semi-structured psychiatric interviews, third-party in-

formants, toxicology screening, and cognitive testing exclu-

sions as previously described (Huffaker et al., 2009). All

patients met DSM-IV criteria for schizophrenia or schizo-

affective disorder, depressed type, all siblings were free from

schizophrenia spectrum disorders, and all controls were free

from DSM-IV lifetime psychiatric illness or substance abuse.

All participants self-identified as Caucasian.

2.1.2. Measures
We used a category fluency task where a participant gener-

ated words in response to the cue ‘animal’ for 1 min. We

transcribed the words produced during this task and these

written records were used in computing measures of
gory fluency, latent semantic analysis and schizophrenia: a
/j.cortex.2013.12.004
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coherence from the actual sequence of words (animals)1

generated usingLSA (Landauer & Dumais, 1997; Landauer,

Foltz, & Laham, 1998). In the present work, a semantic space

was derived from the commonly used TASA (Touchstone

Applied Science Associates, Inc.) corpus, consisting of 44,486

documents by 98,646 unique terms and represented in 300

dimensions (see http://lsa.colorado.edu). Each term or group

of terms is represented as vectors in this semantic space and

the cosines between vectors for terms are used tomeasure the

degree of semantic similarity between the terms. Typically a

cosine close to 0 indicates no similarity, while a cosine close to

1 indicates high semantic similarity. These cosines closely

match human ratings of similarity of meaning and have been

empirically demonstrated in many contexts (see Landauer &

Dumais, 1997; Landauer et al., 2007).

2.1.3. Coherence measures
To the extent that category fluency is a proxy of some aspect

of language (likely the retrieval aspect) our theory-driven

coherence measure assays search for meanings/associations

during recall. A priori, we selected eight measures (listed

below) based on theoretical motivations indicating that they

would likely be sensitive assays to subtle differences in

fluency tasks. Fluency (both letter and category) has been

shown to be heritable (Aukes et al., 2008; Bratko, 1996;

Sakakibara et al., 2013; Vandenberg, 1962). LSA may generate

more (qualitative) information about fluency performance

than traditional scoring methods alone, with the benefit of

some LSA measures being mostly independent of differences

in overall word production. Although we focused on the ‘an-

imal’ category, the overall counts in ‘animals’ mirrored find-

ings for all the categories combined.

2.1.3.1. THE TOTAL NUMBER OF VALID WORDS. This measure is a

simple count of the number of valid words generated within

1 min. Only words related to the cue ‘animal’ were counted as

valid terms.

2.1.3.2. N WORD SEQUENCE COHERENCE (N ¼ 1, 2 AND 3). This is an

index of word coherence averaged over moving window sets

of size N sequential words. A moving window technique with

window-size N starts with the first Nwords and compares the

semantic similarity of the first word to the other N � 1 words

in the window. The window then moves forward one word

and the comparison is repeated with the next set of N words.

This approach enables the exploration of the influences of

previously generated words on determining the current ut-

terance. Specifically, a moving window may be thought of as

an assay with biological validity, as it is metric of a type of

working memory measure in which the previously uttered

word impacts the subsequent ones. Thus even though the

actual category fluency task taps into some aspect of verbal
1 We examined one category only because there is considerable
blurring of semantic boundaries between the other two cate-
gories, namely fruits and vegetables (e.g., an avocado and tomato
are examples of fruits, but they are often generated as exemplars
of the vegetable category) and consequently the semantic search
process can be expected to be somewhat more complex.
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learning and recall, the actual process of sequentially listing

animals requires some type of working memory.

2.1.3.3. VECTOR LENGTH. This measure indexes unusualness,

with low frequency words having a higher ‘information value’

(thus leading to a higher vector length). The vector length

provides a measure of the semantic information value, with

more complex terms typically having greater vector length.

There are twoways this measure can be computed: (i) average

vector length, and (ii) overall vector length. Average vector

length is the average of all the vector lengths for the words,

while overall vector length treats all the words as a context

and computes the vector length of that context. The context

vector length is computed by summing the scaled vectors for

all the words in the context and taking the vector length of the

resulting summed vector. Since additional words typically add

“information value”, overall vector length is influenced by

word count whereas average vector length is independent of

word count. Indeed, overall vector lengthmay be thought of as

a metric of the quality of the chunk of information retrieved.

Furthermore, this measure has recently been shown to be

related to disconnected speech and functional behaviour in a

large sample of elderly patients with schizophrenia

(Holshausen, Harvey, Elvevåg, Foltz, & Bowie, 2013).

2.1.3.4. COSINE TO ‘ANIMAL’. This is an index of how close/

similar (in semantic space) the animal words generated are to

the cue ‘animals’ as measured by the average of the cosines

between the generated animal terms to the term ‘animal’. Put

differently, this is a measure of semantic proximity and

cohesiveness.

2.1.3.5. AVERAGE COSINE BETWEEN ALL TERMS. This measure is the

average of all n*(n � 1)/2 pairwise cosine similarities between

the n valid words and describes the overall cohesion, with

higher values indicating increased cohesion.

Weusedstandardunpaired t-testswithunequalvariance to

test for differences in thesemeasures between (1) controls and

probands (schizophrenia patients) and controls and siblings

and (2) males and females within each group (e.g., controls,

probands and siblings). Controls generated significantly more

valid words and thus had a longer resulting overall vector

length (p-values< .00625, passingBonferroni correction for the

number of phenotypes tested) and average vector length and

average cosine (p-values < .01) than probands (Table 2).

No significant differences were found between siblings and

controls on any measure. We did not test for differences be-

tween probands and siblings as they are related thus violating

the assumption of statistical independence. Sex-specific an-

alyses are given in Supplementary Table 2. The average vector

length was significantly longer in female controls than male

controls (p-value < .05) and in female siblings versus male

siblings (p-value < .01). Additionally, in siblings, males pro-

duced significantly more valid words than females (p-

value < .05), and proximity to the cue ‘animal’ was signifi-

cantly higher in female siblings than male siblings (p-

value< .05). No significant differences were observed between

male and female probands on any of these measures.

We related our novel measures to the number of valid

words via correlation coefficients (Table 3). Even though all p-
gory fluency, latent semantic analysis and schizophrenia: a
/j.cortex.2013.12.004
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Table 2 e Means and standard deviations for number of
valid words and LSA-derived phenotypes by group.

Phenotype Controls
(N ¼ 471)

Probands
(N ¼ 194)

Siblings
(N ¼ 164)

Number of valid words 21.97 (4.97) 16.13 (5.18)** 21.13 (4.62)

Average vector length .062 (.013) .067 (.019)* .063 (.012)

Overall vector length .51 (.086) .44 (.11)** .50 (.079)

Cosine to ‘Animal’ .14 (.030) .14 (.042) .15 (.029)

Average cosine .096 (.026) .11 (.037)* .099 (.026)

Cohesion

(window-size ¼ 1)

.18 (.050) .18 (.062) .19 (.053)

Cohesion

(window-size ¼ 2)

.12 (.046) .12 (.053) .12 (.049)

Cohesion

(window-size ¼ 3)

.10 (.041) .10 (.056) .10 (.041)

*t-test comparing controls with either probands or siblings, p-value

<.01.

**t-test comparing controls with either probands or siblings,

p-value <.00625 (passing Bonferroni critical value for 8 tests).
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values for the correlations were <.05 (uncorrected) for con-

trols and siblings (with the exception of cohesion with a

window-size of 2 in siblings), we can see from the strength of

correlation that the novel metrics are associated with the

number of valid words but not completely dependent on it.

Interestingly, probands showedno association between the

number of valid words generated and cohesion, as measured

by the cosine to ‘animal’, average cosine or average vector

lengthmeasures (Table 3), whereas in controls and siblings the

greater number of words generated the less cohesive the set of

words were to each other and the fewer unique words were

used. Correlations among all phenotypic measures showed

significant correlation amongmost LSA-derivedmeasures, but

only the number of valid words was significantly correlated

with WMS logical memory 1 and 2, and WMS measures were

significantly correlated with CVLT measures but not with the

LSA-derivedmeasures (Supplementary Table 3), indicating the

LSA-derived measures may measure different aspects of

cognition.

2.1.4. Genotyping and quality control
DNA was extracted from peripheral blood leukocytes using

standardmethods. Genotyping was performed in waves using

the Illumina HumanHap 550K/610/660K Quad, the Illumina

HumanOmni 2.5MQuad and the IlluminaHumanOmni 2.5M-8

chips. The overlap between these 5 genotyping platforms was
Table 3 e Correlations of LSA-derived phenotypes with number

Phenotype Controls

r2 p-value

Cosine to animal �.12 .0093

Average cosine �.20 2.22eL05

Average vector length �.33 1.35eL12

Overall vector length .56 p < 2.2eL16

Cohesion (window-size ¼ 1) .24 3.70eL07

Cohesion (window-size ¼ 2) .13 .0062

Cohesion (window-size ¼ 3) .10 .034

Please cite this article in press as: Nicodemus, K. K., et al., Cate
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used for the present study. Quality control (QC) was per-

formed after genotype-calling from the intensity plots using

the Illumina GenomeStudio (Illumina, version 2010.1). SNPs

with minor allele frequencies < 1%, high missing rates (>5%)

and deviation from Hardy Weinberg expectation (p-

value < .0001) were removed. Individuals were removed from

analysis if their genotyping rate was below 97%. Sex-checks,

sample duplications and cryptic relatedness were examined

by identity-by-state analysis of autosomal chromosomes. If

the IBS sharing coefficient for unrelated individuals was >.10

one individual was randomly selected to be retained for

analysis and the other related individual was removed from

further analysis. After QC, 665 individuals remainedwith valid

genotype and phenotype values. After merging all SNP plat-

forms and taking the consensus across all platforms, 278,675

SNPs remained for analysis, of which as detailed in the

Introduction we selected 39 for the present study (see Table 1

for details).

Analyses were conducted in controls and any SNP showing

association with verbal fluency at the uncorrected p-value .05

level was tested separately in probands and their healthy

siblings as replication samples. Due to the exploratory nature

of our study and the small sample sizes, we used uncorrected

p-values and relied on replication in independent samples of

siblings or probands. Sex-stratified analyses were conducted

in controls (142 males and 165 females) with the same repli-

cation strategy applied to probands (159males and 35 females)

and siblings (66 males and 98 females). All analyses were

performed in PLINK v. 1.07 (Purcell et al., 2007) or using the R

Statistical Computing Environment (R Development Core

Team, 2011). The genomic inflation factor (GC lambda) in

controls was estimated from a full GWAS. Across all pheno-

type measures the largest genomic inflation factor was 1.02,

suggesting very little evidence for population stratification in

our study. Experiment-wise empirical p-values were

computed by repeating the entire experiment 1000 times

using 1000 null replicates where each phenotype was

permuted within the group at hand. To determine the

empirical p-value for replication between control and siblings

or probands, we counted the number of times, per 1000 rep-

licates, the p-value was <.05 for controls and then for the

replication group for the same SNP and same phenotype with

the same direction of association with the exception of SNPs

in ZNF804A, which have consistently shown less impaired

cognition in cases who carry the allele that increases risk for

schizophrenia (see Discussion).
of valid words. Q10

Siblings Probands

r2 p-value r2 p-value

�.19 .0012 �.038 .53

�.26 8.50eL06 �.086 .16

�.38 2.06eL11 .026 .67

.53 p < 2.2eL16 .62 p < 2.2eL16

.18 .0028 .32 1.28eL07

.075 .20 .25 4.0eL05

.16 .0063 .29 2.39eL06
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Table 4 e Candidate gene associations with LSA-derived variables.

Gene class Phenotype Gene SNP Chromosome Beta p-value Group

Verbal fluency Overall vector length DISC1 rs6675281 1 .022 .033 All controls

Verbal fluency Average vector length SLC6A3 rs6350 5 4.0E-03 .029 All controls

Verbal fluency Average vector length DISC1 rs12133766 1 �.0093 .018 Male controls

Verbal fluencya Average vector length DISC1 rs12133766 1 �.0085 .049 Male probands

Verbal fluency Cohesion (WS ¼ 1) DISC1 rs12133766 1 �.029 .028 Male controls

Episodic memory Average vector length WWC1 rs17551608 5 �.0028 .045 All controls

Episodic memory Number of valid words WWC1 rs17551608 5 1.38 .011 All controls

Episodic memory Number of valid words WWC1 rs17551608 5 1.73 .0062 Female controls

Episodic memory Cohesion (WS ¼ 2) WWC1 rs3733980 5 �.013 .043 Male controls

Episodic memory Number of valid words KIAA0319 rs807534 6 �1.45 .032 All controls

Episodic memory Number of valid words KIAA0319 rs807534 6 �1.74 .032 Female controls

Episodic memory Number of valid words KIAA0319 rs807534 6 �1.67 .041 Female siblings

Episodic memory Number of valid words KIAA0319 rs807541 6 �1.35 .028 Female controls

Episodic memory Overall vector length KIAA0319 rs4576240 6 .041 .046 Male controls

Episodic memory Overall vector length CLSTN2 rs10804675 3 .031 .019 Male controls

Episodic memory Overall vector length CLSTN2 rs10804675 3 �.028 .0026 Female controls

Episodic memory Average vector length CLSTN2 rs10804675 3 �.0033 .015 Female controls

Episodic memory Cohesion (WS ¼ 1) CLSTN2 rs10804675 3 �.015 .010 Female controls

Episodic memory Cohesion (WS ¼ 2) BDNF rs6265 11 �.014 .023 Male controls

Episodic memory Number of valid words ZNF804A rs1366842 2 1.31 .042 Male controls

Episodic memory Number of valid words ZNF804A rs1366842 2 �1.12 .033 Male probands

Episodic memory Average cosine ZNF804A rs1366842 2 �.0064 .042 Female controls

Episodic memory Cohesion (WS ¼ 3) HTR2A rs6314 13 �.017 .033 Female controls

Episodic memory Cohesion (WS ¼ 1) DCDC2 rs2274305 6 �.013 .035 Male controls

Language Cohesion (WS ¼ 2) DYX1C1 rs600753 15 .010 .0062 All controls

Language Cohesion (WS ¼ 2) DYX1C1 rs600753 15 .011 .040 Male controls

Language Cosine to ‘Animal’ DYX1C1 rs600753 15 .0051 .048 (.055) All controls

Language Cosine to ‘Animal’ DYX1C1 rs600753 15 �.0082 .022 Female controls

Language Cohesion (WS ¼ 1) ATP2C2 rs2303853 16 .033 .032 Male controls

Processing speed Average cosine ATRNL1 rs10885721 10 �.0053 .013 All controls

Processing speed Average cosine ATRNL1 rs10885721 10 .0065 .038 Female controls

Processing speed Average cosine PKNOX1 rs234781 21 .010 .0063 All controls

Processing speed Average cosine PKNOX1 rs234781 21 .011 .039 Female controls

Processing speed Average vector length PDE1C rs3213709 7 .0027 .032 All controls

Processing speed Cohesion (WS ¼ 1) PDE1C rs3213709 7 .010 .025 All controls

Processing speed Cohesion (WS ¼ 1) PDE1C rs2302450 7 .011 .017 All controls

Processing speed Cohesion (WS ¼ 1) PDE1C rs2302450 7 .020 .0024 Male controls

Processing speed Cohesion (WS ¼ 1) SPATA7 rs3179969 14 .011 .010 All controls

Processing speed Cohesion (WS ¼ 1) SPATA7 rs3179969 14 .018 .0050 Male controls

a Significant replication sample results are given in italics.
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2.2. Candidate gene results for LSA metrics

2.2.1. Candidate genes associated with LSA measures
Two genes selected to be linked with verbal fluency, DISC1 (2

SNPs) and SLC6A3 (1 SNP), were associated in all controls and

male controls and probands with measures of overall and

average vector length and cohesion with a window-size of 1

(Table 4 lists all association tests with a p-value < .05,

uncorrected).

Intriguingly, DISC1 rs12133766, which is a synonymous

change (Leu499/621/653), was negatively associated with

average vector length in male controls (b ¼ �.0093, p-

value ¼ .018) and this negative association was replicated in

male probands (b ¼ �.0085, p-value ¼ .049), with an

experiment-wise empirical p-value of .051. This result in-

dicates that males carrying a copy of the minor allele at

rs12133766 used less complex terms in response to the cue

‘animal’ than those who did not carry a copy of the minor

allele, regardless of the number of words generated. No
Please cite this article in press as: Nicodemus, K. K., et al., Cate
candidate gene approach, Cortex (2014), http://dx.doi.org/10.1016
association was observed for this SNP in combined male and

female controls or in female controls individually (all p-

values> .05). Verbal learning and recall-associated genes such

asWWC1 (2 SNPs), KIAA0319 (3 SNPs), CLSTN2 (1 SNP), BDNF (1

SNP), ZNF804A (1 SNP), HTR2A (1 SNP) and DCDC2 (1 SNP)

showed association with the number of valid words gener-

ated, cohesion of words generated across all 3 window-sizes,

overall and average vector length and average cosine (Table

4). SNP rs807534, a missense SNP (Tyr424/968/1004/1013Cys)

in the gene KIAA0319, was negatively associated with the

number of valid words generated in female controls, with

individuals carrying the minor allele generating 1.74 fewer

words on average (b ¼ �1.74, p-value ¼ .032). The negative

association with the minor allele at this SNP was able to be

replicated in female siblings, with individuals carrying the

minor allele generating 1.67 fewer words (b ¼ �1.67, p-

value ¼ .041), with an experiment-wise p-value of .049. The

SNP rs1366842 in ZNF804A is a missense SNP (Thr707Lys) and

was positively associated with the number of valid words
gory fluency, latent semantic analysis and schizophrenia: a
/j.cortex.2013.12.004
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generated in male controls, with males carrying the minor

allele generating 1.31 additional words than those carrying

major alleles (b¼ 1.31, p-value¼ .042) but negatively associated

with the number of valid words generated in male probands,

thus that carriers of the minor allele generated, on average,

1.12 fewer words than those carrying major alleles (b ¼ �1.12,

p-value ¼ .033), experiment-wise empirical p-value of .045.

Two genes previously associated with language and speech,

DYX1C1 (1 SNP) and ATP2C2 (1 SNP), showed association with

cohesion and cosine to the word ‘animal’ (p-values ranged

from .0062 to .048), although these associations were not

replicated in probands or siblings. Of the genes reported to

show association with processing speed, ATRNL1 (1 SNP),

PKNOX1 (1 SNP), PDE1C (2 SNPs) and SPATA7 (1 SNP) showed

significant uncorrected association with cohesion, average

cosine and average vector length (p-values ranged from .0024

to .039). However, none of these associations were replicated

in probands or siblings.

Across the genes grouped by phenotype (e.g., “Gene Class”

in Table 4), the number of associations in controls (including

overall and sex-stratified analyses) with a p-value < .05 in the

group of genes previously associated with verbal learning and

recall was 17, whichwas not significantly larger than expected

by chance (empirical p-value > .05). However, within the

group of genes previously associated with verbal learning and

recall, the phenotype most frequently associated was the

number of valid words (6/17, 35%), which was significantly

more frequently associated than expected by chance within

all replicates with 17 or greater associations (empirical p-

value¼ .0080). The number of associations within the group of

genes previously associated with processing speed was not

greater than expected by chance (empirical p-value > .05).

However, SNPs within this group were associated primarily

with cohesion with a window-size of 1 (5/10, 50%; empirical p-

value ¼ .0040) and average cosine (4/10, 40%; empirical p-

value ¼ .028). Genes previously associated with language and

speech were associated most frequently with cohesion with a

window-size of 2 (2/5, 40%) and cosine to ‘animal’ (2/5, 40%),

but neither the clustering with these phenotypes nor the

overall number of associations was significant (empirical p-

values all > .05). Similarly, genes previously associated with

verbal fluency in controls were more likely to be associated

with average vector length (2/4, 50%), although the number of

associations with phenotypes and the frequency of associa-

tion with average vector length did not exceed that expected

by chance (all empirical p-values > .05).

In order to assess whether the replicated associations

observed in DISC1 with average vector length and KIAA0319

and ZNF804A with number of valid words generated captured

association with variation in these novel measures that was

not accounted for by traditional measures of verbal learning

and recall, we tested for association between these 3 SNPs and

traditionalmeasures of verbal learning and recall: the CVLT 15

correct, the CVLT long delay free recall correct, and the WMS-

R logical (verbal learning and recall) memory 1 (immediate

recall) and 2 (30 min delayed recall), plus the difference be-

tween logical memory 1 and 2. No significant association was

found between DISC1 rs12133766 and these measures in male

controls (p-value range¼ .11e.56) or inmale probands (p-value

range ¼ .22e.98), nor between KIAA0319 rs807534 in female
Please cite this article in press as: Nicodemus, K. K., et al., Cate
candidate gene approach, Cortex (2014), http://dx.doi.org/10.1016
controls (p-value range ¼ .31e.84) or female siblings (p-value

range ¼ .25e.86), nor between ZNF804A rs1366842 in male

controls (p-value range ¼ .080e.73) or in male probands (p-

value range ¼ .30e.81).
3. Discussion

We have shown that genes previously associated with verbal

fluency (DISC1) and verbal learning and recall (ZNF804A and

KIAA0319) were associated and replicated using traditional

measures of category fluency (e.g., the number of valid words

generated to the word ‘animal’) and also to a novel LSA-

derived measure of average vector length, which is a mea-

sure of the quality of information retrieved. We further found

that the genes associated with verbal learning and recall were

significantly more frequently associated with the number of

valid words generated than expected by chance alone. Genes

previously associated with processing speed were signifi-

cantly more frequently associated with cohesion of words

generated and with average cosine. Further, the 3 SNPs in

DISC1, ZNF804A and KIAA0319 were not significantly associ-

ated with traditional measures of verbal learning and recall

using logical memory from theWechsler Memory Scale or the

CVLT, suggesting the novel computational linguistics metrics

maymeasure components of category fluency that differ from

more traditionally-used measures and may provide a more

nuanced phenotype than the crude count of number of words

produced. Although associations observed in female controls

were replicated in female siblings and associations observed

in male controls were replicated in male probands, the

inability of our study to replicate associations in female pro-

bands (N ¼ 35) and male siblings (N ¼ 66) is likely due to the

small sample sizes in these groups. The effect sizes observed

were modest, similar to those found in other cognitive SNP

association studies (e.g., Luciano et al., 2011). As is common in

genome-wide association studies, our focus was on indepen-

dent replication of our associations observed in controls.

3.1. ZNF804A

The GWAS-identified ZNF804A SNP rs1344706 (O’Donovan

et al., 2008) has shown replicated increased risk for schizo-

phrenia in several studies including a recent meta-analysis

that reported a genome-wide significant level of association

(Williams et al., 2011). Further studies have linked ZNF804A to

neurocognitive measures including verbal working memory

and episodic working memory (e.g., Walters et al., 2010).

However, within schizophrenia cases, the schizophrenia-

associated risk allele has shown relatively preserved cogni-

tion (Becker et al., 2012; Chen et al., 2012; Van Den Bossche

et al., 2012; Walters et al., 2010), whereas in healthy controls

the same schizophrenia-associated risk allele appears to

impart poorer performance (Balog, Kiss, & Keri, 2011; Esslinger

et al., 2011; Lencz et al., 2010; Voineskos et al., 2011). The SNP

in our study, rs1366842, is approximately 10 kb from rs1344706

and is in modest linkage disequilibrium with this SNP (Hap-

Map, CEU and TSI populations, r2 ¼ .40). However, given

incomplete linkage disequilibrium, (the risk-associated A

allele at rs1344706 occurs with the minor allele A of rs1366842
gory fluency, latent semantic analysis and schizophrenia: a
/j.cortex.2013.12.004
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less frequently (approximately 20% in HapMap CEU and TSI

populations) than the major allele at rs1366842 (approxi-

mately 38% of chromosomes)), the effect of rs2366842 may

represent an independent effect on cognition in probands and

controls. Consistent with previous reports of preserved

cognitive function in probands but impaired cognitive func-

tion in controls according to the risk allele of the genome-wide

significant SNP rs1344706, we also observed differential as-

sociation with rs1366842 and the number of valid words

generated to the cue ‘animal’, with controls carrying the

minor allele at this SNP generating significantly more words

and with cases generating significantly fewer words than

those not carrying the minor allele, respectively.

3.2. DISC1

DISC1 is a schizophrenia and major depression candidate

gene that was discovered in a large family, where a balanced

translocation between chromosomes 1 and 11 segregatedwith

psychiatric illness (Millar et al., 2000). As a scaffold protein,

DISC1 has been shown to interact withmultiple genes that are

associated with neuronal migration and neurodevelopment

(Porteous, Millar, Brandon, & Sawa, 2011). A recent study re-

ported association between a rare-variation burden score

within DISC1 and the Moray House Test, a test of verbal

reasoning and general cognition, in a large population-based

cohort from Scotland (Thomson et al., 2013). In bipolar disor-

der families from Finland, several SNPs and haplotypes in

DISC1 were found to be associated with bipolar disorder and

with various neurocognitive traits, including general intel-

lectual functioning, verbal ability, verbal working memory

and verbal learning, along with category fluency (Palo et al.,

2007). Interestingly, the association with category fluency

observed in this study (Palo et al., 2007) was with the SNP

rs821616, which is located 190,453 bp from our DISC1 SNP

(rs12133766) and thus our findings are likely to represent an

independent signal within DISC1. Variation in DISC1 has also

been associated with reductions in gray matter volume in the

hippocampus and poorer performance on the logical memory

2 subtest from theWechsler Memory Scale in healthy subjects

(Callicott et al., 2005) and also with gray matter thickness,

memory and cognitive processing (Carless et al., 2011).

3.3. KIAA0319

KIAA0319 encodes a protein considered important for

neuronal adhesion/attachment and has been linked to a range

of reading-related traits and dyslexia (Venkatesh, Siddaiah,

Padakannaya, & Ramachandra, 2013; for a review see

Graham&Fisher, 2013) which is a highly heritable condition in

which genetic factors likely contribute up to 75% of the vari-

ance in the phenotype (DeFries, Fulker, & LaBuda, 1987).

Importantly, a recent meta-analysis that integrated case-

econtrol and transmission/disequilibrium test studies sup-

ported the role of this gene in the risk of dyslexia (Zou et al.,

2012). Recent work with rats (who have almost identical

speech discrimination thresholds to humans) whose expres-

sion of the homologue of the human gene KIAA0319 was

reduced (by in utero RNAi transfection of Kiaa0319) displayed

much variability in neural excitability, neural discriminability
Please cite this article in press as: Nicodemus, K. K., et al., Cate
candidate gene approach, Cortex (2014), http://dx.doi.org/10.1016
and latency to speech sounds, findings which offer a putative

mechanism for how this so-called dyslexia gene may impair

phoneme processing namely by altering auditory cortical re-

sponses (Centanni et al., 2013). Interestingly, this gene has also

been associatedwith a reduction in the asymmetric activation

of the superior temporal sulcus in human participants during

an fMRI reading study, although the sample size was small for

studying complex genetic traits (Pinel et al., 2012).
3.4. Application to cognitive neuroscience

Automated text analysis technologies hold much promise of

integrating fragmented information spread across multiple

fields of expertise into a complete picture exposing the inter-

related roles of various genes, proteins, and chemical re-

actions in cells and organisms. Suchmethods could be applied

to delineating gene clusters that share a similar biological

function and establishing connections between genes and

disease. Already there are demonstrations of how statistical

text mining methods can rapidly obtain functional informa-

tion about genes, (protein-to-protein interactions, gene func-

tion annotation, and measures of gene-to-gene similarity

(Raychaudhuri, 2006)), and establish links to specific disease

states (e.g., Raychaudhuri et al., 2009; Semeiks, Grate, & Mian,

2005; Xuan,Wang,Watson, &Meng, 2007).We have illustrated

some of the potential of automated text analysis with awidely

used neuropsychological task, namely category fluency.

However, such a framework for analysing the content of

words is equally applicable to other assessment tasks, for

example, the output generated in verbal learning and recall

tests, or even directly from natural speech. Here, we have

shown that genes previously associated with verbal fluency

and verbal learning and recall showed a sex-dependent as-

sociation with the number of valid words generated and LSA-

derived average vector length that was able to be replicated,

despite small sample sizes. Our study provides an intriguing

first attempt to delineate the underlying genomic architecture

of category fluency using phenotypes obtained via computa-

tional linguistics approaches. Ideally, our preliminary findings

will provide the impetus for larger studies such as genome-

wide association studies of similar phenotypes, which would

require substantially larger sample sizes. As these modelling

approaches are agnostic to language, combination of data

across centres and languages within a consortium-level effort

would provide the statistical power to better understand how

common variation contributes to these novel phenotypes.
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