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Chapter 7
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ABSTRACT
DNA microarrays for marine biodiversity studies have been developed and tested in
several groups, spanning different applications. They are employed to characterize
ecological communities circumventing uncertainties and challenges associated with the
conventional techniques of taxonomy employed to characterize these communities.
Examples come from identifications of fishes and phytoplankton to monitoring of
∗
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harmful algae. Although DNA microchips support a great diversity of applications and
provide a wealth of findings in functional genomics and environmental studies, limits in
ecological applications are known. So far, DNA microarrays used in biodiversity studies
provide only qualitative data in terms of presence or absence of the species and its usage
is greatly limited in providing the quantitative measurement of environmental samples.
Moreover, DNA microarrays are commonly restricted to identify only those species that
are targeted by the probes implemented on the chip. In turn, developing a broad spectrum
array has technological challenges in terms of probe designing, experimental
optimization, and statistical analysis. In this book chapter, we provide a critical
assessment on promises and pitfalls of DNA microarrays as tool for marine invertebrate
species identification. We implemented a DNA-chip prototype to identify 15 species of
marine invertebrates from European Seas, including crustaceans, molluscs, and
polychaetes, based on the two mitochondrial markers, cytochrome oxidase subunit I and
16S rRNA. Challenges involved in oligonucleotide probe design, in silico evaluation, and
difficulties encountered through hybridization experiments are here explored. Specificity
and sensitivity of the probes have also been critically evaluated to verify the suitability of
the selected markers for microarray probe design. Since ultimate application of DNA
microarray to resolve complex environmental samples is a major challenge, we made an
attempt to analyze gut contents of predator fishes. The problems encountered during this
analysis, as the presence of target and not target species that could affect the specificity
and the sensitivity of the DNA-chip to distinguish low and high abundant target species
from a background of non-targets, were explored. We also reviewed advantages and
disadvantages of DNA microarray technology compared to other molecular identification
methods that recently spread, i.e. DNA barcoding and next generation sequencing. The
outcome of the Invertebrate DNA Chip prototype served as a proof-of-concept for the
identification of selected marine invertebrates and prey species of demersal fishes by
DNA microarray. The potential of such microarrays can encompass several fields of
scientific applications in marine biodiversity and ecosystem sciences, as marine
ecosystem diversity and environmental monitoring, seafood quality control, and
understanding food webs and ecosystem functioning.

INTRODUCTION
Challenges in Marine Biodiversity and Ecosystem Sciences
Compared to terrestrial ecosystems, very little is known about marine biodiversity, and its
changes in species richness and ecosystem functioning, mostly due to sampling and
taxonomic constraints [1]. Although the situation of marine biodiversity is alarming, expertise
to assess biodiversity is currently being lost [2]. The necessary monitoring of marine
ecosystem diversity is thus hampered, due to the lack of taxonomic expertise and tools for the
identification of sampled organisms [3].
Monitoring marine biodiversity through the standard quali-quantitative analysis of fish
gut content dates back in the early 80s [4][5][6]. Since then, such analysis has been used as a
tool across several studies [7]. The stomach content analysis has been adopted as supportive
tool in several studies, ranging from fisheries assessment [8], marine food web and successful
monitoring of marine ecology [9], and monitoring of marine invertebrates and bioindicator
organisms, which are important prey species [10]. The approach has been successful to detect
abundant and taxonomically well-known species in the gut contents. However, quantitative
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and qualitative constrains can be commonly identified [11][12]. Because prey is often
partially or fully digested, the diagnostic characters for species identifications are frequently
lost, and the identification of organisms is then mainly based on their remaining parts or
traces [11]. For such reason, unambiguous prey identification through taxonomic approaches
undergoes a limiting bottleneck. In addition, the standard taxonomic identification of
organisms by stereo-microscopic analysis is extraordinarily time consuming and marginally
useful for routine analysis, yielding only partial results.

Analyses of Fish Gut Contents- Traditional versus Molecular Approaches
Much of the knowledge on fish diet habits was initially based on analysis of stomach
contents involving methods of occurrence, numerical, weight, and volumetric frequencies
[6][13][14]. The advent of molecular tools employed in ecological and fisheries studies
expanded and integrated the standard taxonomic approach [15][16][17][18]. Based on the
nucleotide differences among species-specific DNA sequences, the concept of genetic
markers for taxa identification, has gained acceptance and widespread application
[19][20][21][22][23]. In fact, molecular approaches to species identification are considered as
the most efficient solution to inventory all life forms for biodiversity conservation and
monitoring [15][24]. Successful reports were published about DNA-based identification of
marine animals, such as eggs, larvae, and adults of fishes [20][25][26], zooplankton [27], and
invertebrate larvae [28]. The sequences of partial mitochondrial Cytochrome c Oxidase
subunit 1 (COI) gene along with those of the 16S rRNA (16S) and Cytochrome b (Cytb)
genes were proposed as standard tools (e.g. barcodes) for a global bio-identification system of
eukaryotes [15].
The need for simultaneous handling of large numbers of samples in mass scale studies
has led to improved molecular techniques able to perform multiple sequences analyses, such
as DNA microarray technologies [29]. Microarrays, or so-called microchips, are one of the
most powerful innovations in molecular biology since their emergence nearly 30 years ago
[30]. Allowing parallel hybridizations of hundreds to thousands of nucleic acids probes on a
small surface area, DNA microchips transformed and accelerated the technical framework of
several research disciplines. The first idea of identifying a DNA with radioactive-labelled
short single-stranded DNA molecules started in 1975 [31], where the target DNA to be
analyzed was immobilized on a membrane. After fourteen years, in 1989, Saiki et al., [30]
reversed the design and started the microarray revolution, where many DNAs could be
identified simultaneously by immobilizing many specific oligonucleotides on a solid support
(i.e. the microarray slide). Since its first implementation [32], a rapid increase in novel
technological solutions is being explored to date. In the last few decades, DNA microarrays
have evolved as a promising tool for detecting thousands of environmental samples in
biodiversity studies [33][34][35]. Some research programs have highlighted the potential of
the DNA-microarrays as high throughput molecular tools to detect marine organisms for
effective monitoring of marine ecology [18].
DNA microarrays were used to identify different taxa in the marine realm: bacteria [36],
pathogenic vibrios infecting shellfish and fishes [37][38], benthic fishes [29][39][40],
phytoplankton [41][42] and harmful algae [43][44][45][46].Invertebrates form a major part of
marine ecosystems and largely contribute to the marine food webs [47]. Being a highly
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diverse ecological group of organisms, the identification of marine invertebrates at the species
level is a real challenge. Until now, DNA-DNA hybridization techniques were developed to
identify larvae of marine invertebrates [48]. Hence, one of the main objectives of this chapter
was to develop a high-throughput DNA microarray to detect marine invertebrate species in
the gut content of benthic marine fish. At the methodological level, the potential for highthroughput and automation of microarray platforms is the critical factor driving interest
towards the development of DNA microarray technology, even though sometimes the arrays
are lacking consistency of results and involve complex process of data analysis [49].

DNA MICROARRAYS – CHALLENGES
Several types of challenges can be identified in the development and application of DNA
microarrays for environmental studies [50], compared to the highly standardized functional
genomics arrays, and to the most recently used approaches, such as the DNA barcoding
methodology [15][16] [17].
1. Biological challenges: Due to the large number of species across different phyla of
invertebrates, it is highly impossible to develop an array having probes specific for
all the organisms. Such microarray can be limited only to a selected number of
species with referenced DNA sequences available for probe designing. However, the
use of probes to detect organisms at multiple hierarchical taxonomic levels can
enhance the accuracy of the array. Developing a broad-spectrum microarray with
probes suitable for the identification of organisms at species and higher taxonomic
levels will be a task facing technological challenges in probe design and optimization
of hybridization conditions [51][52].
2. Selection of appropriate gene markers for probe design: This is a critical step, as the
candidate gene should have a nucleotide substitution rate able to discriminate even
closely related species, but also allow distinguishing individuals of the same species.
For such reasons, the mitochondrial DNA genes 16S, COI, and Cytb are widely used
markers in probe design for species identification. The COI has been widely found to
be efficient in differentiating closely related species [15][24][40][53]. On the
contrary, the 16S was more suitable for identifying inter-specific variation rather than
intra-specific variation [54]. Some organisms, such as fishes, were successfully
differentiated also using the Cytb [40].
3. Technological challenges: The selection of appropriate gene markers would require
in-silico and in-vitro standardization experiments. Major technological challenges
include 1) the design of species-specific oligonucleotide probes, 2) the amplification
of the target genes from single- or multi-target DNA template, 3) the optimization of
hybridization conditions for highest binding efficiency of target to probes, 4) the
detection of the optimum signal intensity from the fluorescent labels, 5) the
sensitivity of the array to detect target species in highly diverse environmental
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samples, and finally 6) the development of standard statistical methods for data
analysis [55][56].

Invertebrate DNA Chip – Development
This chapter deals with the development and implementation of an Invertebrate Chip
(hereafter INV-CHIP) for the identification of selected species of marine invertebrates and the
critical assessment of its reliability in species identifications. The INV-CHIP targets
important prey species of demersal fishes in the Mediterranean Sea and bioindicator
organisms, such as polychaetes, that are difficult to be identified by morphological characters.
The INV-CHIP aimed at enhancing ecosystem research on energy flow, food web structure,
and environmental monitoring, for its potential to facilitate the identification of digested prey
in gut contents analysis. By increasing the accuracy of multi-target identifications and the
performance for large mass-scale biodiversity studies, the INV-CHIP could further strengthen
the regular monitoring of bioindicator organisms in marine ecological research. The
specificity and sensitivity of the INV-CHIP were tested using single and multiple targets as
well as environmental samples such as gut contents of demersal fish, whose prey species
composition was in parallel analysed by standard stereomicroscopic analysis.

MATERIALS AND METHODS
Sample Collection and DNA Extraction
A total of 267 specimens from 15 species of crustaceans (7 species), molluscs (4) and
polychaetes (4) were collected from different areas of the Adriatic Sea and North Sea (Table
1) during scientific expeditions. Species were selected on the basis of their ecological traits
and geographical range, focusing on prey of demersal fish and bioindicator organisms.
Simultaneously, samples of Chelidonichthys lucerna (tub gurnard) were collected from the
North Adriatic Sea in order to obtain suitable gut samples for testing the INV-CHIP. All the
individual specimens collected were morphologically identified at species level and stored in
ethanol 96% at 4°C. A collection of voucher specimens and tissue samples was created and
genomic DNA was extracted from each sample as previously described [29].
After recording of biological data, the entire gut and stomach content of the tub gurnard
individuals were excised and stored in ethanol 96% at -20°C. Genomic DNA extraction of
individual gut content was performed by collecting biological materials (i.e. particles and
prey remains) from the stomach. The taxonomic analysis of the species content with standard
morphological approach was performed under a stereo-microscope. The selected biological
materials were then homogenised with a pestle or a homogenizer to break down
agglomerates. An aliquot of approximately 200 µL was pelleted by centrifugation and ethanol
was removed. The pellet was dried at 37°C. The total genomic DNA extraction was
performed following the protocol from Deagle et al., [57].
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Table 1. List of 15 invertebrate species and respective area of collection
Taxon
Crustacea

Family
Alpheidae
Crangonidae
Goneplacidae

Adriatic Sea
North Sea
Adriatic Sea

Individuals
collected
10
64
10

Ld

Adriatic Sea

10

Lv

Adriatic Sea

10

Mn

Adriatic Sea

10

Pm

Adriatic Sea

10

Ec
Lm

Adriatic Sea
Adriatic Sea

10
10

Cg
Ic
Hd

Adriatic Sea
Adriatic Sea
Mediterranean
Sea
Mediterranean
Sea & North Sea
North Sea
North Sea

10
10
22

Veneridae
Ommastrephidae
Nereididae
Nephtyidae

Nephtys hombergii

Nh

Pectinariidae
Sigalionidae

Pectinaria koreni
Sigalion mathildae

Pk
Sm

Portunidae
Euphausiidae
Grapsidae

Polychaeta

Species
Code
Ag
Cc
Gr

Alpheus glaber
Crangon crangon
Goneplax
rhomboides
Liocarcinus
depurator
Liocarcinus
vernalis
Meganyctiphanes
norvegica
Pachygrapsus
marmoratus
Eledone cirrhosa
Lentidium
mediterraneum
Chamelea gallina
Illex coindetii
Hediste diversicolor

Portunidae

Mollusca

Species Name

Octopodidae
Corbulidae

Collection Site

56
13
12

Amplification and Sequencing of Genetic Markers
The COI and 16S markers were targeted for amplification and sequencing. The COI and
16S were PCR amplified using the universal primer pairs LCO 1490-HCO 2198 [58], and
16SarL-16SbrH [59], respectively. All PCR products were quali-quantitatively checked by
1.5%-agarose gel electrophoresis. Exo-Sap purified PCR amplicons were sequenced using the
Big Dye terminator cycle sequencing kit (Applied Biosystem) according to the
manufacturer’s protocol. Both DNA strands were sequenced. Electropherograms were
visually inspected and edited for indels and substitutions, by using the software MEGA
version 5 [60]. After editing, the identity of the target sequences was checked by nucleotide
BLAST search against the NCBI GenBank [61].

Sequence Analysis and Capture Probe Designing
Sequences of at least two individuals of each species and additional sequences from
NCBI were used for capture probe design. COI and 16S sequences of non-target crustaceans,
molluscs, and polychaetes from European Seas were obtained from NCBI (Table 2). The
oligonucleotide probes were designed by the Chip Designing Internet Service (CDIS)
provided by the Miconet service of the Techno Mathematics Department of the University of
Bremen (Microarray Collaboration Network web page www.miconet.uni-bremen.de) [62].
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The final criteria used for the 16S probe design were: the length of the oligo in the range
of 23 to 50 bp, GC content: 35-55%, specific binding with the target sequences, and
hybridization temperature in the range of 70-80°C, considering a total 1M salt concentration.
The COI capture probes were designed as for the 16S but with much narrower criteria (oligo
length from 23-35 bp and GC content of 40-50 %). The probes were checked for any
secondary structure, self-complementarities, and absence of cross-reactions against targets
and non-targets. Minimal free energy (mfe) structures were computed by using the software
RNA fold [63]. A capture probe included in the experimental tests only if it recognized the
proper target species with 0 mismatches and showed at least 3 mismatches distributed in the
center of the oligo with respect to other target and non-target species. At least two capture
probes for each marker and species were selected (Table 3).

Preparation of DNA Microarrays and Hybridization Experiments
Preparation of DNA microarray slides and hybridization experiments were carried out as
described in details in Kochzius et al. [29][40], using a set of 96 spots arranged in 4 rows and
24 columns on a glass slide. The array layout of the prototype INV-CHIP is displayed in
Figure 1.
Table 2. For each target and non target species, 16S and COI sequences used for probe
design. A: sequences newly obtained for the INV-CHIP and B: sequences retrieved from
the NCBI database
16S
Taxon
Crustacea

Mollusca

Polychaeta

Species
Alpheus glaber
Crangon crangon
Goneplax rhomboides
Liocarcinus depurator
Liocarcinus vernalis
Meganyctiphanes
norvegica
Pachygrapsus marmoratus
Eledone cirrhosa
Lentidium mediterraneum
Chamelea gallina
Illex coindetii
Hediste diversicolor
Nephtys hombergii
Pectinaria koreni
Sigalion mathildae
Total

Targets
A

A

4
5
3
3
3
4

0
0
0
0
0
1

4
3
2
2
2
4
13
3
3
70

1
3
0
3
1
0
0
3
0

Nontargets
B
601

726

162

1489

COI
Targets
A

B

3
2
3
3
2
3

0
0
0
1
0
2

2
3
2
3
3
5
9
4
4
58

0
1
0
2
1
0
0
0
0

Nontargets
B
1085

1624

461

3170

P. marmoratus

M. norvegica

L. vernalis

L. depurator

G. rhomboides

C. crangon

A. glaber

Species Name

Probe
Name
Ag-16S_1
Ag-16S_2
Ag-COI_1
Ag-COI_2
Cc-16S_1
Cc-16S_2
Cc-16S_3
Cc-COI_1
Cc-COI_2
Cc-COI_3
Gr-16S_1
Gr-COI_2
Gr-COI_1
Ld-16S_1
Ld-16S_2
Ld-COI_2
Ld-COI_1
Lv-16S_1
Lv-16S_2
Lv-COI_1
Lv-COI_2
Mn-16S_1
Mn-16S_2
Mn-COI_2
Mn-COI_1
Pm-16S_1
Pm-16S_2
Pm-COI_1
Pm-COI_2
GAATGATCGGACAAGGGGCTAACTG
GGAATGAATGATCGGACAAGGGGCTAAC
GGAATGAATGATCGGACAAGGGGCTAACTG
CCTGCTTTAACTCTTCTTCTATCTAGAGGA
CCTCCTGCTTTAACTCTTCTTCTATCTAGAGGA
CTAGAGGATTAGTAGAAAGAGGAGTAGGAACTGGA
GAACTTGTATGAATGGTTGGACAAAGGAAAAGCTGTCTCTATTATA
CGCCTCTGTTGATATAGGTATTTTTTCCCTTCATT
ACTTCCTCCCTCTTTAACTCTCTTACTAAT
CTTAGAAAAATGTATTGGGTTGGGGCGAC
CTTAGAAAAATGTATTGGGTTGGGGCGACTAAGGTATA
TTACTCCCACCTTCGCTAACTCTTCTCCTC
TCTACCCTCCCCTATCGGCTGCTATT
ATTCAGAAAAGTGTATTGGGTTGGGGCG
AGGTTTATTCAGAAAAGTGTATTGGGTTGGGG
GCTTCTTCTCATGAGAGGTATAGTCGAGAG
TGACCCAGTTCTCTATCAGCACTTGTTTTG
ATGGTCGGACAAGAAACAGACTGTCTTCA
GGTGTAGCAGCTTTAATAGAAGGTCTGTTCGAC
CCACCTTCTTTAACTCTTTTATTAGGCAGAGGTC
GGCAGAGGTCTTGTAGAAAGAGGAGTC
TCGAGGGCTATAAAGGCTTGGTG
AGTCTAATTCGAGGGCTATAAAGGCTTGGTG
ACCTCCCTCCTTATCTCTCTTACTTACAAGA
CAACATACGCTCTTATGGTATGACAATAGACCA

AGTTAGGTCATTATGCTGGGGCG
GTTTAAGTTAGGTCATTATGCTGGGGCGG
TCCTACTCAGGCTCCCAGTTCTA TTAGGGATCTTCTCGCTACACCTCG

Sequence in 5'- to 3'- direction
23
29
23
25
25
28
30
30
33
35
46
35
30
29
38
30
26
28
32
30
30
29
33
34
27
23
31
31
33

Length (bp)
52
48
52
52
52
50
50
40
42
43
35
37
37
45
39
50
54
46
41
47
43
45
45
41
52
52
45
42
39

%GC

82,23 83,75
81,83 81,66

84,11 83,63
82,07 82,75

84,23
82,98 81,36
82,96

82,51 83,84
84,73 85,64

83,83 82,1
79,22

82,56
83,7
82,13
82,49
82,4
83,79
84,85
79,49
81,95 82,36

Tm(°C)

Table 3. List of species-specific capture probes (COI and 16S) developed and implemented in the INV-CHIP prototype.

S. mathildae

P. koreni

N. hombergii

H. diversicolor

I. coindetii

C. gallina

L. mediterraneum

E. cirrhosa

Species Name

Probe
Name
Ec-16S_2
Ec-16S_1
Ec-COI_1
Ec-COI_2
Lm-16S_1
Lm-16S_3
Lm-16S_2
Lm-COI_1
Lm-COI_2
Cg-16S_1
Cg-COI_2
Cg-COI_1
Ic-16S_1 IcCOI_2 IcCOI_1
Hd-16S_1
Hd-16S_2
Hd-COI_1
Hd-COI_3
Hd-COI_2
Nh-16S_1
Nh-16S_2
Nh-COI_2
Nh-COI_1
Pk-16S_2
Pk-16S_1
Pk-16S_3
Pk-COI_1
Pk-COI_2
Pk_COI_3
Sm-16S_1
Sm-16S_2
Sm-COI_3
Sm-COI_2
Sm-COI_1
CGACCCAGGAGCATTTAAACCCT
GAAGGCTGGAATGAACGGATAAACGAG
CCTTCAGTTGATCTCGCTATCTTTTCTCTTCATATTGC
ACTCCCTCCTTCTCTAATTCTTCTTTTATCTTCA
TCTTCAAGAGCCGTTGAAAAAGGAGTT

GCTTGAATTTTTTAAAGGGACGAGAAGACCCTAATGAGCTTATAA
CCACCATCTTTAACTATATTACTAGCCTCTTCAGC
CCCTTATCTAGAAATTTATCTCATGCTGGACCC
GCTAATTAATCACACACACACCCAA
TGGGACAACCTAAAGACAAATAAACCTCTTAGCT
GTCCGTCAGTAGACCTTGCAATCTTC
ATGAACAGTATACCCGCCATTAGCCAGAAATATTG
GGTCTCATCTATTTTGGGAGCCCTAAAC
AAAAGGAACAAGTTTGGTTGGGGC
AAAAGGAACAAGTTTGGTTGGGGCGACAAAG
CCCTTCTTTAATTCTTCTTGTTATATCCGCAGCTG
TATCCGCAGCTGTAGAAAAAGGAGTC
GGGGCGGCTGAGGAAAATTAAATC GAGGGCCAAGCTGTCTCTTTAGT
GGATCAAAGAAAATAGCTACCTCGGGG
CTTTTCTCTCCACTTAGCCGGGATC CCCATTAATACTTGCTGCTCCAGAC
CCCCTTATCAAGAAACCTTGCACATGCG

GGAGAATGGTATGAATGGTTTAACGTAGAATAACTGTCTTTGGAA
CTTATCTAGGGCTCTGTCTCATTCGGG CTTAGGTTCTGATTGTTGCCGGTG

GATTGGGGTGATCAAGGAATAAAAAAGA
GATAAATAAACCGAGAGTTTTGC
CCTCCCCTATCAAGTAATTTAGCCCACATAG
ACCCTCTGTTGACCTAGCAATTTTCTCTTTACATC
TGGGGAAAGGTATGAAGGGACTG CTGGAGGGCTAATCGAATGGAAAGT
CAGCGTAATTTTCTACTGGAGGGCT
CCCCATTATCCGGTAATACAGCTCACTC
AGACTTTCTTATTTTATCGCTACACCTCGGT

Sequence in 5'- to 3'- direction
28
23
31
35
23
25
25
28
31
45
27
24
45
35
33
25
34
26
35
28
24
31
35
26
24
23
27
25
25
28
23
27
38
34
27

Length (bp)
36
35
45
40
52
48
48
50
39
36
52
50
36
40
42
40
38
50
40
46
46
45
40
46
50
52
48
52
48
50
52
48
39
35
41

%GC

82,79 82,23
82,94 80,73
81,92

81,83 82,19
81,73 81,93
80,67 84,63

82,3 85,92
82,4 81,45

78,96
83,06 81,91
83,44 81,65

84,23 81,35
81,97

83,93 82,51
81,25

81,98 81,9
81,97 82,81
81,72

78,62 73,4
82,11 83,27

Tm(°C)
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Figure 1. Layout of the prototype INV-CHIP. Probes name as listed in Table 3; PC: positive control;
NC: negative control; Empty: empty spots.

Target Amplification - Multiplex 16S and COI PCR
In order to reduce the number of PCR reactions needed to carry out all single target
hybridizations, a multiplex PCR was optimized combining the single 16S and COI protocols.
Multiplex PCR conditions were similar to those used in single PCR, except for the annealing
temperature set to 45°C. PCR reactions were performed in 100 µL with 0.3 µM of each
primer. Target DNAs for microarray hybridization experiments were amplified using Cy5-5’labelled forward primers as described in Kochzius et al. [29][40].
Experiments for Testing Probe Specificity
According to the optimized hybridization conditions, a series of single target
hybridizations experiments were performed both 16S and COI markers to test the specificity
of the probes selected for each microarray. In order to check the behavior of each target
species on the chip and also the signal patterns obtained by hybridizing different markers, the
first series of hybridization experiments were performed to amplify and hybridize the two
markers separately. Single target hybridizations were realized with three individuals for each
target species and each hybridization experiment was replicated three times. According to
these results, oligos were selected for the final INV-CHIP, which included both 16S and COI
probes. A total of 64 capture probes with satisfactory behaviour were chosen for the
combined INV-CHIP. Both 16S and COI markers from all the 15 target species were
amplified in a multiplex PCR with two sets of primers as described above. The final
concentration of amplicons in the hybridization solution was 20 nM instead of 10 nM (as in
the case of single marker hybridizations) assuming that the two markers were amplified with
a comparable yield in the multiplex PCR. As all the hybridization parameters had already
been checked and the signal pattern of every single target was known, two non-interfering
targets were hybridized together on to the microarray to reduce the number and time of
experiments.
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Experiments for Testing Probe Sensitivity: Binary and Ternary Mixtures
The sensitivity of the microarray was tested using a hybridization series with two targets
on the same chip, to check the reciprocal influence in term of the signal intensities given by
the probes of one target when the other one was present at different concentrations. In this
test, three sets of targets were selected from each of the three taxonomic groups represented
on the INV-CHIP: Crustacea, Mollusca, and Polychaeta. The two targets were selected
according to the criterion that, although closely related, they did not show any cross
hybridization in the single target experiments.
The sensitivity was further assessed with a similar three target hybridization series to
check the number of targets that the microarray can identify without any interference. As in
the two target experiments, three species belonging to the same three taxonomic groups were
simultaneously hybridized in the microarray. The 16S and COI markers were amplified in a
multiplex PCR. In the first experiments, all the targets were added in equal amounts, while
further experiments were carried out keeping one target at the minimum concentration and
adding two other targets in the highest concentrations. The PCR products were hybridized on
to the INV-CHIP to check if there was a correlation between the template concentration, the
PCR amplification of different targets and the signal intensities.
Experiments on Environmental Samples
The suitability of the INV-CHIP in ecological studies was assessed by analyzing the gut
content of seven individuals of the demersal fish (C. lucerna). Previous work had analyzed
the diet of several demersal fishery resources, and the preliminary results showed that C.
lucerna feed on some of the crustacean species targeted by the INV-CHIP [64]. The gut
content samples were collected, total DNA extracted as described above, and hybridized onto
the chip. Verification of the hybridization results was carried out by cloning and sequencing
the 16S and the COI amplicons obtained from the gut content samples.
Measurement of Fluorescence Signals and Data Analysis
Hybridization signals were measured as described in Kochzius et al., [40]. The
hybridization spots were replicated according to the configuration of the array (Figure 1) (n =
1 for probes, n = 14 positive controls - PC and n = 4 for negative controls - NC). The mean
and standard deviation of the pixels in the spots were generated by the software Genepix pro
v4.1 (Axon, Union City, USA), along with the local background. Local background was the
mean of the pixels measured in a ring around the spot twice its diameter.Data were preprocessed by calculating the ratio standard deviation (SD)/mean for each spot (coefficient of
variation, CV) and excluding the signals with CV > 1 from the analysis.
Hybridization signals for all tests were analysed using the same procedure. Negative
control signals were compared with local background values by means of Welch's t test for
unpaired samples with pooled SD [65]. When significantly different at p < 0.05, the highest
among negative control- and background- signal was retained as the control (CTRL) signal. If
not significantly different, the two measurements were averaged as the CTRL signal for
subsequent analyses.
Differences between hybridization signals were tested by one-way ANOVA. Variances
were preliminarily tested for heteroscedasticity using Bartlett test [66]. When necessary, data
transformations were done to stabilize the variances. If variances could not be stabilized using
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appropriate transformations, ANOVA analysis was run on the untransformed data [67]. On
significant ANOVA results, differences among groups were tested by multiple pairwise t
tests. The Benjamini–Hochberg procedure [68] was used to control the false discovery rate
and correct α values. For ANOVA analyses and pairwise tests the significance threshold was
set at p < 0.01. All statistical analyses were performed using R Project for Statistical
Computing v.2.15 [69].

RESULTS
Sequencing of the Targets
For each target species, an initial set of 10 individuals was processed for DNA extraction,
gene amplification, and sequencing. At least two 16S and COI sequences for each target
species were obtained (Table 2).

In Silico Characterization of Capture Oligonucleotides
For the 16S probe design, a series of different calculations were necessary to obtain
oligos with satisfactory features for all target species, increasing the allowed range of
thermodynamic properties. The length and GC-content parameters of the selected 16S probes
are 23–46 bp and 35–52%, and those of the COI probes are 23–35 bp and 35–54%. All the
probes selected are shown in Table 3 along with the parameters considered for selection.

Optimization of the INV-CHIP Hybridization Conditions
Single target hybridizations were carried out with three different targets at four different
hybridization temperatures (50°C, 55°C, 60°C, and 65°C), over three different hybridization
time-spans (2h, 3h, and 4h). The optimal hybridization temperature and time-span on this
microarray were 60°C and 3h respectively (data not shown). According to these results, a
series of optimization experiments was performed with the remaining 12 target species,
testing the same individual for each species at three different hybridization temperatures
(50°C, 55°C, 60°C) for 3h. The overall signal pattern was evaluated in terms of the
relationship between the number of specific signals and any false positive and false negative
signals produced by the probes. Even though the specific signal was lost from some probes
the unspecific signals were significantly reduced at 60°C, and all further experiments were
always carried out at 60°C for 3h.

Specificity of INV-CHIP
A total of 64 capture probes with satisfactory behavior were chosen for the INV-CHIP.
As all the hybridization parameters had already been checked and the signal pattern of every
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single target was known, two non-interfering targets were hybridized together on to the
microarray. The overall signal pattern along with significance of the tested values against the
CTRL values are shown in Table 4. At least one probe of each marker per target species gave
a significant signal, except the 16S probes of Crangon crangon, Goneplax rhomboides and
Lentidium mediterraneum which were lost, probably due to an uneven amplification of the
two markers in the multiplex PCR reaction. Most of the specific signals were significant
considering the stringent threshold of p < 0.01, while two COI probes, Lv-COI_1 and NhCOI_1, gave a specific significant signal only if p < 0.05 (Table 4).
Few probes showed false positive signals (binding with non specific targets). This
occurred for the COI probes Lv-COI_2 and Nh-COI_1, and for the 16S probes Ld-16S_1 and
Ld-16S_2 which cross-hybridized between the two congeneric target species Liocarcinus
depurator and L. vernalis. Several probes did not give the expected hybridization signal when
the specific target was hybridized on the INV-CHIP, leading to false negative signals. This
negative performance of the INV-CHIP was much more relevant for the 16S probes (with 11
out of 30 probes not producing a detectable signal when compared to the CTRL), than for the
COI probes (where only five out of 34 probes provided false negative signals).

Sensibility of the INV-CHIP
Multiple target hybridizations were performed to 1) check the influence of closely related
targets upon each other when hybridized together and 2) evaluate the effect on the signal
intensities of the probes of one target when other targets are present at different
concentrations, and 3) assess the detection limit of a target in complex mixtures.Binary
mixtures were set up by selecting targets from the three main taxonomic groups considered in
this study: Chamalea gallina, Eledone cirrhosa (Mollusca),G. rhomboides, Pachyrgapsus
marmoratus (Crustacea), Nephtys hombergii, andSigalion mathildae (Polychaeta) (Figure 2).
Figure 2a shows the signal pattern obtained with the molluscs E. cirrhosa and C. gallina. In
the experiments performed, the presence of a second target did not influence significantly the
signal of specific hybridization, except for the C. gallina capture probe Cg-COI_1, whose
hybridization signal was totally lost when the E. cirrhosa target was added independently
from the amount. A gradual correspondence could be observed between the hybridization
signal intensity decrease and increase from probes of one target, when the concentration of
the second was increased or decreased; however, a clear correlation between target amount
and hybridization signal intensity was not observed.
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Table 4. Summary of the hybridization results of the 15 targets on the INV-CHIP.
Probes name as listed in Table 3. **: specific signals with p < 0.01; *: specific signals
with p < 0.05; FN: False negative signals; FP: False positive signals, with associated
significance
Probes
Ag-16S_1
Ag-16S_2
Ag-COI_1
Ag-COI_2
Cc-16S_1
Cc-16S_2
Cc-16S_3
Cc-COI_1
Cc-COI_2
Cc-COI_3
Cg-16S_1
Cg-COI_1
Cg-COI_2
Ec-16S_1
Ec-16S_2
Ec-COI_1
Ec-COI_2
Gr-16S_1
Gr-COI_1
Gr-COI_2
Hd-16S_1
Hd-16S_2
Hd-COI_1
Hd-COI_2
Hd-COI_3
Ic-16S_1
Ic-COI_1
Ic-COI_2
Ld-16S_1
Ld-16S_2
Ld-COI_1
Ld-COI_2
Lm-16S_1
Lm-16S_2
Lm-16S_3
Lm-COI_1
Lm-COI_2
Lv-16S_1
Lv-16S_2
Lv-COI_1
Lv-COI_2
Mn-16S_1

Ag+Cc
FN
**
**
**
FN
FN
FN
**
**
**

Ec

Gr+Pk

Ld+Ic

Lm+Nh

Lv+Cg

Mn+Hd

**
FN
**
**
**
**
**
FN
FN
**
**
**
**
**
**
**
**
**
**
**
**
**

FP *
FP **

FN
FN
FN
**
**

FP **

**
**
*
**
FN

Pm+Sm
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Probes
Mn-16S_2
Mn-COI_1
Mn-COI_2
Nh-16S_1
Nh-16S_2
Nh-COI_1
Nh-COI_2
Pk-16S_1
Pk-16S_2
Pk-16S_3
Pk-COI_1
Pk-COI_2
Pk-COI_3
Pm-16S_1
Pm-16S_2
Pm-COI_1
Pm-COI_2
Sm-16S_1
Sm-16S_2
Sm-COI_1
Sm-COI_2
Sm-COI_3

Ag+Cc

Ec

Gr+Pk

Ld+Ic

Lm+Nh

Lv+Cg

Mn+Hd
**
FN
**
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Pm+Sm

**
**
*
**

FP **
FN
**
**
**
FN
**

FN
**
FN
**
**
**
**
**
**

Table 5. Checklist of preys of Chelidonichthys lucerna and relative abundance indexes,
modified from Stagioni et al, 2011. In bold species targeted by the INV-CHIP. %N,
percentage in number; %W, percentage in weight; %F, frequency of occurrence; %IRI,
percentage of index of relative importance of prey items; PSA, % prey taxon over all
preys in all predators
PREY TAXA
CRUSTACEA
Philocheras spp.
Philocheras bispinosus
Goneplax rhomboides
Liocarcinus spp.
Processa spp.
Liocarcinus depurator
Alpheus glaber
Solenocera membranacea
Squilla mantis
Macropodia spp.
Jaxea nocturna
Liocarcinus maculatus
Corystes cassivelaunus
Upogebia spp.
Lophogaster typicus
Liocarcinus vernalis
Sicyonia carinata
Pontophilus spinosus
Parapenaeus longirostris

%N
89.69
44.38
15.1
14.16
7.09
6.15
5.96
0.83
0.62
0.43
0.28
0.21
0.23
0.11
0.08
0.08
0.08
0.06
0.06
0.04

%W
58.01
1.53
0.96
29.52
4.47
1.8
20.32
1.01
1.51
2.95
0.16
0.51
0.43
1.79
0.28
0.02
0.09
0.09
0.09
0.15

%F
7.47
14.52
4.75
28.95
10.95
5.26
10.02
3.23
1.95
1.78
0.34
0.93
0.68
0.51
0.34
0.34
0.17
0.17
0.17
0.17

%IRI
92.24
26.51
3.04
50.3
5.04
1.66
10.47
0.24
0.17
0.24
0.01
0.03
0.02
0.04
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

PSA
72.51
23.98
33.5
60.41
59.1
17.52
73.7
19.63
47.18
54.32
26.02
16.05
33.92
81.96
16.83
6.42
41.35
30.56
26.84
17.35
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Table 5. (Continued)

PREY TAXA
Brachynotus spp.
Chlorotocus crassicornis
Liocarcinus pusillus
Pisidia longimana
Ebalia granulosa
Processa modica
Munida spp.
Melicertus kerathurus
TELEOSTEI
Engraulis encrasicolus
Gobius niger
Lesueurigobius friesii
Cepola macrophthalma
Pachygrapsus marmoratus
Lesueurigobius suerii
Trisopterus minutus
Arnoglossus laterna
Gobius spp.
Serranus hepatus
Callionymus maculatus
Gaidropsarus biscayensis
Merlangius merlangus
Deltentosteus quadrimaculatus
Callionymus spp.
Callionymus risso
Merluccius merluccius
Microchirus variegatus
Pomatoschistus minutus
MOLLUSCA
Corbula gibba
Turritella communis
Anadara demiri
Nassarius spp.
Arca tetragona
Tellina spp.
Epitonium spp.
ANELLIDA
Aphrodita aculeata
Sternaspis scutata
NOT DETERMINED

%N
0.04
0.04
0.02
0.02
0.02
0.02
0.02
0.02
6.72
0.6
0.6
0.49
0.13
0.41
0.26
0.08
0.08
0.08
0.04
0.08
0.08
0.02
0.04
0.04
0.04
0.02
0.02
0.02
1.57
0.34
0.21
0.04
0.06
0.04
0.04
0.02
0.03
0.02
0.02
1.99

%W
0.05
0.05
0.02
0.02
<0.01
<0.01
<0.01
<0.01
39.74
11.91
8.77
1.57
2.01
0.32
0.86
1.8
1
0.52
0.79
0.35
0.18
0.93
0.15
0.13
0.11
0.24
0.03
0.01
0.55
0.19
0.22
0.01
0.01
0.02
0.01
0.03
0.01
0.01
0.01
1.7

%F
0.17
0.08
0.08
0.08
0.08
0.08
0.08
0.08
1.92
2.29
2.04
1.53
0.59
1.1
0.68
0.17
0.25
0.34
0.17
0.25
0.34
0.08
0.17
0.17
0.17
0.08
0.08
0.08
0.41
1.44
0.93
0.17
0.25
0.17
0.17
0.08
0.01
0.08
0.08
0.92

%IRI
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
7.45
1.14
0.76
0.13
0.05
0.03
0.03
0.01
0.01
0.01
0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.04
0.03
0.02
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.28

PSA
11.9
51.53
16.68
10.67
52.46
1.29
100
2.99
74.65
81.89
86.93
52.88
98.84
46.96
38.63
99.78
73.34
27.4
87.19
56.29
40.43
100
92.81
84.73
100
100
79.17
100
30.13
4.69
9.49
2.94
0.48
3.69
3.01
10.65
4.92
3.8
9.67
17.38

The second set of the two target hybridizations was carried out with the crustaceansG.
rhomboides and P. marmoratus (Figure 2b). According to the results obtained in the
specificity tests, the two captures Gr-16S_1 and Gr-COI_1 did not produce any detectable
signal when G. rhomboides was hybridized at standard concentration, while increasing
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amounts of target yielded a significant signal with probe Gr-COI-1. Overall, all the specific
probes gave hybridization signals according to the relative increase in the target
concentration.
The third experiment was conducted with various mixtures of polychaetes N. hombergii
and S. mathildae (Figure 2c). A correlation between the signal intensity and the target
concentration was observed to a certain extent. The rapid increase in the amount of the second
target did not affect the signal of the first target and vice versa, except for the capture probe
Nh-COI_1. In the latter case, the signal was quite low compared to the other capture probes
and there was no significant signal obtained from the capture probe when the S. mathildae
target was added in higher concentrations.
Table 6. Results of the INV-CHIP analysis of seven gut contents of Chelidonichthys
lucerna, compared to those obtained by morphological identification. SP: morphological
identification at species level. GE: morphological identification at genus level. Bold text:
targets detected by morphological analysis and by the INV-CHIP. Shaded cells: target
detected by the INV-CHIP but not by morphological analysis. St118-120: sampling
station; TL1-4: individual code for each specimen collected in each sampling station

SAMPLES
INV-CHIP Targets
Lentidium
mediterraneum
Chamelea gallina
Illex coindetii
Eledone cirrhosa
Meganychtiphanes
norvegica
Crangon crangon
Alpheus glaber
Goneplax rhomboides
Pachigrapsus
marmoratus
Liocarchinus depurator
Liocarcinus vernalis
Nephtys hombergii
Hediste diversicolor
Pectinaria koreni
Sigalion mathildae
Non Target species
Philocheras sp.
Gobidae (otolith
remains)
Processa sp.
Callyonimus sp.
Bony fish (trace)

Gut 1
St120
TL1

Gut 2
St118
TL2

Gut 3
St120
TL3

Gut 4
St118
TL3

Gut 5
St119
TL1

Gut 6
St118
TL4

Gut 7
St119
TL2

X(GE)
X(SP)

X(SP)

X(GE)
X(GE)

X
X

X

X
X

X(SP)

X(GE)
X(GE)

X(GE)
X(GE)

X(GE)
X(GE)

X
X

X

X

X

X

X
X

X
X

X
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Figure 2. Signal pattern of binary mixture hybridizations; a) C. gallina, E. cirrhosa (Mollusca); b) G.
rhomboides, P. marmoratus (Crustacea); c) N. hombergii, S. mathildae (Polychaeta). * p< 0.01.

To further assess the detection limit of the INV-CHIP when analyzing complex mixtures,
three target species of the same phyla were hybridized together. The molluscs C. gallina, E.
cirrhosa and Illex coindetii, the crustaceans G. rhomboides, P. marmoratus, and L. vernalis,
and the polychaetes N. hombergii, S. mathildae, and Pectinaria koreni were used in ternary
mixtures hybridization experiments (Figure 3). In order to carry out these multiple-target
experiments, three targets at different concentrations were amplified in a multiple target PCR
with two sets of primers (16S and COI). PCR products were hybridized onto the INV-CHIP
to determine whether there was any correlation between the template concentration, the PCR
amplification of different targets, and the signal detected.
The results from the experiments with the ternary mixtures of molluscan targets are
displayed in Figure 3a. Hybridization pattern showed that only the target E. cirrhosa was
properly amplified in the multiplex reactions, while the two other targets were amplified with
a minor yield. The observed signal intensity from these specific probes was very low
compared to the single target experiments, thereby exhibiting decreased significance in many
experiments. All the E. cirrhosa captures gave the expected signals when the target was
equivalent to the other two templates as well as when the concentration of the target was
lower respect to the other two. The overall signal from the C. gallina captures was very low,
with no significant signal observed from both the C. gallina COI probes. This differed from
the results of specificity tests, where the capture Cg-COI_2 gave the expected hybridization
signal. The C. gallina 16S probe pattern reflected the concentration of the targets, providing a
false negative result when the specific target was lower than the two other targets. Capture
probes targeting I. coindetii gave significant hybridization signals in most of the experiments,
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with intensity values well correlated to the template concentrations in the multiplex PCRs. As
observed for C. gallina, a false negative signal was obtained from two out of three I. coindetii
probes when the specific target was at a lower concentration than the other two targets.
The second set of multi-targets consisted of three crustacean targets from G. rhomboides,
P. marmoratus,and L. vernalis. These were hybridized after amplification in a multi-target
PCR with different template proportions (Figure 3b). All the three targets were amplified as
expected; signals were obtained from at least one specific probes of each. As expected, the
two capture probes Gr-16S_1 and Gr-COI_1 did not produce any detectable signal either
when G. rhomboides was hybridized at standard concentration or increasing its amounts of
the ternary mixture. Moreover, the significant signal from probe Gr-COI_2 was not detected
when the concentration of the specific target was lowered with respect to the other two
targets.
Hybridization patterns of L. vernalis were similar to those obtained from the other two
crustacean species. Three capture probes provided the expected specific signals, while the
probe Lv-COI_1 did not produce any significant signal. The P. marmoratus capture probes
showed a higher level of performance than that observed in the specificity test series, since all
probes gave significant signals when the target was added at equal or higher concentrations.
Only the capture probes Pm-16S_1 and Pm-COI_1 produced non-significant signals when P.
marmoratus was analyzed at the lowest concentrations, confirming the expectation of false
negative signals.
The third set of ternary mixture hybridization experiments included the polychaetes N.
hombergii, S. mathildae,and P. koreni. The signal pattern indicated that all three targets and
both markers were successfully amplified in the multiplex PCR (Figure 3c). All capture
probes produced at least one significant signal when the corresponding specific target was
present in the mixture, with the exception of two P. koreni (Pk-16S_1 and Pk-COI_2) and one
N. hombergii (Nh-COI_1) capture probe that yielded false negative signals consistently with
the results of specificity tests. False negative signals were indeed given by several capture
probes when the target concentration was lowered with respect to the other two targets (N.
hombergii: all capture probes; S. mathildae: Sm-16S_2, Sm-COI_1, and Sm-COI_2; P.
koreni: Pk-16S_2). The higher number of COI probes giving false negative signals suggested
a higher susceptibility of COI probes to the variation of target amount in the mixture. Any
hybridization series gave significant correlation between target concentration and signal
intensity.

Species Identification in Environmental Samples with INV-CHIPs: Prey Identification
in Gut Contents of Chelidonichthys lucerna
After testing the INV-CHIP specificity and sensibility with artificial mixtures of known
composition, the applicability of the microarray to the taxonomic analysis of fish gut contents
was tested by the gut content analysis of tub gurnard C. lucerna (Linnaeus, 1758) individuals
collected in the Adriatic Sea [64]. In this geographic location, C. lucerna feeds on several
crustacean species that were targeted by the INV-CHIP as shown in Table 5. This evidence
represents on optimal test to assess the INV-CHIP specificity and sensitivity on field samples.
The stomach contents of each individual was analyzed under the stereomicroscope and
taxonomically recognized using identification keys, giving attention to assess the
presence/absence of the species targeted by the INV-CHIP.
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Figure 3. Signal pattern of ternary mixture hybridizations a) C. gallina, E. cirrhosa and I. coindetii
(Mollusca); b) G. rhomboides, P. marmoratus and L. vernalis (Crustacea) and c) N. hombergii, S.
mathildae and P. koreni (Polychaeta). * p< 0.01.

The INV-CHIP hybridization experiments on gut contents were carried out according to
the protocol optimized with artificial mixtures. The assay was replicated at least four times
for each gut sample, due to high variability of the hybridization signals and the occurrence of
various artifacts in the INV-CHIP hybridization results, probably due to the biological
complexity of the environmental mixture.
Results were evaluated in terms of intensity and significance of hybridization signals.
The inferred presence/absence of the INV-CHIP target species was compared to the results of
the standard taxonomical analysis. The summarized INV-CHIP results were shown in Table 6
which displayed also the species identified by morphological keys, either at species level (SP)
or at genus level (GE).
Results for the gut content samples were also presented as box plot graphs in Figure 4, to
point out the great variability of the signal patterns obtained. This suggested that additional
replicates need to be performed for each samples in order to obtain more reliable results in
terms of species identification.
All targets detected by the standard taxonomical analysis were identified in parallel by
the INV-CHIP (Bold text in Table 6), but not all target detected by the INV-CHIP were
detected by the expert taxonomist under the stereo microscope (Shaded cells in Table 6). The
INV-CHIP results for the Gut3 sample were further confirmed by cloning and sequencing of
both 16S and COI amplicons. Sequences were successfully blasted to homologous sequences
of taxa belonging to Crustacea, Decapoda. Once checked against the target species sequences
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obtained in this study, amplicon sequences gave the best alignment with sequences of the
target species G. rhomboides (data not shown).

CONCLUSION
The specificity of the INV-CHIP target probes was satisfactory and the INV-CHIP
appears to be an effective tool to identify target invertebrate species. Statistical analysis of the
hybridization signal intensity gave effective measures of true positive identification, while
ruling out both false positive and negative signals. The suitability of COI and 16S markers for
species discrimination with a microarray platform was tested on vertebrates [29] and
prompted us to test and compare their individual performance in discriminating the target
invertebrate species. While 16S probes specifically identified 12 out of 15 targets, the COI
capture probes gave specific signals in all 15 target species. The p-values associated to the
signal intensity showed that the COI targets bound very specifically to the capture probes on
the INV-CHIP and less false negative signals were observed with respect to 16S captures
(Table 4). This suggests the mitochondrial COI gene is a useful marker for discriminating
invertebrates at the species level on a microarray platform. The suitability of the COI gene as
species identification marker has been proven in a great variety of invertebrate taxa, such as
Copepoda [27][70], Lepidoptera [71][72], Culicidae [73], Araneae [74]. However, the
combined COI-16S INV-CHIP microarray exhibited the advantage of a more robust pattern
of hybridization signals for all 15 target species, providing internal validation of species
identification. The target specific hybridization pattern can be used as reference for assessing
the presence of the target in the analysis of unknown environmental samples (Figure 4). The
PCR multiplexing of COI and 16S targets represents the additional value of the INV-CHIP by
reducing cost and time of analysis.
The INV-CHIP specificity was also tested against annelid worm species (class
Polychaeta). The failure of hybridization of four non-target species of polychaetes
corroborated the microarray specificity as demonstrated by a weak and non-significant crosshybridization with a single N. hombergii probe (data not shown). However, such preliminary
validation of the INV-CHIP specificity needs to be confirmed by further experiments using a
higher number of non-target species closely related to all the 15 target species. A
“PhyloChip” model, i.e a chip carrying a hierarchical set of probes recognizing species at
multiple taxonomic levels [52], could represent a suitable approach for enhancing microarray
platform specificity. In the INV-CHIP, this approach was not accomplished because the
design of capture probes suitable for the identification of the invertebrate taxa at higher
taxonomic level was not feasible due to the unsatisfactory output generated by the CDIS
analyses.
The reliable application of the INV-CHIP to biodiversity and ecosystem monitoring
would require the simultaneous detection of multiple target species in a single experiment and
efficient discrimination of the target species even in samples with high biological complexity.
The results of the hybridization tests carried out with artificial binary and ternary mixtures of
target species in different proportions demonstrated that the hybridization of one target was
still possible in the presence of unbalanced amount of other targets. Even when a target
species was underrepresented, the INV-CHIP was able to detect significant hybridization
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signals (Figure 2; Figure 3). Similar results were also obtained from the analysis of
environmental samples (i.e. fish gut contents) whose quali-quantitative composition was
actually unknown. However, the INV-CHIP cannot effectively be used for absolute, or
relative target quantification as there was no deterministic correlation between the amount of
the target in the mixtures and the intensity of the hybridization signals; however, increases in
the signal intensity was observed at higher target concentrations.
Further sensitivity tests of the INV-CHIP to detect target species within artificial
mixtures with large amount of non-target species (i.e. mimicking more complex
environmental samples) were conducted by hybridizing the PCR-amplified targets from the
mixing of genomic DNA from phytoplankton, polychaetes, and gut content of fishes. Even as
target signals gradually decreased with increasing the non-target concentrations, the target
signal could still be detected in the presence of a 20-fold background concentration (data not
shown).
Given the performance of the INV-CHIP in the specificity and sensitivity tests, results
obtained from the analysis of the unknown environmental samples appeared satisfactory. The
presence of target species in the gut contents was resolved by the INV-CHIP in the majority
of samples analysed, and the comparative morphological and molecular analyses consistently
identified most of the target invertebrate species. The gut contents analyses revealed a high
frequency of crustacean Decapoda (Table 5), that are common prey in the diet of tub gurnard
in the Adriatic Sea [64]. The positive hybridization signals given by the INV-CHIP,
indicating the presence of the target species in the gut sample, were validated either by the
standard morphological microscopic identification, or by the cloning and sequencing the
target PCR products of the gut content template DNA. COI and 16S sequences obtained from
the preliminary molecular validation test carried out on the same gut sample showed high
levels of BLASTn identity (>87%) with sequences of several crustacean Decapoda and a
100% identity with sequences of Goneplax rhomboides (data not shown).The consistency of
results given by such independent approaches further validated the high power of INV-CHIP
in identifying target invertebrate species.
Some discrepancies between morphological and molecular identification concerned
species that were detected by the hybridization experiments, but not by the standard
taxonomical stereo-microscopical analysis. Since these species are potential prey of tub
gurnard, these targets might have been overlooked during the stereo-microscopical analysis.
Although the advanced digestion of their remains in the fish stomach was apparent, these
species could still be detectable with the developed microarray assay.
As the feeding behaviour of fish might undergo spatio-temporal changes and the relative
frequency between different prey species would be quite variable, quantification would be
desirable; however, this is not possible at the current stage of INV-CHIP development.
Methods already used to quantify microbial populations [75] can be adapted to marine
organisms to quantitatively assess the diverse composition of natural populations. However,
the INV-CHIP can be used for regular monitoring of the gut content for ecosystem
functioning analysis and to investigate the common prey of commercially-relevant fishery
resources.
Developing a microarray requires a particularly demanding initial phase of information
gathering, in terms of sequence analysis of target and non-target species [76]. The critical
threshold is to obtain the most comprehensive database as possible, on which the successive
steps of probe design and in silico evaluation of oligos is based. Achieving such a sequence
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database for the target invertebrate species of the present research was not a trivial task, since
only little information were available in terms of gene markers and molecular protocols. It
was not possible to conduct a preliminary in silico assessment of the variation of selected
genes at the between- and within-species levels due to few taxa and groups being wellrepresented in the public databases at the time this study was performed. The lack of a proper
information background in terms of sequence variability at higher taxonomic levels (genus,
family or higher) also influenced the strategy of downstream probe design. However, DNA
barcoding is continuously increasing the inventory of animal biodiversity and, given the
promising performance of COI marker in the INV-CHIP, exploiting the BOLD sequence
information further probes could be successfully designed for targeting single species or
groups of species of high interest in future.[77][78]

Figure 4. Boxplots graphs summarizing the gut contents hybridization experiments. Sample codes given
as in Table 6.

24

Srujana Chitipothu, Alessia Cariani, Fabio Bertasi et al.

Probe specificity is the first criterion to be considered during the in silico design and
selection of capture probes. Since the sequences used in this chapter represented only a small
subset of the gene diversity among individuals/populations of a given species, false negative
signals were expected either from non-inventoried sequence variants of target species, or
from unspecific binding with sequences of non-target species uncovered by the developed
microarray. Even if the non-target sequences dataset included as much of the gene diversity at
the species level of the taxa available in the public sequence databases, it cannot represent the
real and comprehensive species diversity of the invertebrate taxa. Therefore, non-target
DNAs from unknown and/or non-sequenced species can give false positive signals in the
hybridization of environmental samples. Moreover, single nucleotide polymorphisms can
occur within target species, due to natural biodiversity. In an attempt to reduce such
problems, redundant probes were designed for each species and no probes were removed
from the microarray even if their signal intensity was found to be very low.
A major concern in using DNA microarray for the detection and monitoring of
environmental samples is the misidentification of species due to cross-hybridization and nonspecific binding [50]. This might be caused by the high number of unknown organisms that
can be present in environmental samples. On the contrary, capture probes on the microarray
were designed only fora limited number of known and sequenced organisms; therefore, it is
impossible to detect the organisms not included as targets on the array [79]. In environmental
applications, DNA microarrays can also fail in identifying species if unknown haplotypes and
deep phylogeographic structure variants are present [80]. In this case, the development of a
“PhyloChip” microarray approach might help to overcome these empirical constraints [52].
The preparation of PCR amplicons as DNA targets required a considerable effort in terms
of setting up best conditions of DNA extraction, PCR amplification, and direct sequencing.
The taxonomic differences among selected target organisms (belonging to three taxa
Crustacea, Mollusca, and Polychaeta) must be considered in relation to the strategy to use
universal primers for multi-target amplification. Finally, the use of PCR amplicons as targets
in the microarray experiments was controversial, as the differential amplification of targets
could produce incorrect quantification of target and consequently introduce bias in the
hybridization results [78][81]. An accurate relationship between the amount of target and the
intensity of hybridization signal is obtained only using the isolated RNA for direct
hybridization on the microarray, avoiding the PCR amplification [82]. However, the RNA is
difficult to extract, subject to degradation, and with a rather low concentration in
environmental samples [82]. The RNA content per cell may vary under different
environmental conditions and different users could possibly isolate different amounts of
RNA. Therefore, the microarray-based quantification can be considered only as semiquantitative.
The strategy used in this chapter was to PCR-amplify and label the target DNA sequences
from the total genomic DNA template for subsequent hybridization. The suitability of using
multiplexed 16S and COI amplicons for hybridization on the INV-CHIP was verified by
assessing the yield of both gene markers on the agarose gel and on the assumption that both
markers were amplified with similar ratio. The same approach was also used to amplify both
genes from two-, three-, and mixed- templates, in the sensitivity experiments. The 16S
amplicons from multiple target species could be discriminated on the gel, as they did vary
between different species because of indels in their sequences (looped structure). Assuming
that the amplification would occur in the desired ratios, further assessments were carried out
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at the level of the hybridization results, but the overall intensity of the signal was very low.
The reasons of such behavior could be related to competition among the primer pairs and
their differential efficiency to bind the template DNA. Another explanation could be due to
the high number of amplification cycles (40) used for labeling, which could produce a plateau
status in the PCR yield where amplification rate cannot be estimated. Nevertheless, all targets
used in the multiplex PCR gave positive hybridization signals on the INV-CHIP, suggesting
that all template DNA targets were amplified. For more quantitative results, a calibration
method is needed to estimate PCR efficiency, since the advantage of using universal PCR
primers for all targets should not be underestimated. Such a method would be very beneficial
for field applications since an efficient multiplex PCR is essential to amplify the target DNA
present in the environmental samples.
Data analysis and interpretation is one of the most critical methodological steps in the
interpretation of the hybridization results of microarrays [83]. The different types of
technology available pose new challenges to define standardized methods to process
microarray information. Unlike gene expression, where numerous algorithms exist for
statistical analysis, normalization, fold change analysis and biological interpretation, no
statistical tools have been specifically developed for the analysis of DNA microarray data.
Thus, the development of statistical algorithms for the analysis of quantitative data on the
abundance of the species in a mixture of environmental samples represents a challenge. A
typical analytical framework include data standardization, image acquisition and analysis,
normalization, exploratory data analysis, statistical significance inference, as well as various
considerations relevant to their implementation [56].
After the image acquisition, the data quality check can provide information on outlier
spots and identification of problematic slides. Data quality check is an essential part of the
data analysis, but it is still not easy to perform objectively or in an automated manner. Even
though techniques for the removal of outlier spots and to improve data quality are still under
development, some procedures seem to be more promising [84]. However, the usefulness of
many quality control measures is unsubstantiated and no specific quality control method has
been standardized yet [85].
The choice of the most appropriate statistical test that permit discrimination between low
and high abundant species against a background of non-targets is a challenging issue. The
detection of a meaningful response from the hybridization signals obtained in defined
conditions is often accomplished from the comparison of signal intensity between reference
and target spots, and by evaluating the significance of the deviation of signal intensity in
relation to a fixed threshold. Methods of data analysis relying on the intensity threshold
appear to be very limited from a statistical point of view. Therefore, a Student's t-test, with
appropriate correction for unequal variances, was adopted to compare local background with
negative controls. A one-way ANOVA analysis allowed testing the significance of
hybridization signals versus controls. In most cases, fluorescence signals showed very large
variance, which commonly cause problems in the application of parametric data analysis
techniques. ANOVA relies on the assumption of heteroscedasticity [86]. Data transformations
are commonly adopted to reduce the effects of heterogeneous variances in the comparative
analysis of groups of samples. Though it is a common practice to perform statistical analysis
on a log-transformed data, variances may remain heterogeneous even after transformation. In
these cases some authors [67] suggest to perform analyses with untransformed data. When
departures from assumptions of ANOVA occur, several authors prefer to switch to non-
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parametric methods, such as Kruskal-Wallis test, even if variance heterogeneity still can
weaken consistency of the results [87]. In this chapter, a comparison of tests carried out both
with transformed and untransformed data showed that in the former case a dramatic increase
in false positives occurred (data not shown). Therefore, untransformed data were analysed.
The identification of target hybridization signals higher than those of the controls was
performed using a one-way ANOVA with a customized pairwise one-tailed t-tests approach.
Multiple post-hoc tests were performed following planned comparisons procedure between
controls and probes (like the Dunnett's procedure), with p-values correction made by
Benjamini-Hochberg's FDR (False Discovery Rate) [68].
The adoption of this pairwise procedure was decided after an accurate comparison of
results of several tests most commonly recommended in literature for data with unequal
variances and unequal sample sizes. The detection of false positive and negative signals has
revealed to be one of the most tedious problems to solve. In this chapter, the t-test corrected
with FDR performed very satisfactorily in terms of avoiding Type I errors, maintaining a
good power of the test (low rate of false negatives) even in presence of an unbalanced design
or small sample size.
A thoughtful experimental design is the most important step at the beginning of a
microarray experiment. A well-planned experiment can maximize the efficiency of
subsequent data analysis. Experimental design should include an adequate number of
replicates at different levels to separate effects of different sources of variation, which may be
technical (e.g. dye, batch) or biological (e.g. genotype, sex, time) [55]. Probe level variation
carries important information useful to control technical sources of variation, outlier removal,
and subsequent statistical analyses [88]. In some cases, the technological platform can permit
increases in the technical replication and model the statistical properties of the data [89], thus
improving the quality of the analysis. The control of biological variation is also challenging
not only for analytical procedures, but also for costs associated with sampling of additional
individuals [55].
The adoption of a balanced experimental design can help to avoid difficulties about the
choice of an appropriate test, reducing the probability of Type I and Type II errors. Although
there is no consensus about what is the best procedure to define the optimal sample size, there
is consensus that power analyses should be performed applying the newer methods
specifically implemented for microarray data, and that more replicates generally provide
greater power [55].
Challenges in data analysis are often linked to the development of new technologies.
Microarray analysis is evolving rapidly, as new and more complex analyses appear, making it
easy for the researcher to get lost in endless new methods and software. Collaborations
between biologists, statisticians, and mathematicians is advisable for proper planning and
analyses [56]. Commercial and open-source software for performing data analyses are now
widely available. The development of dedicated R packages [69] and increasing availability
of libraries for the analysis of microarray can help researchers apply "canned" procedures as
well as to customize data analysis tools according to the particular needs of the data structure.
Although DNA chip technology was applied for the first time nearly 30 years ago [30] to
discriminate six DNA genotypes and nine common allelic mutations in one single
experiment, this technique has helped to circumvent much of the problems associated with the
conventional techniques used in taxonomy. The past decade experienced great advances and
changes in molecular methods for species identification, spanning from approaches allowing
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the identification of one single specimen at once, to high-throughput techniques allowing the
identification of hundreds or thousands of specimens at a time. The DNA barcoding
approach, first introduced in 2003 [15], allows species identification by analysing single short
sequences of the mitochondrial COI and compare it to all information available in public
libraries [90][91]. The high-throughput next generation sequencing (NGS) technologies firstly
implemented in 2005 [92][93] can perform massive, parallel analyses of a vast amount of
specimens and species, even from fragmented DNA. NGS has revolutionized genomics
research by providing large amounts of information quickly and efficiently [94]. NGS have
recently been applied in species identification and ecological studies, since NGS platforms
allow the direct analyses of DNA sequences from environmental samples [95][96].
Complete genome re-sequencing using NGS provides greater depth in terms of sample
sequence coverage and helps in identifying unknown diversity in ecological communities
[97][98]. Compared to NGS, the disadvantage of using microarrays in environmental and
ecological studies is due to the identification of samples restricted to those species for which
probes are captured on the array, and are limited in recognizing unknown, or novel species
[99][100]. The development of microarray for new species identification and sample
processing requires an intense procedure of benchmarking and optimization that outperform
results.
Using microarray as a validation tool of NGS data is quite common when amplicon
information from NGS is used for probe designing in microarray experiments for species
identification [101]. NGS is the most preferred technology as data from one single experiment
can provide in-depth analysis of the species diversity [102][103]. In some applications, DNA
microarrays are sought after over NGS for routine identification of species in which sequence
information is already known and specific probes are designed for the microarray. Despite
drawbacks, microarrays have already been developed for species identification mainly in
ecological and biodiversity assessment studies of microbial communities and algal blooms
[34][43][36]. Overcoming the above mentioned problems would further increase the
applicability of microarrays as an identification tool for identifying any organism down to
species level [15][80].
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