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Haemic neoplasia (HN) is a proliferative disorder of bivalve haemocytes first described by
Farley [9] in oysters (����������� �	�
	�	�� and ����������� 
	
��). HN was later observed in
twenty additional molluscan species from various ecosystems and geographic areas, including
commercially-important species, and reported in populations suffering mass mortality [10–
12]. The disease is characterized by the proliferation of atypical cells with a possible haemocyte
origin, which morphologically exhibit high nuclear to cytoplasmic ratio, diffuse chromatin pat-
terns and pleomorphic nuclei [9]. In the advanced disease, those cells typically infiltrate tissues
and organs [13–16]. Moreover, previous studies on bivalves revealed abnormal DNA content
in these neoplastic haemocytes [17–18]. Several hypotheses have been postulated to explain the
origin of the disease, including chemical contamination [19–21], retroviral infection [22–24],
natural environmental extreme conditions [25] or animal clonal transmission [26]. Bivalve
HN was recently proposed as an emerging animal model for human cancer [27], however,
there are many aspects of the disease that remain unclear, including tumour histogenesis and
cell evolution over neoplastic progression, which appear to be different across the affected spe-
cies [13]. In the Mediterranean mussel 
��	��� 
��������	��	��	�, very few cases of HN have
been reported to date and therefore the descriptions of the cytological/functional features and
ploidy patterns are limited [11,13, 28, 29–32]. In relation to cell types, there has been reported
the existence of the so-called A and B cell subpopulations in individuals affected with HN in
different mussel species (e.g. 
. ����	� and 
. 
��������	��	��	�) under both light and electron
microscopy in contrast to flow cytometry [13, 33–34]. These cells, characteristic of haemic
neoplasia in mussel species, are easily discernible by their peculiar morphology [13, 33–34],
although their role in disease pathogenesis have not been clarified. It has been speculated that
A and B cell types might represent two distinct cancer cell lineages, while others suggested
they could represent consecutive developmental stages of a single cell lineage during disease
progression [13, 34–69]. Broad genomic abnormalities of cancer cells can be reliably studied
by both FCM (flow cytometry) and image cytometry (ICM). The latter is often used to perform
retrospective studies of DNA quantitation in archived material [37]. The standardized ICM is
recognized as a non-subjective, cost-effective and accurate technique to study DNA alterations
and ploidy changes [37]. In this context, despite that nuclear morphometry and DNA densi-
tometry have been extensively studied in human neoplasia, there have been few applications in
the field of invertebrate pathology. In order to add new insights in the biology of this interest-
ing neoplasia, we focused on HN in 
. 
��������	��	��	� and used a morphometric approach
involving light microscopy to 1) describe the nuclear morphology and quantify DNA contents
of the neoplastic cells of mussels affected by HN in Feulgen-stained histological preparations;
2) compare the obtained data with normal haemocytes; and 3) assess the data in the context of
the disease progression according to staging.

Materials and methods

Sampling, histology and feulgen reaction
A total of 35 Mussels (
. 
��������	��	��	�) specimens were selected and retrieved from histo-
logical archival material of the Department of Biological Sciences, University of Naples Feder-
ico II belonging to a total sampling of 600 individuals during 2010. Fifteen mussels (2.5% out
of 600) were affected by HN and used for the study; an additional 20 unaffected individuals
showing normal circulating haemocytes were used as controls. The affected individuals were
from 3 mussel farms from the Gulf of Naples (southern Italy, Campania region) obtained in
March, May and June 2010: Nisida (N 40˚.47985; E14˚.9811 7) (6 individuals), Capo Miseno
(N 14˚.09362; N 40˚.78644) (5 individuals) and Castellammare (NO 14˚. 41745; 40˚.41327)
(4 individuals). The healthy individuals (n = 20) were obtained from the Gulf of Salerno
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(S 14˚.51582; S 40˚.32779) (southern Italy, Campania region). (As invertebrate animals, no
specific permissions are required for mussel sampling/study activities. Moreover we confirm
that the field studies did not involve endangered or protected species).

Archived material was processed by routine histological techniques. Briefly, animal shells
were opened by severance of the adductor muscle followed by removal of the soft tissues.
Three to 4mm thick slices of tissue were sampled along a standard plane; thus, parts of all
major organs and tissues (gill, mantle, kidney, digestive gland, gonad and byssus gland/foot)
were included in a single histological section. Excised samples were placed into histological
cassettes, immediately transferred to buffered formalin 4% for at least 48h, embedded in paraf-
fin blocks and sectioned at 5�m thickness with a rotary microtome. Two consecutive sections
for each specimen were stained, one with routine haematoxylin and eosin (H&E) and the
other by the Feulgen reaction, and observed under light microscopy.

H&E preparations under light microscopy were used to diagnose the disease: neoplastic
cells were typically large, anaplastic cells found in the connective tissue, blood vessels and
sinuses of the visceral mass, muscle, and mantle tissue. They featured hyperchromatic and
often pleomorphic nuclei containing one or more prominent nucleoli, and they were accom-
panied by frequent mitotic figures. Two types of neoplastic cells could be distinguished,
namely A and B cells following descriptions in [13, 33–34]. In particular, A-type cells are gen-
erally ovoid in shape, exhibit marked pleomorphism (polymetrism and polymorphism), with
vesicular nuclei and evident nucleoli, while B-type cells are rounded, larger, with nuclei featur-
ing a dense chromatin pattern.

Feulgen reaction for DNA was performed on all the samples (diseased and controls) and ana-
lysed for nuclear densitometry (DNA) and nuclear morphometry. The Feulgen reaction protocol
was that reported by previous studies on standardization of diagnostic DNA image cytometry
[36–37]. Briefly, slices were hydrated in an alcohol series, hydrolysed in 5N hydrochloric acid at
room temperature (RT) for 60 min and then stained with Schiff reagent (Bioptica, Italy) for one
hour. The sections were then rinsed in three changes of sulphite water (0.5% sodium metabisul-
phite) of 5 min each followed by two changes of distilled water (5 min each). The sections were
then dehydrated in alcohol, cleared in xylene and mounted with Eukitt (Bioptica, Italy).

By means of light microscopy, the mussels 
. 
��������	��	��	� were ranked using a scale
according to Lowe and Moore and Galimany and Sunila [34,38] for disease severity as follows:
healthy/normal was when no neoplastic cells were present; light was when few neoplastic cells
were observed in the blood vessels and surrounding gonad and digestive tract; moderate was
when a few neoplastic cells of various types infiltrate the connective tissue of all organs; and
heavy was when large number of neoplastic cells infiltrated the connective tissue of all organs
with loss of tissue architecture.

Feulgen stained images were digitized using an Olympus BX-50 microscope with a 40X
objective (n.a. 0.75,) and a digital camera (QImaging Micropublisher 3.3), providing an inter-
pixel distance of 0.45 micrometres. Eight individual shots were averaged to reduce random
noise in the image sensor, and the background was corrected by the traditional transmittance
ratio method [39]. Subsequent imaging procedures were performed using ImageJ version
1.48r16 [40].

Image analysis densitometry and nuclear morphometry
Feulgen densitometry relies on the principle that the amount of bound stain is proportional to
the amount of DNA present (i.e., stoichiometric). In Feulgen staining, DNA quantitation is
based on assigning an optical density (OD) (grey level) to each subunit (pixel) of the image
and determining the summed OD of pixels for each nucleus in the image [37].
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Statistical analysis
The statistical analyses of the data were performed using SPSS 21 (SPSS Inc., Chicago, USA).
Descriptive statistics (mean, standard deviation [SD], maximum and minimum) for all the
morphological parameters were calculated. The differences between the data groups means
were analysed by t test (P<0.05 was considered statistically significant) when only two groups
were compared. A regression analysis was computed using a general linear model (GLM) to
compare the means of the morphological parameters across the different groups. Stepwise lin-
ear discriminant analysis was performed according to normal and neoplastic types and to dis-
ease stages. Differences in the distribution shapes of the various parameters were analysed with
the Kolmogorov-Smirnov test.

Results
The mean values of the extracted 21 morphological parameters for normal and neoplastic cells
are provided in Table 2 and Fig 2.

Fig 1. The sequence of steps to process images of neoplastic nuclei at light disease severity (A, C, E)
and heavy (B,D,F) from Feulgen-stained sections (A-B); converted to the green channel (C-D) and
after binarisation (E-F).

doi:10.1371/journal.pone.0173219.g001
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According to the disease severity, six cases were classified as early lesions (light) with neo-
plastic cells (A cells only) underlying the stomach epithelium (Fig 3A and 3B). Four cases
were at the intermediate level (moderate diffusion) of neoplasia characterized by small isolated
scattered foci of both A and B cells distributed in different percentages in gills, visceral mass,
mantle and kidney (Fig 3A and 3C). At this stage, necrosis of digestive tubules was recorded in
two cases. The more severe disease condition (5 cases) consisted of massive proliferation of
rounded cells (B-cells only) with a dense chromatin pattern, replacing all of the vascular spaces
with an extensive loss of tissue architecture (Fig 3A and 3D). The degree of infiltration by the
neoplastic cells varied among animals but was most evident in the connective tissue, underlying
the stomach and intestine in the digestive gland region. Statistical analysis of the morphometric
data by using a multivariate general linear model revealed that the mean values of normal and
neoplastic nuclei were significantly different (P<0.05) for most of the morphological parame-
ters, with the exception of the compactness, modification ratio and sphericity (Table 2). Inter-
estingly, according to cases and disease severity, data revealed a bimodal distribution possibly
indicating a transition from less to more severe lesions, suggested by the IOD and area values
(Fig 3A and 3B) and (Table 2).

Fig 2. Scatter plots of 7 of the total morphological parameters extracted from normal and neoplastic nuclei.

doi:10.1371/journal.pone.0173219.g002
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Comparisons between the area, perimeter and IOD in normal haemocytes and neoplastic
nuclei are presented in Fig 3C. Pairwise comparison using the Kolmogorov-Smirnov test
showed significant differences in the distribution of the IOD, area and perimeter in normal
and neoplastic nuclei (P<0.01).

Within the neoplastic group, the IOD distribution also suggested two different populations
of nuclei (appearing bimodal). Two populations were also suggested by the presence of two
peaks in the distribution of the nuclear area and perimeter length (Fig 3C). The ploidy status
of neoplastic nuclei was characterized by different values among the different phases (Fig 3D).
Normal haemocytes nuclei were considered to have a ploidy value of 1; a peak at this position
was also present in all the three disease conditions (light, moderate and heavy). In HN-affected
mussels with the light lesions, the ploidy value was 6.2n along with a second aneuploid popula-
tion at 10.7n. In samples exhibiting moderate disease, only one peak at 7n was observed.
Finally, in the heavy category, a peak at 7.8n was recorded accompanied by a shallow but
broad peak corresponding to 31n (Fig 3D). The possible reason for these disproportionate
DNA contents is discussed later.

A scatterplot for the area and IOD showed differences in values in the different disease con-
ditions. Haemocytes of normal appearance were also observed in the diseased samples (Fig
4A). Different values of area and IOD were shown in different disease conditions (Fig 4B).

A hierarchical stepwise linear discriminant analysis using all the cell morphological param-
eters revealed that 87.6% of cells could be correctly classified as ’normal’ and 89.2% as ’neoplas-
tic’ (Table 3). When classifying neoplastic nuclei according to the current classification of
disease severity, the class with the lowest correct classification rate was the light category
(42.3% correct) with a large proportion of cases (44.7%) misclassified as moderate (Table 4).

Discussion and conclusions
Cell and nuclei shape have long been considered important indicators of the events occurring
in the cellular micro-environment [43]. The morphology of neoplastic cell nuclei is currently
considered important in the assessment of tumour progression. Nuclear morphometry, i.e.,
the quantitative assessment of changes in profile, size, shape and optical density is frequently
associated with genetic anomalies in cancer cells [44]. Numerous shape descriptors exist in the
literature that can in principle be used to characterize various types of cancers and attempt to
predict their clinical outcomes [4, 45,46]. Over the years, various efficient quantitative methods
of analysis have been developed in the field of microscopy based on mathematical morphology
[47], stereology [48] and image processing principles [49]. In addition, image cytometry
(ICM) using Feulgen-stained tissue sections has been accepted as an accurate means of quan-
tify DNA contents for clinical applications in human cancer [37, 50–60] and in the determina-
tion of animal and plant genome sizes [61,62].

Very few cases of haemic neoplasia of Mediterranean mussel have been described in the lit-
erature, suggesting that it might have a low prevalence [13, 29,30,63]. In this work, our data
seems to be consistent with the above reports, (2.5% incidence in our samples). From a diag-
nostic point of view, our results showed that normal haemocyte nuclei were significantly dif-
ferent from neoplastic nuclei, in 18 out of the 21 morphological parameters and this allowed
discrimination between the normal and neoplastic cell populations. In particular, nuclear area,
perimeter and integrated optical density were the most relevant features for discriminating
normal from neoplastic nuclei.

Furthermore, taking into account current theories in the field of carcinogenesis [64], the
comparison of morphology and ploidy data as performed here, within the context of tumour
progression help us to improve the understanding of the disease pathogenesis. Malignant
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