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Yellow-brown spots are often observed on the inner shell surface of the clam Mactra
veneriformis sampled in Binhai New Area, Lijin County, Shandong Province, China,
negatively impacting its commercial value. In this study, Scanning electron microscopy-
energy dispersive spectroscopy (SEM-EDS), X-ray diffraction (X-rd), laser Raman
spectrum (LRS), and Fourier infrared spectrum scanning (FT-IR) were used to detect and
analyze the composition of spots on the inner shell surface of these clams. Compared
with shells without spots, the shells with spots showed significant differences in their
silicon contents but no differences in the content of other basic elements; LRS and
X- rd examination revealed that, in addition to calcium carbonate particles, there were
traces of silica bonds; after the removal of calcium carbonate by using hydrochloric acid,
the spectral trend of particles was similar to that of sea sand, which was consistent with
the spectral characteristics of SiO». Therefore, the spots on the inner shell surface of
M. veneriformis are sea sand. These are likely to result from the increased sand content
in seawater in the Yellow River Delta, whereby the grains of sand have fallen into the
gap between the mantle and shell; thus, the sand becomes encased in the shells as
they grow.

Keywords: Yellow River Delta, Mactra veneriformis, shell spots, biomineralization, SEM-EDS, X-ray diffraction,
laser Raman spectrum, Fourier infrared spectrum scanning

INTRODUCTION

Mactra veneriformis (Lamellibranchia, Venerida, Mactridae), commonly known as the white clam,
is a bivalve mollusk that lives in the tidal flats, subtidal zones, and shallow seas off the coasts of
China, South Korea, and Japan. It has a high nutritional value, tender meat, and delicious taste,
rendering it an economically important species (Fang et al., 2010). However, M. veneriformis in
certain locations often have a large number of yellow-brown spots attached to their white inner
shell surface (Figure 1), the cause of which is unclear.

The occurrence of such spots can negatively impact the economic return received from
M. veneriformis. But, more importantly, the environment may have a negative impact on
food safety (Haslberger, 2006; Seiber and Kleinschmidt, 2011). The growth and morphological
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FIGURE 1 | The examples of spotty shells and normal ones of Mactra
veneriformis. Left, the clams with the yellow-brown spots on the inner shell
surface; right, the normal clams.

characteristics of mollusk shells often reflect the environmental
conditions in which the animals lived (Stephenson et al., 1986).
Thus, this unusual shell appearance causes consumers to question
the food safety of the mollusks themselves. Thus, it is important
to understand the origins of these spots to determine their
causes, be it environmental or a result of pollution, which
could help us understand the interaction between the marine
environment and organisms.

In this study, a series of methods [Scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDS), X-ray

diffraction (X-rd), laser Raman spectrum (LRS), and Fourier
infrared spectrum scanning (FT-IR)] were used to identify the
components of the spots on the inner surface of M. veneriformis
shells and, thus, to determine their cause.

MATERIALS AND METHODS

Sample Collection and Preparation

Mactra veneriformis were sampled from Binhai New Area, Lijin
County, Dongying City, Shandong Province, China (Figure 2).
Each shell was opened by using a scalpel and the soft tissues
were removed. The shells were cleaned with deionized water,
and then placed in a draught drying cabinet at 80°C for 24 h
(Hao et al., 2015). In order to eliminate the individual differences,
the non-spotted sample and spotted sample were taken from
the same shell. One shell was used in one experiment. We did
three experiments with three shells in each detection method. At
the same time, sea sand from seawater in the samples sites was
collected, washed and dried.

Preliminary Examination of Spots on the
Inner Shell Surface

In order to decide the position and the mode of the spots on
the shell, scalpels and microscopes were used to examine the
attachment of spots on the inner surface of the shells and analyze
their morphological structure of M. veneriformis.

SEM-EDS

Shell fragments with particles were randomly selected from
the samples of shells (Figure 3). Area A was selected as the

FIGURE 2 | Location of the sample collection site in Yellow River Delta of China.
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experimental sample area and area B was used as the control
sample area. Each sample was cleaned three times with deionized
water and dried in a constant temperature drying oven for
another time, following the method of Huang et al. (2018).
Gold was then sprayed onto the inner surface of each shell and
examined using SEM-EDS (HITACHI-SU8010) to determine the
element composition of the spots. The accelerating voltage was
15 KV and the working distance was 10 mm. Five visual fields
were randomly selected from each group for comparison.

Raman Spectroscopy

Shell fragments with spots were randomly selected and prepared
as described above (A in Figure 3). Normal shell fragments (B
in Figure 3) were used as negative controls. Each shell fragment
was ground into a powder using an agate mortar. A laser
Raman spectrometer (LRS-3) was used to detect the Raman
spectrums of samples. The positive control group was sea sand
collected locally.

X-Ray Diffraction Detection

Shell fragments with spots were randomly selected (A in Figure 3)
and ground into a powder. The powder was then subject to X-rd
in the range of 22-90° using the following parameters: Cu target,
accelerating voltage 30 KV and scanning speed 0.06°/sec. The
results were exported and plotted with software Origin pro 8.0
(OriginLab, Northampton, MA, United States).

Infrared Spectra Detection

Calcium carbonate and other impurities soluble in hydrochloric
acid were removed from shells with spots using 12 mol/L
hydrochloric acid. The samples were centrifuged at 8000 x g for
10 min and the supernatant discarded. The precipitate was rinsed
with deionized water five times and dried at room temperature.
The precipitate was then mixed with potassium bromide in a ratio
of 1:100. An agate mortar was used to grind the precipitate, which

FIGURE 3 | Schematic diagram of shell sampling. Area A was selected as the
experimental sample area and area B was used as the control sample area.

was then pressed into thin slices and subjected to Fourier infrared
spectroscopy. Shells with spots not treated with hydrochloric
acid were also tested, and sea sand was used as a positive
control and normal shells as a negative control. The data were
plotted with software Origin pro 8.0 (OriginLab, Northampton,
MA, United States).

RESULTS
Spots Wrapped in the Shell Layer

Anatomic microscopy showed that the spots were generally
concentrated in the middle depression area of the shell, and
there were almost no spots at the edge of the shell. The spots
themselves are round or oval, and the color is mostly yellowish
brown. Analyses revealed that the spots were not attached to, but
embedded in the inner surface of the clam shell (Figure 4).

Si Detected in Shells With Spots but Not
in Shells Without Spots

Compared with normal shells, there were many granular
protrusions on the inner surface of shells with spots (Figure 5).
The results of the SEM-EDS are summarized in Table 1. The
results showed that Ca, O, and C were the main elements in the

FIGURE 4 | Microscopic pictures of spots. The image below is a larger
version of the picture in the red box above.
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FIGURE 5 | SEM photos of the inner surfaces of normal shells and shells with spots. 1k, 1000x; 2.5k, 2500x; 5k, 5000x; and 10k, 10,000x magnification.
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two shell samples, whereas smaller concentrations of Na, F, Mg,
and Al were detected. Si was not detected in the normal shell
samples but in the spotted shell samples at 0.20 to 0.35%. Thus,
the element composition of the two groups of shell were the same
except for their Si content.

SiO5 in Shells With Spots but Not in
Shells Without Spots

The results of laser Raman spectroscopy showed obvious
differences among normal shells, shells with spots, and sand

(Figure 6). The differences mainly occurred between 480-500
and 788 nm. Compared to the normal white shell (blue line), the
curve of the spots (red line) is more consistent with the curve
of the sand (green line). They were at the same peak at 480 and
788 nm. The white shell, on the other hand, did not peak at 480
and 788 nm, but peaked at about 495 and 800 nm. Both shells with
spots and sand had common absorption peaks similar to Raman
spectral characteristics reported previously for SiO, crystals (Ye,
2008), whereas normal shells did not. Therefore, shells with spots
contained SiO,.

TABLE 1 | SEM-EDS results of the inner surfaces of normal shells and shells with spots.

M o Ca c Na F Mg Al s Br si

ci 43.44 39.17 16.28 0.54 <001 0.16 0.16 0.24 <001 Undetected
E1 49.41 26.63 2228 0.65 <0.01 0.32 0.40 0.00 <001 0.21

c2 4552 37.47 15.99 0.52 <0.01 012 0.00 0.16 012 Undetected
E2 49.24 19.20 28.96 0.71 <001 0.45 0.42 013 0.63 0.26

c3 46.58 38.15 14,21 0.59 <0.01 042 0.21 013 0.01 Undetected
E3 46.36 32.39 18.62 0.53 0.58 0.28 0.22 0.19 0.48 0.35

ca 46.30 35.67 16.41 0.56 061 012 0.11 0.15 0.07 Undetected
E4 41.94 37.29 18.88 0.40 0.32 0.23 0.44 0.22 <001 0.27

cs 45.23 30.14 14.41 0.59 0.21 012 0.16 013 <001 Undetected
E5 42.34 27.37 2714 0.69 0.65 0.43 0.70 0.34 <0.01 0.34

C1, C2, C3, C4, and C5 refer to the control group, E1, E2, E3, E4, and E5 refer to the experimental group. Five spots (E1, E2, E3, E4, and E5) and five normal areas (C1,

C2, C8, C4, and C5) on the same shell were compared.
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FIGURE 6 | Results of laser Raman spectroscopic analysis of normal shells, shells with spots, and sand.
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Low Content of SiO, in Shells With Spots
As shown by the results of X-rd (Figure 7), crystal plane spacing
d = 334 A (diffraction angle 20 = 26.68) was the diffraction
characteristic peak of SiO,, which is consistent with the reported
characteristic peaks of quartz (SiO) structures (Leite et al., 20005
Marinoni and Broekmans, 2013). In this Figure, two peaks of
CaCOs3 (26 = 26.1 and 26 = 27.1) were very high, hinting that
the content of CaCO3 was very high. The low peak of SiO, might
be because the diffraction peaks of rare substances (in this case
SiO,) are easily covered by stronger peaks (in this case, CaCO3),
which was consistent with the laser Raman spectroscopy results.

Further Confirmation of the Composition
of Shell Spots

According to the infrared spectra shown in Figure 8, the infrared
spectrum curve of the shell spots was similar to that of normal
shells. The strongest peaks of the shell spots and the normal shells
appeared near 1463 cm, which are formed by the vibrational
stretching of carbonate (Huang et al., 2012). This result is
consistent with the SEM-EDS results that showed that calcium
carbonate formed the main component of the shells with spots.
In addition, according to the formation of spots attached to the
inner shell surface, amorphous calcium carbonate (ACC) might
be the predominant type of calcium carbonate in the brown-
yellow spots (Huang et al., 2018). Interestingly, compared with
normal shell samples, the infrared spectra of shell spots treated
with hydrochloric acid were significantly different. The curve

characteristics were similar to those of sand, with an obvious
absorption peak at 1080~1100 cm™!, belonging to the Si-O
tensile and Si-O-Si bending vibration peak (Chen et al., 2011),
which was consistent with the recognized characteristic peak of
SiO, (Lippincott et al., 1958; Boyd and Wilson, 1982). These
results indicated that the main component of shell spots treated
with hydrochloric acid was similar to that of sand.

DISCUSSION

Spots on the Inner Surface of Mactra
veneriformis Shells Shown to Be SiO,
Based on Various Measurements

Element analysis is the most important initial step in material
identification. Kai et al. (2011) performed a rapid qualitative
determination of air pollution particles using SEM-EDS and
pointed out that energy spectrum could effectively determine the
composition of particles. The energy spectrum in the current
study showed that CaCO3 was the main component of shells with
spots, however, the significant difference in Si content compared
with normal shells suggested that the presence of spots was linked
to Si. In the natural environment, SiO, is the most common
and stable state of Si; thus, we hypothesize that the yellow-
brown spots in the shells are grains of sand from the sea. The
X-rd results showed thousands of material identification peaks,
which might be the result of the variety of complex substances

300
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FIGURE 7 | X-ray diffraction pattern of shells with spots.
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FIGURE 8 | Infrared spectra results of shell spots treated with hydrochloric acid, normal shells, shell spots, and sands.
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in the samples themselves (Shishonok et al., 2016), which is a
known problem in the X-ray detection of biological samples.
The characteristic peaks of several SiO, crystals were found
(Figure 6), but were not obvious. This might be because the
Si content is low and the characteristic peaks were covered by
the main peaks representing CaO3. However, the range of peaks
characteristic of Si were revealed following amplification by laser
Raman spectroscopy. Differences between shells with spots and
normal shells were found, such as the bending vibration peak
of Si-O bond, which indicated that SiO, crystals were present in
shells with spots.

To further confirm the composition of shell spots, acid
treatment was carried out. Hydrochloric acid does not react
with SiO,, whereas CaCOs3 are dissolved by hydrochloric acid;
thus, any SiO, hidden in shells can be exposed and, thus, be
easily detected. As hypothesized, the infrared spectra of spots
after acid digestion were consistent with those of sand, and
the characteristic peaks of Si-O-Si curves were obvious, also
consistent with that of SiO;. Therefore, the spots on the inner
surface of M. veneriformis shell were a mixture of sand (SiO3)
and calcium carbonate.

Where Did the Sand Come From?

The source of the sand can be hypothesized based on the
sampling location and lifestyle habits of clams. Clam samples
were collected in the waters of the Yellow River delta in Dongying
City, at the mouth of the Yellow River. The clam larvae were
bred in a laboratory under artificial conditions. When clams were
transferred from their original breeding sites to the Yellow River

delta, their living environment changed significantly, including
its salinity, temperature, and water pressure. Therefore, clams
have to adapt to the changes in their environment (Yuan
et al., 2000), which can cause some physical dysfunctions in the
larvae themselves.

The inflow of Yellow River water is the main reason for
the increased sand content in the local marine aquaculture
environment. After the Yellow River sediment enters the sea,
most of it will be naturally deposited, whereas some of the
suspended load will be adsorbed by plankton (Kirk, 2010). Similar
to other bivalves, M. veneriformis are filter-feeders. Filter feeding
is alow-level mechanical physical selection of food and, therefore,
clams are likely to take in grains of sand of an appropriate
size into their pallial cavity, which are then deposited in the
inner shell. Compared with sea water in other coastal areas, the
inflow of Yellow River results in the sea water in this region
containing a high concentration of colloids (Benoit et al., 1994;
Martin and Dai, 1995), which would increase the suspension
property of sand.

Shell formation involves the thickening of the inner surface of
shell and extension of the shell edge. The inner membrane of the
mantle is responsible for thickening the inner surface of the shell,
whereas the edge of the mantle is responsible for extending the
shell edge. Thus, given the large amount of suspended sand in sea
water in the Yellow River delta, M. veneriformis might filter food
mixed with grains of sand into its body, resulting in some sand
grains becoming attached to the inner surface of the shell, and
gradually being covered with calcium carbonate deposits, sealing
the sand grains within the inner surface of the shell, forming the
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spots. Calm shells may be prone to embed sand spots in the area
where water turbidity is significantly higher.

CONCLUSION

Therefore, the yellow-brown spots on the inner shell surface of
M. veneriformis are a mixture of sand and calcium carbonate,
and possibly formed by the sand grains that enter mantle cavity
and then embed into the shells. These spots may be not caused by
pollution, but by environmental factors.
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