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Exopolysaccharides directed
embellishment of diatoms
triggered on plastics and other
marine litter
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In the present study, embellishment or beautification of diatoms on substrates like plastics,
polydimethylsiloxane, graphite, glass plate, and titanium dioxide, triggered by exopolysaccharides
was examined under laboratory conditions. Exopolysaccharides are secreted mainly by primary
colonisers, bacteria, which is succeeded by secondary colonisers i.e. diatoms. Both diatom (Nitzschia
sp-4) and bacteria (Bacillus subtilis) were exposed with substrates separately for 30 days. Diatoms
adhere on substrates strongly, not only because of surface roughness of different substrates but

also the nanoporous architecture of diatoms which enhanced their embellishment. This study
attempted to identify the substrates that adhere to diatoms strongly and was mainly analyzed by
scanning electron microscope and further the observations are well supported by math work software
(MATLAB). The variation of diatom’s binding on different substrates is due to the influence of marine
litters on diatom population in ocean beds where they undergo slow degradation releasing macro,
micro and nanoparticles besides radicals and ions causing cell death. Therefore a proof-of-concept
model is developed to successfully deliver a message concerning benefit of using different diatom
species.

With the widespread use of plastics, the current era is known as Plasticene era'. Plastics are more common in
human inhabited regions** and it is estimated that about 5.25 trillions of plastics as small as 10 mm in size con-
taminate the oceans®.The process of plastic degradation is slow, takes around 300-400 years®. It degrades into
microplastics and nanoplastics on exposure to UV radiations, waves and mechanical abrasion”®. In addition,
many other persistent materials including rubber, metals and glasses are disposed or abandoned in the marine
and coastal environments to form marine litter (ML)’. These litters tend to sink in water and remain there for long
time. Although they break into smaller fragments but are not degraded completely™. The litter sinking capability
is enhanced by biofilms formed on their surfaces that increases the weight and let them sink in the ocean beds"'.
These biofilms are exopolysaccharides (EPS) produced mainly by bacteria, microalgae and cyanobacteria'®'?,
protists'*', fungi'®'7and yeasts'®. The first approachable colonizers on ML are generally bacteria followed by
microalgae of which diatoms play a very important role'**. The deposition or adhesion properties of diatoms
on the ML is because of EPS produced by diatoms just like in bacteria*??. EPS play important roles in main-
taining the structural integrity of biofilms*. However, distribution of EPS in different microorganisms may
show heterogeneity**. Cooksey reported that diatoms embellish themselves on steel and glass after few hours
of exposure which follows increased growth due to photosynthetic activity*>?®. Furthermore, colonization on
hydrophobic surfaces is more rapid than the hydrophilic ones. The degree of anchorage depends upon the surface
roughness of ML and EPS produced by diatoms and bacteria?’-**. Biofilming on ML brings diverse changes not
only in the ecological niches of marine flora and fauna but also in the environment®*!.

IDiatom Nanoengineering and Metabolism Laboratory (DNM), School of Applied Sciences, Dr. Harisingh Gour
Central University, Sagar, Madhya Pradesh 470003, India. 2Department of Chemistry, School of Chemical Science
and Technology, Dr. Harisingh Gour Central University, Sagar, Madhya Pradesh 470003, India. >Department
of Physics, School of Physical and Mathematical Sciences, Dr. Harisingh Gour Central University, Sagar,
Madhya Pradesh 470003, India. “National Centre for Polar and Oceanic Research, Vasco Da Gama, Goa 403804,
India. *These authors contributed equally: Prashant Shukla and Khashti Ballabh Joshi. ~email: kapilvinayak@
gmai.com

Scientific Reports |

(2020) 10:18448 | https://doi.org/10.1038/s41598-020-74801-7 nature research


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-74801-7&domain=pdf

www.nature.com/scientificreports/

Diatoms besides biofilming the ML that enhances the sinking of pollutants in the water bodies fix almost
25% of global CO,*% They meet 30% of world’s needs for crude oil, due to lipid rich bodies in their cells®.
Furthermore, diatoms are nature’s freely available silica which has wide applications in forensics, and material
science®~*¢. Thus, any change in the diversity of diatoms by ML not only alters both the atmospheric as well as
benthic carbon cycle’”*® but also change natural reservoir for many high and low value metabolites®.

Marine environment is aggressive towards plastics, polymers, glass and metals which are hazardous for marine
life**#!. Earlier we reported how morphology of diatom, Gomphonema augur, showed valve deformation due to
presence of trace metal analytes in water*?. It is well established that different types of environmental pollutants
influence diatom cell density, lipid composition and morphology®. This study showed that EPS of diatoms and
bacteria play an important role in the adherence on ML. The diatom embellishes in different patterns onto ML
due to its varied surface roughness and EPS secreted by diatoms either alone or in association with bacteria*.
In shallow coastal waters, this may result in photochemical hydrolysis of plastics burgeoning into micro and
nanoplastics thus disturbing marine ecology including distribution of bacteria and important phytoplanktons
like diatoms*>~5.

Materials and methods

Screening of diatom and bacteria for EPS content by FT-IR. Diatoms and bacteria with maximum
EPS were selected for adhesion on plastics and other substrates. In order to examine EPS released by different
diatom taxon, surface functional groups of closely related species of Nitzschia sp. 1(NS1), Nitzschia sp. 3(NS3),
Nitzschia sp. 4 (NS4), Pinnularia borealis (PB) and Gomphonema parvulum(GP) were studied. This was firstly
done by FT-IR of these diatoms grown at day 1 and 30 in a modified /2 media*°. In order to grow bacteria
environmental water samples was cultured on Luria Bertani agar medium®' and different bacteria were identified
morphologically and biochemically®>*. To select the bacteria with highest EPS, FT-IR of all the bacterial sam-
ples was done after 24 h of growth. The method was based on a systematic treatment of FT-IR spectra obtained
from dried bacterial and diatom samples®*. The selected diatom and bacteria were then grown for 30 days on
different ML and characterized by FT-IR spectroscopy.

Approximately 1 mg (diatom and bacteria) sample were washed and cleaned with Milli-Q water. The IR
spectra of all the test samples were recorded in the range of 400 cm™ to 4000 cm™ using Bruker ATR Alfa IT
FT-IR spectrometer. Spectra were processed and smoothed using OPUS 7.0 software. Further FTIR spectra of
all the samples were normalized and area under various bands (wave-number regions as 1100-1800 cm-1) was
calculated using Origin8 software (Origin Lab). The diatom count was carried out using Neubaeur chamber?”.
The correlation values between diatom/bacteria and substrates were generated by MATLAB (Math work) software
for SEM images. To study the adhesive character of diatoms and bacteria control of each was taken on 1*day and
observed via FT-IR and scanning electron microscope (SEM).

Selection of ML. Five different ML of uniform 1”x 1” size having different level of hydrophobicity were
prepared (ESI Table S1). Thin film of graphite, polydimethylsiloxane (PDMS) (Sigma-Aldrich, USA) and TiO,
(Sigma-Aldrich, USA) was prepared on glass plates of size 1" x 1" using spin coater (Spin NXG-P1A, Kolkata,
India). TiO, is a component widely used in cosmetic and beauty products®>*’. Polyethylene is another set of
common ML present nearby human habitation and also from sources like industrial waste, shipping nets and
ship wreckage®®. Glass is yet another common cosmopolitan marine litter often dumped in form of glass bottles.
The selected MLs formed two groups: group I, the hydrophilic group, which included glass plates (Gp) and group
11, the hydrophobic group, which included PDMS, plastics (pp), graphite (Grp) and TiO,**%.

Exposure of diatoms and bacteria to ML. Screened diatom and bacteria were exposed to ML and character-
ized by FT-IR, atomic force microscopy (AFM), SEM and Ellipsometry techniques. About 6800 cell mL™! of
the screened diatom having highest EPS content was transferred in 100 mL of {/2 media having different ML.
Similarly the screened bacteria were grown for overnight having optical density of ~ 0.6 at 600 nm before expos-
ing them to ML®"6%,

Diatom and bacterial assemblage and their interaction with ML were studied for 30 days. The variation in
EPS functional groups of diatom and bacteria present on different ML was explored by measuring intensity of
absorption via IR spectroscopy. Further embellishment of diatoms directed by EPS triggered on substrates was
characterized by measuring refractive index using spectroscopy Ellipsometry techniques (J.A. WOOLLAM-
2000X, USA). This was further supported by correlation studies from SEM (Nova NanoSEM 450, USA) images
at Ist and 30th day of inoculation. The correlation values were calculated from SEM images using MATLAB
software (MathWorks). The correlation is defined as

cov (x, y)
OX %Oy

Correlation(p) =

where cov (x,y) is covariance between x and y while o, and o, are the standard deviations of x and y. Further
cov(x,y) is defined as

cov(x,y) - 2 (i _Nxo_)(l)’i -9

where x; = data value of x, y; = data value of y and x° and y° are the mean values and N =number of data values.
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Figure 1. Plot of areas under 1800-1100 cm™ for normalize FT-IR spectra of diatom NSI, NS3, NS4, PB and
GP.

Results and discussion

Screening of diatom and bacteria having maximum EPS. Five diatom cultures NSI, NS3, NS4, PB
and GP were selected for the characterization of polysaccharides, fatty acids (uronic acid) and amide groups.
FT-IR characterization of selected diatoms in the range of 1600-1800 cm ™ showed the highest area occupied by
NS3 and lowest by NS4. However, NS1, PB and GP were in mediocre range (ESI Table S2). It can be interpreted
that the highest content of C=0 stretching present in NS4 (ESI Fig. S1A). However, NS3 contains the least con-
tent of C=0 stretching (amide I of protein) as it exhibit higher area value as seen in Fig. 15>,

Furthermore, diatom growth on 1st and 30th day showed almost similar pattern for various functional groups
in all 5 diatom cultures (ESI Fig. S1). Figure 1 showed bands area ranging from 1100 to 1800 cm™'of normalized
FT-IR spectra for various diatom samples. It showed that there is a variation in the area of diatom spectra for
1st day to 30th day. In most of the samples, the area under 1100-1800 cm™ increased from 1stday to 30thday
except for NS4, for which it decreased significantly. However, in GP no noticeable change was observed. Hence,
diatom NS4 was chosen for surface interactions and adhesion properties. The FT-IR study of 5 diatoms is coher-
ent with the fact that diatoms cell wall comprise of proteins®>®, polyamines®” and polysaccharides®. However,
experimental results have also showed that polysaccharides are far greater than polyamines and proteins in NS4%.

The bacteria screened and identified from environmental water samples were of four types viz; Bacillus sub-
tilis (BS), Enterobacter faecalis (EF), Escherchia coli (EC) and Staphylococcus aureus (SA) as shown in Fig. 2. The
FT-IR study showed that polyamines and polysaccharide (1450-1550 cm™) were present in all four bacteria.
However, intensity of absorption was lowest in BS (ESI Fig. S2A). The low intensity of absorption in BS showed
that functional groups associated with EPS are not free and therefore poorly exposed. This might be due to
robust and viscous biofilm like pattern® which is unlike the mixed coccus type colonies of EE EC, SA as seen
in Supplementary Fig. S2B. The high viscosity and sticky surface of BS biofilm is because of EPS which play a
major role in attachment and anchorage to the substrates.

Thereafter NS4 and BS were incubated with substrates for 30 days to study their adherence on substrates. The
control diatom NS4 and bacteria BS showed anchorage among its neighboring cells as seen in their corresponding
SEM images (ESI Fig. S3). They actually formed reversible or irreversible adhesions with ML depending upon
amount of EPS and the time period of exposure. Hasson and Crowe showed that the attachment of microorgan-
isms with substrate depends on the extracellular polymers produced by microorganisms™.

Characterization of interaction between diatoms and bacteria. FT-IR was done to characterize
the EPS triggered diatom and bacteria embellishment over plastics, PDMS, glass, graphite and TiO, incubated
for 30 days as shown in Fig. 3. Generally EPS is composed of polysaccharides with a certain amount of proteins,
lipids and humic substances therefore our study was focused in region between 1200 to 1700 cm™'.The control
diatom, bacteria and their mixture showed that they do vary in the quantity of EPS even though they have
similar polysaccharides groups displayed at around 1500 cm™ (Fig. 3A).The adherence of diatom and bacteria
on each of the ML on 30th day showed varied pattern. It was seen that among the ML, PDMS has maximum
transmittance due to its crosslinked polymers’’. It was also found that the hydrophobic surfaces of PDMS dis-
played more absorption, thus concealing the functional groups of both diatom and bacteria (Fig. 3D). However,
at 1250 cm™ region bacteria exhibited more transmittance than diatom. This might be due to presence of cross
linkers on PDMS which probably formed covalent bonds not only on EPS secreted by diatom but also got doped
inside the nanoarchitectured porous frustules of diatom’?. This was followed with adherence of diatom and
bacteria on plastics (Fig. 3C), graphite (Fig. 3F) and titania (Fig. 3E). However, absorption in glass is not seen
due to less hydrophobic surface of glass (Fig. 3B). Off note absorbance of plastics on diatoms was more than
bacteria and was quiet distinguishable (Fig. 3C). This also concludes high EPS on cell surface doesn't allow light
to pass through diatom frustules. Hence, diatoms adhere to plastics more strongly than bacteria. The adhesive-
ness of diatom and bacteria on graphite and TiO, was quiet similar but absorption of diatom was again more
than bacteria (Fig. 3E,F). The non-covalent interactions significantly change the key frequency of functional
group in FT-IR spectra with change in the ML due to surface roughness*>”>. The adhesion of diatoms to ML is
mainly due to the non-covalent interactions between the functional groups present on the diatom surface and
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Figure 2. SEM micrographs of (A) Bacillus subtilis, (B) Enterobacterfaecalis, (C) Escherchia coli and (D)
Staphylococcus aureus after 24 h of growth.

hydrophilic/hydrophobic surface on ML. The monosaccharides present in the cell wall of diatoms and bacteria
comprises largely of mannose and glucoronic acid with small amounts of fructose and xylose which may involve
in hydrogen bonding and ionic interaction with ML7*-76,

Atomic force microscopy.  Surface composition of ML plays an important role in the attachment and dominance
of primary (bacteria) and secondary (diatoms) colonizers. The uneven distribution of EPS along the diatom cell
surface allowed different ML to adhere at varying degrees depending upon their hydrophobicity or hydrophi-
licity. Further, the surface roughness of diatom is unique due to its nanoporous silica. The ridges and furrows
demonstrate the nanoporous architecture of diatoms which further enhance their anchorage on the ML (ESI
Fig. $3). This is well demonstrated by AFM studies of NS4 (Fig. 4). Figure 4A,B show AFM images of diatom
NS4 on a hydrophilic inert mica surface. High resolution AFM images clearly showed roughness on the diatom
surface (Fig. 4C,D). However, Fig. 4E,F showed raised humps and valleys due to uneven distribution of EPS on
the well arranged porous structure frustules.

AFM image of bacteria BS is comparatively smooth with little or no indentations as showed in ESI Fig. S4.
Therefore, nanoporous architecture of diatoms exhibit strong embellishments of EPS directed diatoms on ML"".
It is important to add that the major biomass on these ML is created by diatoms and not bacteria®.On the con-
trary there have been fewer studies on adherence of diatoms on different ML compared to bacteria. We therefore
further extended our studies by analyzing the correlation studies created by SEM images of diatoms on these
substrates. This was followed by studying the measurement of refractive index via Ellipsometery spectroscopy.

Study of interfacial surface chemistry of NS4 on ML via SEM, correlation and ellipsometery
studies. The screened diatom NS4 was studied for its EPS triggered assemblage on different substrates under
SEM. NS4 EPS formed a floral bouquet anchoring on a glass surface due to less hydrophilicity of glass surface
and EPS on diatom surfaces (Fig. 5A,B). Figure 5C showed SEM image of N§4 stacked monolayer on a plastic
substrate. This is the most common assemblage due to two wall structure of diatoms (hypotheca and epitheca)’.

ESI Figs. S5-S9 further showed SEM images of diatoms embellishment on the surface of glass, graphite,
PDMS, plastic, and TiO, substrates. Diatoms were arranged in singlet, doublet, floret, bunch or in stack. NS4
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Figure 3. FT-IR spectra in the range of 1100-1800 cm™ shows bacteria and diatoms with ML. (A) Control; (B)
Glass plate; (C) Polypropylene; (D) PDMS; (E) TiO,; (F) Graphite.

arranged in florets of 3 or 4 when exposed to PDMS for 30 days can be seen in Fig. 6A-C. However, with plastics
it forms stacked and floral bouquets (Fig. 6D-F). Glass plate triggered formation of diatoms in bunches (Fig. 5A,B
and ESI Fig. S5) as compared to florets or stacked assembled organization of diatoms in hydrophobic ML like
graphite (ESI Fig. S6), PDMS (ESI Fig. S7) and plastics (Fig. 5C and ESI Fig. S8). This justified the hydrophilic/
hydrophobic properties and surface roughness of different substrates. In contrast, on titania surface (TiO,), dia-
toms stacked normally one upon another or in any singlet or doublet arrangement (ESI Fig. S9). PDMS showed
most adhesive template and formed diatom trifoliate or tetrafoliate leaf like structures (ESI Fig. S7; Fig. 6A-C).
However, on plastic surfaces diatoms stacked showing anchorage point at the tip of their frustules (Fig. 6D-F
and ESI Fig. S8).

The organization of diatoms on different substrates may vary for different ML or debris. Therefore we had
individually studied diatom NS4 and its adherence properties on different substrates (plastics, PDMS, titania,
graphite and glass). The adherence of diatoms on these substrates in different patterns was further characterized
by correlation studies.

Correlation study between diatoms and different ML. Figure 7 shows correlation values derived from SEM
images of diatom film on various substrates using MATLAB software. It can be seen that there is variation in
the color as we move from one image to other for different ML. Further, in these images the value of correlation
coefficient is shown by colors. On the color scale, minimum value is represented by blue and maximum by red
color. The value of correlation increased as we move from blue to red side. It can be perceived from Fig. 7 that
the correlation was highest for PDMS and lowest for graphite in the entire region of image. The variations in
the correlation for different substrate reflected the magnitude of adhesive force between substrate material and
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Figure 4. (A,B) 2D images of discrete intact diatoms positioned over the mica surface, (C,D) 2D and
corresponding high resolution 3D image clearly showing roughness on the diatom surface. Magnified 2D (E)
and corresponding 3D (F) view of filled pores of diatom frustules.

Figure 5. Diatom NS4 grown for 30 days on glass (A&B) and on plastic substrate(C).

diatom films. Reduction in the correlation confirms the decrease in the adhesive force between substrate and
sample. This decrease in adhesive force influenced the deposition of diatom film on various substrates. It can
be seen from Fig. 7 that the adhesive force between PDMS and plastics with diatoms is larger than the adhesive
force between diatoms and any other substrates (glass, PDMS, TiO, and graphite).

The mean value of correlation which is quantified from SEM images of diatom samples on different substrates
are shown in Table 1. It was found that the mean correlation value was highest for PDMS (0.19), followed by
plastics (0.04), graphite (0.037), TiO, (0.03), and least for glass (0.02). However, there is small variation in the
correlation values for other materials. This large value confirms the strong binding between the diatoms and
substrate. The main cause of binding was the adhesive force between substrate and diatoms. Moreover, the last
column in Table 1 and ESI Fig. S10 showed the ratio of correlation for various substrates with respect to glass
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Figure 6. Diatoms on PDMS (A-C) and plastic surfaces (D-F) for 30 days.

substrate. It can be seen that the ratio was significantly high; roughly 8 times for PDMS that again confirmed the
strong adhesive force for PDMS material than glass.

Ellipsometric study of interaction of diatoms on different ML. ~Different ML substrates embellished with diatom
(NS4) were studied by ellipsometric techniques on 30th day of exposure. Figure 8 showed the variation of refrac-
tive index for diatom grown on different substrates. It can be seen that different substrate materials influence the
refractive index (RI). The value of average refractive index with respect to glass is lowest for PDMS (1.4+0.01),
followed by plastics (1.48 £0.34) and graphite (1.58 £0.91) and highest TiO, (1.66 +0.44) over the entire visible
region. This variation in the refractive index may arise because of the roughness and adhesive force between
diatoms and substrate. Furthermore, it was observed that the refractive index and correlation values have inverse
relation. The largest correlation of PDMS had lowest refractive index while graphite exhibited largest refractive
index and lowest correlation value. So as correlation increases, the index of refraction decreases. This confirmed
that refractive index decreases as the adhesive force increases.

Our results are in concordance with findings from Carson et al. who examined 17 trawls for the presence of
microorganism using SEM and FT-IR”®. Among 83 items which were examined and identified using FT-IR, 59%
were polyethylene, 33% were polypropylene and 8% were polystyrene. The biofilming observed on these plastic
items were that of Bacillus bacteria (mean 1664 + 243 individuals mm?) and Pennate diatoms (1097 + 154 mm?).
It was found that centric diatoms were found in very low densities (9 + 6 mm?) with coccoid bacteria being less
(169 +39 mm?). In another study of diatom biofilming on steel by cell surface and cell-cell interaction enhanced
by its nanoscale structure and EPS on its surface had been demonstrated by various techniques including FTIR,
SEM, correlation and AFM®. Besides this EPS played an important role in aggregating the diatoms sinking the
ML to benthic beds. The interactions between EPS and ML via reversible or irreversible chemical bonds played
a crucial role in degradation of ML. This also affected the diversity of diatoms or bacterial communities in the
phycosphere around EPS zone on these ML.

Michels et al. tested whether micro plastics found on the surface of water are involved in the aggregation of
natural particles and if biofilms formed on the surface of micro plastics enhance the aggregation potential of these
micro plastics®!. The natural biogenic community tested by them mainly constituted diatoms and dinoflagellates,
Ceratium. It was found that stickiness is the key factor in the aggregation of biofilms which is mainly due to EPS
and DNA secreted by diatoms and other planktons. The microplastics form aggregates with the natural biogenic
particles in the sea water but as the diatom biofilm is formed on the surface of microplastics the aggregation is
further enhanced. Thus our work showed that the colonization of micropalstics with biofilms increasing their
potential to aggregate with biogenic particles. The incorporation of diatom biofilm enhanced the sinking rate
as compared to aggregation with other plankton biofilms making effective sinking of ML at different rates. The
embellishment of diatoms on different ML tells us that though EPS plays a crucial role but surface roughness of
litter is an important factor to know how diatoms adhered to them. Litter in due course of time degrades due
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Figure 7. Covariance matrix plot of SEM images of diatoms embellished on different ML; (A), covariance
matrix plot of Glass, (B) Graphite; (C) PDMS, (D) Plastic and (E) TiO,. The covariance matrices show the
correlation between the components present in the pixels of the images; the blue color represents the smallest
one while red shows the largest one.

1 Glass plate 0.02 1

2 PDMS 0.19 8.48
3 Plastics 0.04 1.75
4 Graphite 0.037 1.21
5 TiO, 0.03 1.30

Table 1. Mean correlation values of diatoms enmeshed on different substrates.

to photolysis and influence of other environmental factors thus releasing macro, micro and naoparticles, free
radicals which lyses not only the diatom community but also may bring fatal changes in both its morphological
and molecular diversity®2. On the other hand these embellishments may also save them from harsh environments
and delay the degradation of these litters which accumulates marine garbage harmful for marine life.
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Figure 8. Average refractive index for diatom exposed to glass, grapheme, PDMS and TiO, for 30 days.

Conclusions

The comparative study of diatoms and bacteria on different substrates (plastics, PDMS, TiO,, graphite and
glass) belonging to hydrophilic and hydrophobic groups showed that diatoms adhered strongly to hydrophobic
substrates like PDMS and plastics compared to glass. The EPS from both diatoms and bacteria showed presence
of common polysaccharide and uronic acids. The correlation values for diatoms incubated with substrates were
highest for PDMS (0.19) followed by plastic which indicated that the surface roughness of PDMS and plastics
was greater than that for TiO, and graphite. These results were further supported by ellipsometery data which
showed that the average refractive index with respect to glass for diatoms was lowest for PDMS and the highest
TiO, over the entire visible region. Thus the EPS secreted by diatoms (Nitzschiasp.4) form strong anchorage with
hydrophobic substrates like PDMS and plastics. Indeed they seem to act as saviors for marine environment by
delaying the degradation ML into micro and nanoparticles. However, in this course of time these ML especially
plastics undergo photolysis releasing particles, ions and free radicals which either lyse a particular community
or bring changes in their genome. This possibly changes the diatom diversity and succession. If disposal of ML
is not controlled it may alter the diatom density in marine waters.
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