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COMMENT

BIOMEDICAL RESEARCHERS SHOULD DECLARE THEIR ASSUMPTIONS

Jerome Goddard! and Jerome Goddard 112

1Department of Biochemistry, Molecular Biology, Entomology, and Plant Pathology, Mississippi State University,
Mississippi State, MS 39762
2Department of Mathematics and Science, Auburn University Montgomery, Montgomery, AL 36117

E-mail: jgoddard@entomology.msstate.edu

Recently, the Editor-in-Chief of Science asked its reviewers and editors to identify papers submitted to the journal
that demonstrate excellence in transparency and instill confidence in the results (McNutt 2014). This was done in
response to issues with irreproducibility (primarily) in preclinical studies. There may be other ways scientific
papers can be made more transparent and reliable. Sometimes very solid, or at least well-intentioned, scientific
reports contain assumptions which, if false, severely weaken the work. Assumptions are facts taken for granted,
and in an argument, assumptions must be allowed as true for that particular argument to advance. Calling
assumptions into question is a legitimate way to undermine a claim or simply deepen our understanding of the
issue; however, if assumptions are never identified (declared), then spurious claims sometimes may be advanced
as fact. One example of this occurred in a 1978 paper in Nature that is frequently quoted concerning cultural
evidence of dog domestication. That letter reported a human skeleton found in a grave in what is now Israel with
its hand resting on the chest of a puppy skeleton (Davis and Valla 1978) and the authors interpreted this as
evidence of affection between the human and the dog. They said, “The puppy, unique among Natufian burials,
offers proof that an affectionate rather than gastronomic relationship existed between it and the buried person.”
Offers proof? Several assumptions are actually necessary to draw this conclusion which were not identified in the
paper: 1) that the puppy was purposely buried with the human, 2) that the hand was intentionally placed on the
puppy, and 3) that this placement meant affection or familiarity between the two. Any one of these assumptions
could have been false. In our opinion, readers of scientific and/or biomedical papers would benefit from a brief
textbox or section at the beginning of each paper wherein underlying assumptions are disclosed. Mathematicians
know all too well the dangers of hidden assumptions. There is perhaps no other discipline that can so readily
prerequisite the importance of clearly stating all relevant assumptions. The counterpart in mathematics of
hypothesis-driven experimentation and conclusion is the statement of proposition (or theorem) with a
corresponding proof using formal logic. In this paradigm, the current setting (or global assumptions) and
assumptions related to the problem at hand are carefully crafted and explicitly listed. From these assumptions and
previously established results, the desired result may be deduced through an application of formal logic (proof by
induction is an exception). Making a false assumption, either explicitly or implicitly, will always lead to
erroneous results. Thus, it is a common practice in mathematics papers to a priori list all of assumptions
regarding the proposition to be stated and proved (Lee 2010). “Perhaps biologists should do the same.”
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PLASMONIC NANOCRYSTALS WITH PRECISE GOLD ATOMS

Chanaka Kumara,1 Xiaobing Zuo,2 David A. CuIIen,3 Amala Dass™

1Department of Chemistry and Biochemistry, University of Mississippi, Oxford, Mississippi 38677, United States
2X-ray Science Division, Advanced Photon Source, Argonne National Laboratory, Argonne, lllinois 60439, United States
3Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, United States

ABSTRACT

Plasmonic nanoparticles have potential application in nano-optics, solar cell, catalysis, drug delivery and
cancer treatment. Among those, thiol protected gold nanocrystals draw greater attraction due to their
superior stability and ability to control the composition with atomic precision. However, the challenges in
the synthetic protocol and lack of atom quantification techniques hinder the determination of atomic
composition. For the first time, we were able to determine the atomic composition of the three different gold
nanoparticles in the size regime of 2-4 nm. The composition was found to be Ausx(SR)gs, AU_s50(SR)-15 and
AU_g,0(SR).160 by electro-spray ionization mass spectrometry. All of these nanocrystals exhibit surface
plasmonic resonance at around ~500 nm. Size-dispersity of the gold nanocrystals was confirmed by mass
spectrometry, synchrotron based small angle X-ray scattering and scanning transmission electron microscopy
analysis. Possible atomic arrangements of these nanocrystals were determined by high-energy X-ray based
pair distribution function analysis. These largest gold nanocrystals with known composition will pave the way to
the understanding the origin of surface plasmon resonance and will have greater potential towards application in

catalysis and optical devices.

INTRODUCTION

Surface plasmon resonance (SPR) is a collective
oscillation of the free electron density of the metal with
the incident radiation (1). Gold nanoparticles shows SPR at
500-550 nm depend on their shapes and size. Synthesis and
characterization of small colloidal gold nanoparticles, where
molecule-to-plasmonic transitions occur, is hindered by
polydispersity and spontaneous particle aggregation (2).
However, thiol protected gold nanocrystals draw greater
attraction due to their ultra-stability and ability to control
their composition with atomic precision (3).There are two
size regimes within thiol-protected gold nanoparticles (a)
ultra-small gold nanomolecules, which are less than 2 nm
in diameter and (b) plasmonic nanocrystals, which are larger
than 2 nm and exhibit surface plasmon resonance.

Atomically precise ultra-stable gold nanoparticles such as
AUzs(SR)ls (4), AU33(SR)24 (5), AU130(SR)50 (6), Auiz7
(SR)s4(7), and Au1a(SR)eo (8) (where the R group is thiol
ligand attached) have previously been prepared with atomic
precision using the Brust-Schriffin method. However, these
synthetic protocols were only applicable to ultra small gold
nanoparticles and limited control was achieced for larger
nanoparticles (9,10).

The most promising techniques used in compositional
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analysis of these nanoparticles are X-ray crystallography
and mass spectrometry (MS) (11-14). However, structural
analysis of plasmonic nanoparticles still remains
challenging; polydispersity and larger particle size often
prevent the diffraction quality single crystals.
Nevertheless, advances in instrumental methods have
developed in mass spectrometry (MS) techniques, such as
MALDI and ESI for determination of the composition.

This report discuss the recent progress in super-stable
plasmonic nanoparticles at 76.3, 115, 200 kDa mass range.
Ultimately, Electro-spray ionization mass spectrometry
window (ESI-MS) was able to expand upto 200 kDa mass
range to determine the atomic composition of gold
nanoparticles. These nanoparticles were characterized by
suite of analytical techniques like synchrotron based small
angle X-ray scattering (SAXS) and high-energy X-ray
based pair distribution function analysis (PDF). Further,
the monodispersity of the synthesized nanoparticles was
verified using scanning transmission electron microscopy
(STEM) analysis.

EXPERIMENTS
Synthesis: Atomically precise nanoparticles synthesis
involves three steps. Initially, a crude mixture containing
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polydisperse  Au nanoparticles was prepared in a
modified version of the previous report (15). Then, meta-
stable nanoparticles were eliminated by thermochemical
treatment of the crude product with excess thiol (16).
Finally, pure monodisperse nanopartilces were isolated by
solvent fractionation.

Stepl: Aqueous solution (30 mL) of HAuCI4 (0.1772
09/0.45 mmol) and toluene solution (30 mL) of
tetraoctylammonium bromide, TOABr (0.55 mmol) were
mixed and stirred well (30 min). Phenylethanethiol
(0.0622 mL/0.225 mmol) was added to the separated
organic phase, and further stirred at room temperature (for
30 min). Gold to thiol molar ratio was varying 1:1, 1:0.5 and
1:0.25 depending on the desired final product. An aqueous
solution of NaBH4 (10 mmol, 20 mL) cooled to 0 °C, was
added to the reaction mixture and stirred for another 2 h.
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Then, organic layer was separated and evaporated to
dryness. The product was washed with methanol three times
to remove thiol and other byproducts.

Step 2: Around ~100-200 mg of the crude product
was dissolved in toluene 90.50 mL) and subjected to
thermochemical treatment with excess phenylethanethiol
(0.05 mL) at 80° C under stirring while monitoring the
product with MALDI-MS. After several days of etching,
product was washed with methanol several times, and
extracted with toluene.

Step 3: Then nanoparticles were dissolved in toluene and
subjected to solvent fractionation to isolate the desired
nanoparticles at 76.3,115 and 200 kDa ( Figue 1).

Plasmonic nanoparticles characterization

( MALDI-MS ‘ * Purity and monodispersity ]
ESI-MS * Composition analysis J

L
STEM » Size distribution, shape and diameter ]
PDF ‘ * Atomic structure and bond lengths ]
‘ SAXS ’ « Size distribution, shape and diameter J
UV-Vis ’ * Plasmonicwith extinction coefficient ]

Figure 1: (left) MALDI-MS of the thermochemically treated product and isolated nanoparticles at 76,115 and 200 kDa. Adapted from ref
[17] (right) Suite of technique used for characterization of plasmonic gold nanoparticles. MALDI-MS: Matrix assisted laser desorption
ionization mass spectrometry, ESI-MS: Electro-spray ionization mass spectrometry, STEM: Scanning transmission electron microscopy,
PDF: pair distribution function analysis, SAXS: Small angle X-ray scattering, UV-vis: Ultraviolet-visible absorption spectroscopy.

RESULTS AND DISCUSSION

Wet-chemical methods were developed and optimized for
synthesis of atomically monodisperse plasmonic gold
nanoparticles. These nanoparticles subjected to the
complete and comprehensive characterization using mass
spectrometry, spectroscopy, high resolution electron
microscopy and X-ray diffraction tools. Following
content will composition assignment and characterization
of 76.3,115 and 200 kDa.

Plasmonic Au329(SR)84 nanoparticles

The main objective of this work is to determine the
chemical composition of the previously reported large
76.3 kDa thiolated gold nanomolecules (15). This is the
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smallest sized nanoparticles that exhibit surface
plasmonic resonance. First, the purity of the sample was
determined by MALDI-TOF mass spectrometry. Figure
2a, STEM of identical size particles and Figure 2b.c,
MALDI spectra shows clear baseline indicating nascence
absence of any other nanoparticles or detectable
impurities. It is well established that the nanoparticles
with fixed atomic composition can be synthesized
utilizing the different ligand that have similar properties
but different in mass. For example composition of
Auss(SR)24, Aug7(SR)3s and Aui4(SR)eo are independent
of different -R groups. In other words, if one can make
the same nanoparticles with different ligand, mass
difference method can be applied to determine the
composition of newly synthesized nanoparticles. Figure
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2d shows the expansion of the 3- region of the ESI mass
spectrometry of the 76.3 nanoparticles synthesized using
three different thiols namely —SC6HI13(117 Da),
—SCH2CH2Ph (137 Da), and—SC12H25(201 Da). In
each case, gold to thiol compositional assignment yielded
329:84.18 Both positive and negative mode of ESI-MS
spectra show identical peaks indicating the absence of any
other counter ions (Figure 2e). Cesium acetate is
commonly added to the nanoparticles to promote the
ionization in mass spectrometric analyses by forming Cs
adduct. Therefore, Cs+ ions were intentionally added to

this case envelope of peaks due to several cesium adducts
(1 to7 Cs ions) were observed.

A comprehensive investigation including the analysis of
nanoparticles with three ligands, in positive and negative
mode and Cs+ adduction lead to a conclusive composition
of Aus(SR)ss. Based on the assigned formula, there are
245 free electrons to facilitate the surface plasmon
resonance (the next smallest cluster Auig7(SR)ss (6) which
have 119 free electron does not support for SPR).
Therefore, this compositional determination will facilitate
the fundamental understanding of the birth of surface

prove that the Ausz(SR)ss is the base molecular ion. In olasmon resonance (18).
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Figure 2: (a) Low-magnification HAADF-STEM images ofnalépersed Au329(SR)84.(b) ESI-MS (red) and MALDI-MS (blue) spectra of 76.3
kDa nanomolecules synthesized using HSCH2CH2CgH5 thiol. The lines at the top indicate the theoretical values for the 1, 2, 3, 4, and 5 charge states
of Au329(SCH2CH2Ph)g4. (c) Ligand count determination by analyzing 76.3 kDa species protected by various ligands. (c) MALDI-MS of the 76.3
kDa nanomolecules synthesized using dodecanethiol (olive), phenylethanethiol (blue), and hexanethiol (red). (d) ESI-MS Q-TOF of 3- ions of the
76.3 kDananomolecules using three ligands. Assuming that the number of metal atoms is constant, for the 76.3 kDa nanomolecule for these three
ligands, the number of ligands is calculated by the mass difference of the intact ESI ions. The ligand count was found to be 84 in all cases, which then
leads to the Au atom count of 329 atoms. Peaks marked by an asterisk indicate remaining impurities not removed during purification or other minor
species present in the sample. Dotted lines indicate the theoretical mass of the 3—ions of corresponding Au329(SR)84 nanomolecules. (e)
Au329(SCH2CH2C6H5)84 with negative mode (NV, red) and positive mode (PV, blue) in the presence of cesium acetate (PV, olive) and further
addition of cesium acetate (PV, purple). The positive and negative spectra shows the 4+ and 4-molecular ions, respectively, while the addition of

cesium acetate leads additional peaks due to the formation of Cs* adducts, such as Au329(SCH2CH2C6H5)84-Cst Au329(SCH2CH2C6HS)84-2Cs™,

Au329(SCH2CH2CEH5)84-3Cs™. Further addition of cesium acetate leads to adducts with 4, 5, 6, and 7 Cs™ ions. Reprinted with permission from
[18]. Copyright 2014 American Chemical Society.
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Plasmonic Au~500(SR)~120 nanoparticles

Experimental conditions were optimized for synthesis and isolation of next largest super stable plasmonic gold
nanoparticles at 115 kDa. In this case Au:thiol ratio set to 1:0.5, instead of 1:1. We were able to synthesize these
nanoparticles with two different ligands (phenylethanethiol and hexanethiol). Ligand mass difference method was
employed to determine the atomic composition using ESI mass spectrometry. First the number of ligands was
determined as 120, using ligand mass difference method and then number of gold atoms were back calculated and found

to be 500.

However, broader mass peaks were observed when compared to the ultra-small nanoparticles. This is due to the several
stable species within 115 kDa mass range. Control experiments were performed with Au329 which shows fixed
composition, to verify the size dispersity of the 115 kDa mass range. Based on the ESI-MS peak width, composition was

concluded to be Au~500+10(SCH2CH2Ph)~120+3.

Deconvoluted ESI peaks

5-
4_ 126 4 SscH,
28 "\ 1+
bt No. of ligands = 2KD2 _ 459
6- 20Da
3-
100 110 120 130
ESI 2+ MALDI
P, S
[ . g ~ . [ m 2
25 50 100 125

mass / charge (kDa/z)

Figure 3: Mass Spectrometry. MALDI (red) and ESI (blue) mass spectra of “115 kDa” nanoparticles yielding a composition of
Au~500+£10(SCH2CH2Ph)~120+3. MALDI-MS shows 1+ and 2+ ions, while ESI yields 3—,4—,5—, and 6—ions. Deconvolution of the six charged ions is
consistent with a 115 kDa molecular ion. The inset shows the deconvoluted spectra of Au~500 protected by—SCH2CH2Ph and—SC6H13 ligands, where the
3—4—, and 5—ESI peaks are multiplied by 3, 4, and 5 to yield the 1-molecular ion, at 115 kDa. From the mass difference, the total number of ligands was
calculated to be 120. Reprinted with permission from [19]. Copyright 2014 American Chemical Society.

HAADF-STEM (Figure 4) shows the monodisperse,
hexagonal shaped 2.4+ 0.1 nm particles with FCC planes.
Sintering and electron beam induced nanoparticles
aggregation directly effect to the observed nanoparticles
size, shape and size dispersity. Surface atom diffusion and
reconstruction were observed with HAADF-STEM
imaging as a result of high electron dose. Thus beam dose
was optimized and minimized using lower voltage and
acquiring first-pass images. Figure 4 a, b and ¢ show the
representative low-magnification images of the particles.
The images visually demonstrate the monodispersity and
self-assembled particles on the TEM grid. Figure 4d—h
show the high resolution images of the isolated
Au-s500(SR)~120  nanoparticles, illustrating the surface
morphology of individual Au-sp nanoparticles.

High energy X-ray based atomic pair distribution function
shows the histogram of the entire atom-atom distances
within the single nanoparticles. Total scattering
measurements account for both Bragg and diffuse

July 2015, Vol 60, No. 3

scattering and its fourier transformation into real space
yields the PDF. Figure 5(left) shows the synchrotron high
energy X-ray-based pair distribution function analysis of
Au-~500:10(SR)120:3  in comparison with fcc-like 100 nm
gold nanoparticles, calculated PDF of icosahedral Ausgpg
,Marksdecahedral Ausgg, and truncated octahedral Auags.
Experimental PDF  data  matches  with  the
Marksdecahedral, and truncated octahedral models.
Figure 5(right) shows the SAXS data and analysis will
provide the shape, size and size dispersity information of
the Au~s500(SR)~120 system. The wide range of linear Guinier
behavior (In[1(q)] vs 2, Figure 5b inset) at low scattering
angles and the scattering features from 0.3-0.8 A-1
depict the monodispersity of the Au~500 nanoparticles.
Three-dimensional molecular envelopes were
reconstructed from the SAXS data and envelope adopts an
ellipsoid-like shape (dimensions of 2.2-3.0 nm). The
diameter measured by small angle X-ray scattering was
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2.6 £ 0.2 nm, which is in agreement with TEM and PDF
measurements.

Plasmonic peaks for these particles appear at ~498 nm.
SPR is supported by 380 free electrons based on
composition assignment. These plasmonic nanoparticles
can be used in plasmonic application such as optical
sensors, drug delivery, cancer cell detection and also in
catalytic applications.

Figure 4. HAADF-STEM images of Au~500(SR)~120. (a—c) Low-magnification
images of dispersed Au~500(SR)~120. (d-h) High-resolution images of individual
particles, field of view is 5 nm x 5 nm. Reprinted with permission from [19].
Copyright 2014 American Chemical Society.

Calc. PDF 10°
Marks Dh Au,,

Calc. PDF 10 4
Truncated Oh Au, .

G(r) (a.u)

Expt. PDF 1074
100-nm fcc Au np

Expt. PDF
Au__ (SR)_

X10 {Q ~500 : 120 107+

& SAXS data
= Guinier Fit

0.005 0010, 0015
q (A%

: : P 1
0 10 . 20 30
r(A)

0.1 B 0.4 0.8
q(A")

Figure 5:(Left ) Experimental atomic PDF of Au~500+10(SR)120+3 in comparison with calculated PDF patterns of icosahedral Au309, Marks Dh Au389,
Truncated Oh Au405 and 100 nm fcc (bulk like) patterns. PDF patterns of Au~500 show a decent match with Marks Dh and fcc patterns. (Right) SAXS
data, data fits, and the derived SAXS molecular envelope for Au~500 nanoparticles. (a) SAXS data (black solid circle with error bar) were collected up to
0.8 A—1. The red curve is a representative fit for the molecular envelope calculation. The molecular envelope, also known as a bead model, wascalculated
using the program DAMMIN, with SAXS data up to 0.6 A —1. The data points in the red curve beyond 0.6 A—1 were calculated from the resultant molecular
envelope, matching well with the experimental data. The inset is the Guinier fit for SAXS data at g close to 0. Rg obtained from the data fit is 1.05+0.05 nm.
(b) The two views of the final SAXS molecular envelope with dimensions. Twenty independent molecular envelope calculations were performed, and the
resulting envelopes were further averaged to generate the final, consensus molecular envelope. The error bar of the dimensions is expected as 0.1-0.2 nm.
Reprinted with permission from [19]. Copyright 2014 American Chemical Society.
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Plasmonic Au-e40(SR)-160 Nanoparticles

Experimental conditions were further modified to synthesize the next largest super stable plasmonic gold nanoparticles at 200
kDa. Au:thiol ratio further reduced to 1:0.25 to yield the gold nanoparticles at 200 kDa. Figure 6 shows the MALDI (blue)
and ESI (red) mass spectra of the gold nanoparticles synthesized using phenylethanethiol. Mass peak at 200 kDa shows the
monodispersity of the sample and the flat base line implies the absence of other impurities. Inset shows the deconvoluted
ESI-MS of the nanoparticles with phenylethanethiol and hexanethiol ligands. Mass different method yielded, the assignment
of Au~940SR~160. This is the largest size to be characterized by high resolution ESI mass spectrometry.

Low-magnification STEM images of the Au-~a0(SR)~160 particles show the monodispersity of the particles. Furthermore, the
atomic structure was studied in high-resolution STEM images. HAADF-STEM images show fcc-like, 2.9 nm particles.
Figure 7.j shows the Fast Fourier transform (FFT) of the single nanoparticles in 3i. The measured FFT lattice spacing are
closely match with the bulk fcc.

6- . 1+

204.3 kD
T OASCH, No. of ligands = E2R L 160
20Da

e

207.5kDa 'SCHzCHzCaHs

ESI
I

H " ; \ 5
w M
mass (kDa) MALDI

[ 2 [l Py ] 2 '] Py [l Py

40 80 120 160 200
mass / charge (kDa/z)

Figure 6: Mass spectrometry. MALDI (red) and ESI (blue) mass spectra of 207 kDa nanoparticles synthesized using HSCH2CH2Ph thiol.
MALDI-MS with DCTB matrix shows 1+ ions, while ESI-MS vyields 4—, 5-, and 6— multiply charged ions. The theoretical values for
charge states 1, 2, 3, 4, 5, and 6 are shown by dotted lines at the top. The inset shows the deconvoluted ESI mass spectra of 940 atom
nanoparticles protected by —SC6H13 and —SCH2CH2Ph. The deconvolution of the multiply charged ions (4—, 5—, and 6— ESI peaks are
multiplied by 4, 5, and 6, respectively, to yield the 1— molecular ion at 207.5 kDa for the -SCH2CH2Ph ligand) of the multiply charged
ions. This mass difference was used to calculate the number of ligands. The composition of the nanoparticles was determined to be
Au940+20(SR)160+4. Reprinted with permission from [17]. Copyright 2014 American Chemical Society.

Figure 8(left) shows the high energy X-ray based atomic pair distribution function (PDF) data of the Au-~g0(SR)-~160 in
comparison with fcc-like 100 nm gold nanoparticles, calculated PDF of icosahedral Augs, marksdecahedral Augs; and
truncated octahedral Aus,y models. Experimental PDF data significantly matches with the calculated truncated octahedral
Au807 model. The Augor model consists of 13, 42, 92, 162, 252, and 246 atoms in each individual shell (Figure 8a). The 3-D
molecular envelope were derived from the Au-~g0(SR)~160 SAXS data shows an 3.3 nm sized ellipsoid-like shape and the
cross section of about 2.5-2.8 nm. The diameter measured by SAXS, 3.0 + 0.2 nm, is in agreement with STEM particle
diameter measurements (Table 1). UV-visible spectrum shows the SPR at 506 nm which is supported by around 780 free
electrons based on composition assignments.

July 2015, Vol 60, No. 3 289



Figure 7: Electron microscopy. STEM
images of the Au~940(SR)~160
nanoparticles. (a,b) Low-magnification STEM
images. (c-i) High-resolution HAADF-STEM
image of the individual nanoparticles, scale
bar is 2 nm. (j) Fast Fourier transform of (i)
showing lattice spots similar to bulk fcc Au
oriented along the [0-11] zone axis. Reprinted
with permission from [17]. Copyright 2014
American Chemical Society.

3
c ]
'
2 T T (;
k" b experimental atomic PDF | —
calc. PDF of Au_, TO model Koz
residuals — 01-
20| i
0.01 4
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Figure 8: (Left) (a) Proposed six-shell Ausoz atomic model for the metal-core-only portion of Au-~e40(SR)~160 Nanoparticles. (b) PDF fit of
the Au807 TO model with that of the experimental PDF of Au~940(SR)~160. The Rw is 44%. Note that the model only considers the
metal core. (Right) SAXS data, fittings, and the derived SAXS molecular envelope of Aus4o nanoparticle. (¢) SAXS data (black open
circle with error bar) were collected up to 0.6 A-1. The red curve is a representative fitting in the molecular envelope calculation. The
molecular envelope, also known as bead model, was calculated using the program DAMMIN, with SAXS data up to 0.6 A-1. (d) The inset
is the Guinier fit for SAXS data atqclose to 0.Rg obtained from the fitting is 1.32+0.07 nm. (e) Two views of the final SAXS molecular
envelope. The length of the white bar is 1.0 nm. Reprinted with permission from [17].

Copyright 2014 American Chemical Society.
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CONCLUSIONS

The composition of the plasmonic gold nanoparticles at
76.3, 115 and 200 kDa were assigned to be Auszg(SR)ss,
AU-500(SR)-120, AU-940(SR)-160 based on high-resolution
mass spectrometric studies. Composition determination
here will facilitate the theoretical and experimental

studies on origin of SPR and atomic model to understand
the properties of nanoparticles. Nanoparticles size, atomic
structure and optical absorbance information has
summarized in the following table

Table 1: Properties of plasmonic nanoparticles as determined by the comprehensive analytical tools.

Composition§

SAXS dia.(nm) [TEM dia. (nm)

Atomic structuret |Optical absorbance (nm)

AUz20(SR)s4 2.2+0.2 2.0+0.1 close packed 490
AUs00:10(SR)120:3 2.6 £ 0.2 2.4+0.1 close packed 498
AU~940120(SR)~16014 3.0+0.2 2.9+0.1 close packed 506

8from mass spectrometry
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LEARNING ABOUT ENZYME SPECIFICITY WITH AN
INTERACTIVE ENZYME MODEL: INFLUENCES ON STUDENT
MOTIVATION, COGNITIVE LOAD, AND ACHIEVEMENT

Mounir R. Saleh, Sherry S. Herron, Kyna Shelley, and Robert Bateman

University of Southern Mississippi, Hattiesburg, MS and William Carrey Univeristy, Hattiesburg, MS

ABSTRACT

Scientists” progress in understanding enzyme specificity uncovered a complex natural phenomenon. However, not all of
the currently available biology textbooks seem to be up to this progress. Nevertheless, students’ understanding of how
enzymes work is related to understanding other biological processes like receptor-ligand interactions. In an attempt to
bridge this gap, we developed some instructional material consisting of a worksheet and an interactive physical model.
The worksheet is structured based on the “segmentation principle” which is meant to meet the complexity of
scientific processes like the one in hand (Mayer, 2009). The model in turn is primarily designed to visualize the
process as well as promote motivation to learn about it. We describe here a case study in which we used this
instructional material and examined its contribution to promote motivation and understanding of enzyme specificity on 30

undergraduate students majoring in life sciences-related fields.

INTRODUCTION

One of the main aspects of the nature of science is
tentativeness of scientific information. A good example
from biochemistry is the replacement of the old “lock
and key” model of enzyme specificity (Fischer, 1894)
by the “induced fit” model (Koshland, 1958). However,
a quick search on the concept of enzyme specificity in
some of the widely wused high school biology
textbooks revealed inconsistent representations of our
current understanding of how enzymes work. As can
be seen in (Figure.l), 83.3% of examined textbooks
(total of twelve) failed to simultaneously discuss the
basic elements of the concept, (1) conformational change
and (2) chemical interaction between the substrate and
catalytic amino acids. Particularly, only 60% covered the
role of conformational change in text while 50% visually
represented it. Also, a mere of 20% touched on the

Discussed Both
Elements

\

Discussed

16.7% One Element  83.3%
Only

chemical basis of the phenomenon while 10% represented
the interaction in figures. This is not to mention the
complete absence of other concept elements like binding
affinity and enzyme reactivity which may be argued to be
only relevant to upper college levels.

Having known this, it is not surprising that only one of the
eight senior college students that we interviewed prior to
this study seemed to have heard about the “induced fit”
model in previous biology courses (Saleh et al., 2013).
Mind that this concept is directly related to understanding
other important areas in science, such as how some
pharmaceutical drugs work on certain life-threatening
diseases and the role of some mutations in causing
inherited metabolic disorders, let alone comprehending
other biological mechanisms at the molecular level (e.g.
ligand-receptor specificity).

Discussed
Conformational 60%

Change in Text

Figure.1: Bar of a Pie
Chart Showing
Inconsistency in Concept
Representation

Visually

Presented
Conformational
Change

50%

Discussed Chemical 20%
Interaction in Text

Visually Presented 10%

Chemical Interaction &
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Nevertheless, addressing this problem is a twofold
challenge. First, the old concept is easy to comprehend
partly because it is represented through a very familiar
example “lock and key.” On the other hand, the new
concept describes enzyme specificity as a complex
process with various interacting parts that cannot be
learned in isolation (Pollock et al, 2002). For example,
to understand enzyme specificity, students need to
simultaneously learn that binding of a substrate to its
enzyme drives the latter to wundergo a proper
conformational change necessary to align the various
catalytic amino acid residues in the active site along
with the appropriate reactive groups of this substrate. In
other words, they need to simultaneously consider the
various elements and their possible interactions. As a
consequence, such complex material may impose high
cognitive load on the learner’s working memory who
may end up de-motivated to learn about it (Sweller &
Chandler, 1994; Marcus, Cooper, & Sweller, 1996).

Second, for the “lock and key” model, a visual aid -if
any- has to be static at most for students to grasp the
idea of “how enzymes work.” However, the current
model defines enzymes as dynamic entities in whole and
in parts. This entails another source of cognitive load
necessary to mentally visualize the appropriate model; a
requirement that might also overload the learner’s
working memory (Schonborn & Anderson, 2006).

For the purpose of meeting the first challenge, we
studied literature that deals with learning complex
material and chose applying the ‘“segmentation
principle” to our case (Mayer, 2009). This principle
states that people learn complex processes better in
learner-paced segments rather than in a single
continuous unit.

To further help students understand the concept with
minimum cognitive load (Vekiri, 2002), and be
motivated to learn about it (Mayer, 2009), the first
author built an interactive physical model representing
the enzyme along with different pieces corresponding to
different substrates; all of which go along with the
worksheet as a single instructional material (US Patent
Application No. 29508018).  We intentionally avoided
adding interesting but irrelevant features (e.g. smiley
eyes) to the enzyme model assuming that they may be
detrimental to the learning process (Lehman et al.,
2007), let alone that otherwise the model would have
been perceived as too juvenile by college students
(Figure.2).

We would like to note that, in this article, we do not
intend to analyze the theoretical basis of the
“segmentation principle” or study how visual tools help
enhance learning submicroscopic processes, like
enzymes under action.
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Figure.2: Enzyme Model

Rather, we aim to share an interactive lesson we found
effective, cognitively efficient, and motivating for
college students coming from various life sciences-
related fields. We first discuss instruments used to
measure students’ reported mental effort, motivation,
and achievement. We then describe our intervention and
discuss its outcomes based on these three measures.
Additionally, we calculate Instructional Efficiency IE of
this intervention in order to evaluate the cost of students’
performance in terms of their reported mental effort
(Kalyuga & Sweller, 2005; Paas & van Merrie nboer,
1993). IE has shown to be a more indicative measure of
the quality of instruction than conventional measures of
achievement (van Gog et al., 2008).

INSTRUMENTS

To measure essential cognitive load needed to
understand the material, we asked students “Please rate
your level of mental effort on this part of the lesson” at
eight points throughout the worksheet on a scale of 9-
points ranging from 1 (extremely low mental effort) to
9 (extremely high mental effort) (DeLeeuw & Mayer,
2008). We chose four points in the worksheet with
lowest complexity, where students have only to report
one/two observations in the experiment (just before
rating their mental effort), and four other points with
highest complexity, where they have to draw out a
conclusion/deduction based on their observations from
previous experiments. We then computed Cronbach’s
alpha to investigate internal consistency of mental effort
rating at both lowest and highest complexity points.
The mean score of the eight points represents the
overall essential cognitive load (mental effort)
experienced during the learning session.
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To measure students’ motivation level, we adapted
the popular Instructional Materials Motivation Scale
(IMMS)  (Keller, 1987). IMMS addresses the
following subscales of motivation: attention, relevance,
confidence, and satisfaction with the instructional
material. The validity of this scale has been established
at the college-level setting by Huang et al. (2006). The
adapted instrument consists of 23 questions divided into
subsections of 8 items on attention, 6 on relevance, 5

Table.1
Instructional Material Motivation Survey IMMS

on confidence, and 4 on satisfaction (Table-1). We
asked students to rate each question based on the
following  Likert scale:  1=Strongly disagree,
2=Disagree, 3=Neither disagree nor agree, 4=Agree,
and 5=Strongly agree. We then considered the mean
score as well as scores of subscales to describe
students’ motivation to learn about enzyme specificity
through using our instructional material.

Attention

This Enzyme Model is eye-catching.

The Enzyme Model helped to hold my attention.
The design of the Enzyme Model looks boring.
This Enzyme Model stimulated my curiosity.

O N U WNH

There was something interesting about the Enzyme Model that got my attention.

The Enzyme Model helped me learn some important things about enzyme specificity.
The variety of pieces that came with the Enzyme Model distracted me.
The worksheet associated with the Enzyme Model was appropriate to understand about enzyme specificity.

Relevance

1. 1tisnot clear to me how the Enzyme Model is related to the concept of enzyme specificity.

2. Completing this session successfully was important to me.

3. The concept of enzyme specificity was relevant to my major because | need to know about how enzymes work.
4. 1 could not relate the content of the worksheet associated with the Enzyme Model to my own

coursework.

5. The content of the worksheet which comes with the Enzyme Model was useful to me.
6. The content of the worksheet which comes with the Enzyme Model will be useful to me.

Confidence

1. The concept of enzyme specificity was easier to understand through the Enzyme Model than | thought it would be.
2. |felt confused about what | was supposed to learn from this learning session while using the

Enzyme Model.

3. l'was not able to pick out and remember the important points.

4. After attending this learning session, | was confident that | would be able to do well in the post- test.
5. As I went through the worksheet, | was confident that | could learn the content.

Satisfaction

1. Completing this learning session, with the Enzyme Model, gave me a satisfying feeling of accomplishment.

I really enjoyed the Enzyme Model being used in class.

2
3. It was confusing to work on the worksheet.
4

It felt good to successfully complete this learning session.

Finally, we assessed students’ knowledge about the
concept before and after intervention through
administering identical pre- and post-tests. Each test
consists of 5 multiple choice items. All of these items

July 2015, Vol 60, No. 3

are “Remember” questions (Anderson et al., 2001) that
we examined for face validity and internal reliability.
Below is a sample test item:
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Glucose is the original substrate for the enzyme Hexokinase. 3-methyl Glucose is an analogue to

Glucose. See both substrates below:
Glucose

HO. ¢

OH

> o}
+«£ OH 4 1
HO 3 OH

3-methyl Glucose
HO 3

S O
o OCH3 Sy
2
HO 3 OH

OH

Original
Substrate

| Substrate :
i Analogue

If 3-methyl Glucose was added to Hexokinase, then it:

a. mightinduce Hexokinase to undergo a/the

A. same conformational change
B. different conformational change

C. same rate of conformational change

D. Noneofthe above

Achievement scores were obtained by simply counting
the number of correct answers which are worth one
point each. As for IE, we chose the formula

h )
= Performance gm g couple of mathematical
mental ef fort score

formulas that appear in literature (Paas & van
Merrie"nboer, 1993, Kalyuga & Sweller, 2005). We
used this formula as it is consistent with the general
understanding of efficiency- an effect relative to spent
resources needed to obtain a result (Kalyuga & Sweller,
2005).  Obtained IE for the entire group is referenced
to a critical level of efficiency defined as IEcrit=

Maximum Performance Score/Maximum Effort Score —

5. - . . iy
(5 in our case) The rationale for using this critical level

is based on the assumption that if a student spends
maximum mental effort (9) to answer test questions but
still does not ace the test (5), then his/her performance
should not be considered as efficient (Kalyuga &
Sweller, 2005).

Intervention

We conducted this study in a fairly large, public,
research university. 30 college students participated in
this research. Participants were from biology (43.3%),
biochemistry (6.7%), and other (50%) majors that
require at least a general biology course (medical
technology, nursing, & nutrition). Number of college
education years ranged from zero (freshman) to four
(bachelor) with a mean of 2.47+1.59. After taking a pre-
test, participants attended a lecture on substrate
specificity of enzymes. Afterwards, they took the post-
test followed by IMMS and a demographic survey.

As mentioned earlier, the lecture is based on a
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worksheet that consists of five experiments “segments.”
In the first experiment, students observe how the wild-
type enzyme reacts to its natural substrates through
changing its shape to get them aligned and close enough
to react. The aim of this experiment is to explain the role
of conformational change in aligning substrates thus
speeding up the chemical reaction. To emphasize the
role of catalytic amino acids in this process, the second
experiment deals with a mutant form of the enzyme in
which the reactive catalytic amino acid residue has been
replaced by a non-reactive one. Students note that the
enzyme would undergo the same conformational change
as in the first experiment but still no reaction. The third
set of experiments demonstrates the possible reactions of
the enzyme toward substrate analogues. Students here
notice how the enzyme reacts differently by undergoing
an improper conformational change that fails to align the
bound substrates along with the reactive amino acid.
They also learn that, in few cases, the enzyme may react
in an undesirable rate of conformational change. This
helps students realize that enzyme specificity is a kinetic
property of the enzyme; an objective that is covered in
the last two experiments. In these final experiments,
students learn that enzyme specificity mainly depends
on kinetic parameters like binding affinity of substrates
to their enzyme and reactivity of the enzyme toward
these substrates. For binding affinity, students count the
number of possible H-bonds that can form between a
natural substrate and its surrounding catalytic amino
acids. They do the same with a substrate analogue to
examine which is more attracted to the enzyme, thus
increasing the chances for the desired chemical reaction
to take place. In the last experiment, the instructor
demonstrates how the enzyme reacts with almost all of

Journal of the Mississippi Academy of Sciences



the natural substrate molecules while reacting to very
few of the analogue. The fact that the enzyme reacts
with an analogue, though at a very low rate, helps
students appreciate that enzyme specificity is more than
a simple all-or-none phenomenon. Rather, and building
on previous experiments, they come to the conclusion
that enzyme specificity is a complex process that
depends on a number of related variables: how (1) a
conformational change facilitates (2) the interaction
between the substrates and catalytic amino acids which
in turn is directly connected to (3) the binding affinity of
these substrates to these same amino acids as well as (4)

Table 2

Reliability Scores of Used Instruments

the reactivity of the enzyme toward these substrates.
RESULTS AND REFLECTIONS

Reliability scores for the wused instruments are
summarized in Table.2. Cronbach a coefficient values
for all of the instruments, including almost all of the
subscales, were above 0.7. We also obtained face
validity of the pre/post-test from five independent science
educators who checked the clarity and validity of each
item as it relates to the intended cognitive order
“Remember” of Revised Bloom’s taxonomy (Anderson et
al., 2001).

IMMS
ECL Pre-test  Post-test
Subscales Entire
Low High Attention Relevance Confidence Satisfaction Scale
Score .784 .750 .802 .696 741 794 .895 .718 711

ECL= Essential Cognitive Load survey, IMMS= Instructional Material Motivation Survey

Interestingly, significant increases in test scores were
shown from paired sample t-test indicating a successful
intervention in terms of achievement, t(29)=- 4.164,
p<.001 (Figure.3). Overall mental effort reported by
students also revealed a reasonable outcome,
4.51+1.22. This level of mental effort lies between the
two labels “4=slightly low” and “5=medium” in the
survey which means that students perceived the lesson as
neither too easy nor too demanding for them to
understand.  Group’s mean IE was also higher than
critical IE (IE>IEcrit; 0.79+.55 >0.55). This indicates that
our intervention was efficient in helping students arrive at
correct answers with relatively low mental

July 2015, Vol 60, No. 3

effort (Kalyuga & Sweller, 2005).

Results obtained from IMMS scale also showed a high
overall mean (4.20+.47) as well as high means in all of
the constituting subscales, attention (4.38+.48), relevance
(4.13+.63), confidence (3.99+.62), and satisfaction
(4.22+.61) (Figure.4). Collectively, these results suggest
that students were motivated to learn about enzyme
specificity through using the presented instructional
material. Specifically, this material helped them stay
engaged in the learning process as they perceived it to be
relevant, easy to use, and enjoyable.
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Pre-test Post-test

Figure 3: Achievement

CONCLUSIONS AND FUTURE WORK

It might be challenging to mass communicate with
textbook publishers referring to the inconsistency in
representing enzyme specificity and its potential influence
on the progress of tertiary biochemical education.
Alternatively, we share this instructional material that we
found motivating, effective, and cognitively efficient to
learn about the concept. Our introduction of an interactive
instructional model stands as a response to a call by the
National Research Council in Next Generation Science
Standards NGSS which emphasizes the important role of
models in 21st century education. For instance, NGSS
framework states that "models should increasingly be
used across the grades, both in instruction and curriculum
materials" (Schweingruber et al, 2012, p.59).

We mention two limitations in this study that are also
guiding our future work. Although assessing students’
retention of the learned material represents the foundation
that higher levels of learning builds on, college level
learning requires assessing intellectual behavior such as
“Applying” an “Analyzing” (Zhao et al., 2014, Anderson
et al., 2001). Accordingly, developing a transfer test
would be good of an extension to the present study.

The fact that participants reported average mental effort,
rather than low, might have arisen from the lack of
prerequisite knowledge as 63.3% of participants reported
not taking any prior biochemistry courses. In this
scenario, some students would have experienced
cognitive overload as they tried to simultaneously
understand the scientific terms along with the explained
process. To overcome this potential problem, a pre-
training episode can be offered just before the session
where students get to know the terms and discrete details
related to enzymes (Mayer, 2009). An experimental
approach would then be applied and effect sizes of the
intervention can hence be determined.
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ABSTRACT

The objective of this study was to investigate the morphological changes that occurred in Listeria monocytogenes serotype
1/2a cells as visualized by transmission electron microscopy (TEM) after exposure to sublethal heat stress at 48°C for 60 min
and in combination with lethal concentration of carvacrol for 30 min. The morphological changes in L. monocytogenes were
classified into changes occurring in the cell surface, cell wall, cell membrane and cytoplasm. The TEM micrographs revealed
the thickening of cell wall and cell membrane, clumping of cytoplasm, loss of cytoplasm, pore formation and membrane bleb
formation in L. monocytogenes cells when subjected to sublethal heat stress followed by carvacrol treatment. These findings
indicate that L. monocytogenes cells when subjected to different stresses may alter their cellular morphology which may aid
in their survival. Further studies will investigate the effect of increased contact time with carvacrol and with other essential

oils on the ultrastructural changes in L. monocytogenes cells adapted to sublethal heat stress.

INTRODUCTION

Listeria monocytogenes is widely recognized as an
important food borne pathogen responsible for nearly 25
to 30% of all fatalities from foodborne illnesses in the
USA (Cartwright et al., 2013). Due to the zero tolerance
requirements for L. monocytogenes in processed ready-to-
eat foods, food industries are constantly devising novel
strategies for its control in the food processing
environments and in finished products. This pathogen is a
major concern for food industries since it has the ability to
survive a wide range of environmental stresses
(Skandamis et al., 2008). Recently, screening of heat
resistance (at 60°C/10 min) of 37 L. monocytogenes
strains collected from various sources showed significant
variation with some strains yielding 7 log reductions
while others with as little as 2 log CFU/mI reductions
(Shen et al., 2014). Previously, Linton et al. (1992)
reported that the log phase cells of L. monocytogenes
strain Scott A after heat shock at 48 °C for 10 min had
2.1-fold increase in Dss -c value. Also, Fedio and Jackson
(1989) found that the preheated L. monocytogenes Scott A
at 48 °C for 1 h, and then heated at 60 °C, had a 3-4 log
higher survival than control. Other studies show that L.
monocytogenes was found to develop high tolerance to
heat by undergoing changes in its growth, ultrastructure,
surface properties, and intracellular structures. For
example, Bermudez-Aguirre et al. (2011) determined the
mechanisms of inactivation of L. innocua in thermally
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sonicated milk using transmission electron microscopy.
Their findings show that thermal sonicating technology
causes weakening of the cell by forming cavitation in the
cellular structure and disruption and breakdown of
cellular materials, formation of pores, lack or clumping of
cellular material, breakdown of cell membrane, and
inactivation of the target microorganism.

Food industries are continuously considering new cost-
effective antimicrobial intervention technologies or
treatments to achieve L. monocytogenes reduction.
Essential oils are attracting considerable attention from
the food industries due to their natural antifungal,
antibacterial, and antioxidant effects (Burt, 2004).
Phenolic constituent carvacrol is the major antimicrobial
active ingredient in essential oils. However, recent
findings show that heat stress adapted cells of L.
monocytogenes has increased resistance to carvacrol (Ait-
Ouazzou et al., 2012). Understanding the influence of
heat stress adaptation on L. monocytogenes survival
during treatment with carvacrol is very relevant for
developing improved food preservation treatments. Since
there is a potential occurrence of stress-resistant strains of
L. monocytogenes, understanding their environmental
stability and biocide resistance will be of immense
significance (Holah et al., 2002). The objective of this
study was to use transmission electron microscopy to
investigate the morphological changes that occurred in L.
monocytogenes serotype 1/2a cells after exposure to a
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sublethal heat stress at 48°C and in combination with a
lethal concentration of carvacrol.

MATERIALS AND METHODS

L. monocytogenes BUG 600 (EGD), serotype 1/2a was
maintained at 4°C in slants of Tryptic soy agar
supplemented with 0.6% of yeast extract (TSA-YE).
Stationary phase culture was prepared by inoculating one
loop of working stock culture in 10 ml of TSB-YE and
incubated at 37°C for 24 h to obtain cell concentration of
~10° CFU/ml using an incubator shaker (C24 classic
series, New Brunswick Scientific, Edison, NJ). Carvacrol
was purchased from Sigma Aldrich (St. Louis, MO) and
solubilized by diluting (1:1) into propylene glycol (PG)
and a concentration of 428 ppm was prepared in TSB-YE.
For sublethal heat adaptation, 1 ml of stationary phase
culture was diluted to 9 ml of TSB-YE to obtain 108 log
CFU/ml and exposed to 48°C for 60 minutes using a
water bath (Reciprocal water bath shaker, model R76,
New Brunswick Scientific, Inc., Edison, NJ, USA), while
the control non-adapted cells of L. monocytogenes were
kept at room temperature for 60 minutes. Then sublethal
heat-adapted and non-adapted L. monocytogenes cells
were exposed to a lethal concentration of carvacrol (428
ppm) for 30 minutes at room temperature (22°C). The
samples were centrifuged at 12,000 x g for 5 min to
remove carvacrol and the resulting concentrated cell
pellets were prepared for transmission electron
microscopy (TEM) wusing the methods described
previously (Capita et al., 2014). Pellets were fixed in
2.5% glutaraldehyde in 0.1M sodium cacodylate buffer
(pH 7.2) overnight at 4°C. Pellets were post fixed in 2%
buffered (0.1M sodium cacodylate) osmium tetroxide,
dehydrated through a graded ethanol series, and
embedded in Spurr’s resin. Ultra-thin sections were
stained with uranyl acetate and lead citrate then viewed
on a JEOL JSM-1230 transmission electron microscope at
80kv.

RESULTS AND DISCUSSION

Previous findings show that L. monocytogenes cells when
exposed to sublethal heat stress may survive lethal heat
treatments. For example, the 1983 outbreak of listeriosis
in Massachusetts was epidemiologically linked to a high-
temperature  short-time (HTST) pasteurized milk
(Bunning et al., 1992). In this case, when L.
monocytogenes cells were shifted from a lower to higher
temperature within a short period, it caused an acquired
thermotolerance or protection against lethal temperature
(Bunning et al., 1992). Similarly, the thermal resistance
of L. monocytogenes was observed in meat with pre-heat
shocked cells of 48 °C for 2 h which exhibited a 2.4 fold
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increase in the Desoc value (Farber and brown, 1990). In
this present study, we have used transmission electron
microscopy to investigate the morphological changes that
occurred in L. monocytogenes serotype 1/2a cells after
exposure to a sublethal heat stress at 48°C and in
combination with a lethal concentration of carvacrol.

The presence or absence of various morphological
changes in L. monocytogenes serotype 1/2a cells when
exposed to sublethal heat stress alone or in combination
with lethal concentration of carvacrol are summarized in
Table 1. These morphological changes in L.
monocytogenes were classified into changes occurring in
the cell surface, cell wall, cell membrane and cytoplasm.
L. monocytogenes serotype 1/2a cells when exposed to
sublethal heat stress at 48°C for 60 min showed several
cellular changes as compared to that of non-heat stressed
cells. Two distinct morphological changes in L.
monocytogenes cells after exposure to sublethal heat
stress were the thickening of cell wall and clumping of
cytoplasm with some exceptions as compared to that of
non-heat shocked control cells (Figure 1). About 81% of
the cells had thickening of the cell wall after sublethal
heat stress. In the presence of lethal concentration of
carvacrol, L. monocytogenes cells exhibited significant
morphological changes including coccid cell formation,
clumping of cytoplasm or leakage of cytoplasmic contents
through pore formation and membrane bleb formation
(Figure 2). L. monocytogenes serotype 1/2a cells after
exposure to sublethal heat stress at 48°C for 60 min
followed by lethal treatment with carvacrol at 428 ppm/30
min exhibited thickening of cell walls and appearance of a
rough texture of cell wall. Other significant
morphological changes in L. monocytogenes include
cellular disintegration, pore formation, membrane bleb
formation and clumping of cytoplasm (Figure 3). Under
these treatments, nearly 86% of the cells had thickening
of cell wall and 6% of the cells exhibited pore formation.
Ait-Ouazzou et al. (2011) were the first to observe the
damage in cell envelopes by carvacrol. Their studies
proposed that microbial inactivation occurred as a result
of damage by carvacrol that first took place in the outer
membrane of the cell then later on the cytoplasm. Cross
resistance to carvacrol resulted in the alteration of fatty
acid composition and induction of heat shock proteins.
Their findings also show that the sublethal heat shocked
cells of L. monocytogenes exhibited higher survival by 3.0
log CFU/mI in the presence of carvacrol compared to that
of non-heat shocked control cells (Ait-Ouazzou et al.,
2012). In our experiments, there was about 2.5 log
increase in the viable cell counts of L. monocytogenes
serotype 1/2a cells in a lethal concentration of carvacrol
(428 ppm for 30 min) when cells were pre-exposed to
sublethal heat stress of 48 °C for 60 min (data not shown).
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Table 1.

Summary of morphological changes in L. monocytogenes serotype 1/2a cells when exposed to sublethal heat stress and in
combination with lethal concentration of carvacrol.

TEM treatments of L. monocytogenes cells

Changes in cell morphology 37°C/60 min 37°C/60 min + 48°C/60 min 48°C/60 min + 30
of L. monocytogenes cells (Control) 30 min carvacrol  (Control) min carvacrol

Pore formation

Loss of cell wall -* -
Disruption of cell membrane -
Lack of cell membrane -
Cell wall thickening -
Membrane bleb -
Filamentous membrane -
Damage to cell surface -
Cell wall thinning -
Blurry cell wall -
Cavity formation -
Cell wall roughness -
Cell division +
Cytoplasmic clumping -
Disorganization of cytoplasm -
Lack of cytoplasm - + +

+ +
1

III++I
| I B | +I
+ + + '+ 4+ + + 4+

+ +
+ + + + +

+ + + + +

*Presence (+) or absence (-) of cellular morphological changes in L. monocytogenes.

thickness

200 nm

Figure 1. Transmission electron micrograph of Listeria monocytogenes serotype 1/2a: (A) untreated control cells; and (B) cells after
exposure to sublethal heat stress at 48°C for 60 min. Control L. monocytogenes cells grown at 37°C have an intact cell wall. There is a loss
of cell wall in some cases or there is a thickening of cell wall in other cases in L. monocytogenes serotype 1/2a after exposure to 48°C for
60 min.
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Figure 2. Transmission electron micrograph of Listeria monocytogenes serotype 1/2a cells after exposure to 428 ppm of carvacrol for 30
min at room temperature. These cells show clumping of cytoplasm or lack of cytoplasm or membrane bleb formation.
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Figure 3. Transmission electron micrograph of Listeria monocytogenes serotype 1/2a cells after exposure to sublethal heat stress at 48°C
for 60 min and then exposed to 428 ppm of carvacrol for 30 min at room temperature. These cells show thickening of cell wall, pore
formation, membrane bleb formation, loss of cytoplasm and clumping of cytoplasm.

ore formation

Cell wall thic

decreased cell length, size, and diameter. The mechanism
of inactivation by carvacrol can be directly linked to the
cell envelope and ability of carvacrol to permeabilize and
depolarize the cell membrane (Ultee et al., 2002).

Previous studies using atomic force microscopy on
Bacillus cereus revealed that carvacrol targets and
disintegrates the cell envelope (Nostro and Papalia, 2012).
These studies also demonstrated that carvacrol led to
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Perhaps the mode of inactivation by carvacrol can be
attributed to a variety of factors such as pH of treatment
medium, type of microbial specimen, and presence of
outer membrane. Previous studies demonstrated that
microbial inactivation took place at lower pH due to the
chemical properties of carvacrol and that structural
change by carvacrol were varied based on the pH of the
treatment medium. These findings demonstrated that
modifications in the outer membrane were shown to play
a significant role in the adaptive response of bacteria to
antimicrobial agents (Ernst et al., 2001; Sallum and Chen,
2008). It can also be suggested that bacterial cells might
undergo certain chemical modifications such as changes
in cellular hydrophobicity to repel water-soluble
compounds as an adaptive mechanism (Capita et al.,
2014). In conclusion, this study revealed the changes in
cell morphology of L. monocytogenes serotype 1/2a cells
when exposed to sublethal heat stress alone or in
combination with lethal concentration of carvacrol that
may play a role in its survival under these stress
conditions.
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ABSTRACT

This project quantified bottlenose dolphin (Tursiops truncatus) behavior while dolphins foraged from commercial shrimp
trawl nets or from by-catch tossed overboard from shrimp trawl vessels in the Mississippi Sound, USA. Any incident of
injury or death to a dolphin resulting from such dolphin foraging behavior was documented.

Dolphin foraging behavior was observed from 3 different shrimp trawl vessels. Observations were conducted during 24 non-
consecutive days coinciding with the onset of each of 4 years commercial shrimp harvesting seasons, 6 days in mid-May
2011-2014. Dolphins demonstrated significant boat approach behavior toward shrimp boats more so than other boats (p <
0.05). Dolphins were observed foraging from trawl nets and staying in close proximity to the stern of vessels while by-catch
was separated and tossed overboard. No evidence of human-induced mortality or injury was observed during these

interactions between dolphins and shrimp trawl gear or vessels.

INTRODUCTION

The United States National Oceanic and Atmospheric
Administration (NOAA) recently elevated the Southeast
Atlantic shrimp trawl fishery from “Category III” to a
“Category II” enabling stricter federal shrimp trawl
regulation (Greenman 2012). Any activity causing a
change in dolphin migration, breathing, nursing, breeding,
or feeding behavior is classified as “Level B Harassment”
by NOAA and subject to federal regulation.

Commercial trawling fisheries of the Gulf of Mexico
(GOM), including the Mississippi Sound, and east coast
of the United States discard large amounts of by-catch
which benefit bottlenose dolphins foraging these fish
(Wassenberg and Hill 1990). Sounds created by human
trawling activity may attract dolphins to specific sites and
boats where by-catch may be discarded overboard
allowing dolphins to forage.  Leatherwood (1975)
suggested that dolphins may have learned to acoustically
differentiate between boats that are cruising and shrimp
boats that are trawling.

This project took advantage of the naturally occurring
foraging behavior of bottlenose dolphins described by
Svane (2005) associated with by-catch disposal from

July 2015, Vol 60, No. 3

commercial shrimp trawl practices in the Mississippi
Sound. This study measured the amount of time it took
bottlenose dolphins (Tursiops truncatus) to arrive near a
shrimp trawl vessel whether or not a trawl net was
deployed and the amount of time after a trawl net was
deployed before dolphins engaged in foraging from the
trawl net. The foraging behavior of mother-calf pairs was
compared with the foraging behavior of other dolphins
while foraging from shrimp trawl nets, including foraging
behavior from by-catch after it was tossed overboard from
shrimp trawl vessels.

METHODS

This study took place in Mississippi coastal waters of the
northern Gulf of Mexico (GOM) near Ocean Springs and
Point Cadet, Biloxi to the north, including the waters west
of Deer Island, east to Pascagoula, and extending south of
Horn Island twenty nautical miles. Three steel-hulled
vessels were used to conduct trawls and observe dolphin
behavior: a single screw, 21-ton, 11.64-meter (38.2-foot)
long, 4.33-meter (14.2-foot) wide trawler with a 20.4-
meter (6.7-foot) draft equipped to pull a standard 4.88-
meter (16-foot) shrimp trawl net from the vessel’s stern; a
twin screw 35-ton, 16.76-meter (55-foot) long, 4.63-meter
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(15.2-foot) wide trawler with a 1.71-meter (5.6-foot) draft
equipped to pull a standard 4.88-meter (16-foot) shrimp
trawl net from the vessel’s stern; and the third vessel was
a twin screw, 158-ton, 26.39-meter (86.6-foot) long, 7.62-
meter (25-foot) wide trawler with a 3.08-meter (10.1-foot)
draft equipped to pull a standard 12.80-meter (42-foot)
shrimp trawl net from the vessel’s stern.

Observational periods of 35-minutes included a 10-minute
pre-trawl period to locate any dolphins that might be in
the area, classify the dolphins’ behavioral states, followed
by lowering the trawl net into the water, dragging it 150
meters behind the vessel for 10 minutes, and then hoisting
the trawl net aboard the vessel to separate by-catch.

By-catch was quickly separated from shrimp and assorted
into buckets of discrete fish species. Except for the
grouping of by-catch by species in order to detect fish
preference behavior among the dolphins, by-catch was
discarded in a manner similar to other commercial shrimp
trawl vessels. Buckets, each containing an equal amount
but different species of by-catch, were simultaneously
emptied from the vessel’s stern so that discrete
accumulations of by-catch species occurred in the water
and observers could note which species of fish the
dolphins ate first when multiple species were available.

Observations were conducted during 24 non-consecutive
days coinciding with the onset of each of 4 vyears
commercial shrimp harvesting seasons, 6 days in May
2011, 6 days in May 2012, 6 days in May 2013, and 6
days in May 2014. A minimum of 4 trawls were pulled
each of the 24-days, with at least 2 in the morning and 2
in the afternoon. Up to 18 observers stationed at various
places aboard each vessel classified and documented the
dolphins’ behavioral states such as traveling, foraging,
socializing, or resting before each trawl (Mann et al
2000); behavioral events such as boat avoidance, boat
approach, diving on the shrimp net, and milling near the
vessel’s stern (Mattson et al 2005) was documented both
during and after trawls at 5-minute intervals. Aggressive
and competitive behavior between dolphins such as tooth
raking, biting, jaw popping, ramming, and hitting
(Holobinko and Waring 2010) were also documented at 5-
minute intervals during observational periods. Both
behavioral states and events were coded onto ethograms,
sheets of paper for tabulating the observed occurrences of
each behavior. Behavioral states were coded as either
occurring or not during each time interval, zero-one
sampling; while the total number of each behavioral event
per time increment was tabulated. Dolphins were visually
inspected and photographed from the vessels to detect any
indications of human-induced mortality or injury as
defined by Read and Murray (2000).

The behavioral data from ethograms was electronically
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collated and collectively analyzed using IBM SPSS
(2013) statistical package which was used to generate the
Pearson product moment coefficient of correlation
statistics presented in the results.

RESULTS

A total of 83 trawls were conducted, with 42 trawls from
the smaller vessel, 29 trawls from the medium sized
vessel, and 12 trawls from the larger vessel. Dolphins
were likely to change their behavioral state and approach
a trawl net within 5 minutes of its deployment (r=0.70, p
= 0.01). No boat avoidance behavior was observed
during times just prior to or during shrimp trawling.
Dolphin boat approach behavior was not found to be
significant before the trawl net was deployed and during
times when no shrimp trawling occurred. On one
occasion, dolphins approached the vessel moments before
the net was lowered into the water.

When the research vessel was idle and drifting both
before and after trawling, a decrease in dolphin traveling
with a corresponding increase in dolphin socialization
near the research vessel was observed (r = 0.68, p = 0.01).
When the research vessels were traveling slowly but not
engaged in shrimp trawling, dolphins were observed
traveling in small groups (r = 0.78, P = 0.01). After a
shrimp trawl was deployed, large groups of dolphins were
observed converging on the trawl (r = 0.71, p = 0.01).

During by-catch disposal, dolphins frequently approached
within a meter from the stern of the vessel where by-catch
was tossed overboard. They would remain within close
proximity of the vessel for as long as by-catch was tossed
overboard. When by-catch disposal ceased, dolphins
were observed dispersing in small groups from the vessel.

Mother-calf pairs were observed diving on the shrimp
trawl nets (r = 0.84, p = 0.01) while maintaining a greater
distance from the stern of the trawl boat than other
dolphins. Adults without calves as well as juveniles were
seen within 5 meters from the stern of the trawl boats
when by-catch was tossed overboard (r = 1, p = 0.01), but
mother-calf pairs were not observed foraging by-catch at
the stern of the vessels.

The most prevalent by-catch species were pogi
(Brevoortia patronus), cutlass fish (Assurger anzac),
white trout (Paralichtys albigutta), Atlantic menhaden
(Brevoortia tyrannus), croaker (Micropognias undulates),
spot (Cynoscion arenarius), and mantis shrimp
(Leiostomus xanthurus). Observations of fish preference
by dolphins foraging from the by-catch indicated cutlass
fish, white trout, and spot were preferred over croaker,
menhaden, and pogi. When buckets, each containing an
equal amount but different species of by-catch, were
simultaneously emptied overboard, dolphins would pass
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up fish closer to them such as croaker and pogi to
compete with other dolphins for cutlass fish, white trout,
and spot. When menhaden, croaker, and pogi were
available, dolphins were observed to first grab menhaden
until it was unavailable, then pogi. Croaker were left
uneaten indicating this may be the least desirable by-catch
species. During these observations of foraging from by-
catch, dolphins were frequently observed engaging in
aggressive competitive behavior indicated by thrashing
their tail toward other dolphins, raking other dolphins
with their teeth, and chuffing underwater creating large
bubble rings.

Although dolphins, including mothers with young calves,
were observed interacting with shrimp trawl nets by
diving on the nets and leaving tooth marks on the net, and
swimming in close proximity to the stern of vessels as by-
catch was tossed overboard, no dolphin was observed to
have been injured or killed while engaging in foraging
behavior during this study.

DISCUSSION

In this preliminary study, dolphins were observed
interacting with trawl gear used by commercial shrimp
trawlers.  The presence of trawling activity altered
dolphin behavior meeting the NOAA criteria of “Level B
Harassment” as indicated by dolphins changing their
behavioral state in order to follow a trawl. However,
trawling did not appear to distress the dolphins but
appeared to be a benefit to them. In conclusion, the
NOAA definition of “Level B Harassment” may need
continued scrutiny as dolphins may resort to foraging
from commercial fishing vessels as a strategy to reduce
overall foraging effort or compete against human over-
fishing or other anthropogenic or natural factors that may
disrupt the dolphins’ ability to find food or alter their food
supply. More research is necessary to characterize the
association of dolphins with commercial shrimp fisheries
in different regions of the GOM as generally either
harmful or beneficial to dolphin populations or
individuals.
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ABSTRACT
The green endophytic alga Stomatochroon is reported from Mississippi for the first time. This paper

represents its second report for North America.

Keywords: Stomatochroon, Trentepohliales, leaf parasite

INTRODUCTION

The green algal order Trentepohliales (Chlorophyta)
consists of a single family, the Trentepohliaceae, with six
genera. These algae are not aquatic, but rather subaerial,
growing on humid soil, rocks, buildings, tree bark, leaves,
stems, fruit and a few select mammals. Some species are
endophytic or parasitic, whereas others grow in close
association with fungi, forming lichens (Chapman and
Good, 1983a, b; Chapman and Waters, 2002). The cells
are uni- or multinucleate, with several parietal
chloroplasts that can be discoid or band-shaped,
sometimes appearing reticulate. Most trentepohlialean
genera develop a filamentous thallus that forms either
uniseriated, branched, erect tufts or laterally coherent,
prostrate discs. Others are highly reduced and produce
only a short vegetative filament a few cells in length.
Reproduction occurs by asexual quadriflagellate
zoospores or sexual biflagellate gametes (Bourrelly, 1966;
Chapman, 1984; Silva, 1982; Sluiman, 1989; O'Kelly and
Floyd, 1990; Thompson and Wujek, 1997).

The main characteristics that distinguish members of the
order Trentepohliales from other green chlorophycean
algae are as follows: differentiated reproductive cells; the
presence of R-carotene and haematochrome (i.e.,
astaxanthin), which color the algal thallus yellow, orange,
or red; the absence of a pyrenoid in the chloroplasts;
unique flagellar apparatus; and transverse cell walls with
plasmodesmata.

Cephaleuros is probably the best known genus of the
order Trentepohliales. It causes red rust disease in some
important economic plants in the tropics (Nelson 2008;
Ponmurugan et al., 2010; Ramya et al., 2013, Brooks,
2014; Brooks et al., 2015). Stomatochroon is known to
infect land plants but it has been far less studied. It the
only genus in the order known to parasitize the hosts
mesophyll. All other trentepohlian genera occupy space
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on the surface of the substratum or if on a leaf, either on
the cuticle or between the cuticle and epidermal layer.

Stomatochroon lagerheimii B.T. Palm was described in
1934 (Palm 1934). Thompson and Wujek (1997)
emended the description and described three additional
species: Stomatochroon coalitus, S. consociatus, and S.
reniformis. A new variety of S. reniformis, var. chinensis,
from south China was recently described (Zhu et al.,
2014). All of these taxas grow endophytically in the
substomatal chambers and through the intercellular spaces
(mesophyll) of vascular plant host leaves (Lopez-Bautista
et al., 2002). Stomatochroon’s life history consists of an
alternation of heteromorphic generations (Thompson and
Woujek, 1997). The sporophyte is a multicellular thallus
typically consisting of internal (i.e. within the host tissue)
branched filaments or a single anchoring cell and external
structures (usually consisting of a sterile hair and one or
more clavate cells). The sporangiate-laterals are produced
on clavate cells. The internal and external systems are
connected by a basal cell in the substomatal chamber.
The gametophyte consists of unicellular sterile hairs and
lateral gametangia.

In this study, | report on collections of Stomatochroon
consociatus from southern Mississippi. It the second
report of this genus in North America. A TEM image of a
gametangium is also illustrated.

MATERIALS AND METHODS

Stomatochroon consociatus samples were collected from
Vibernum odoratissimum and along 1-10 in Hancock and
Harrison Counties, Mississippi. Leaves colonized by
Stomatochroon were cut into small squares and fixed with
2% buffered glutaraldehyde for one hour at room
temperature. The squares were dehydrated through an
acetone series, 15 min per step. Some squares were
critical-point dried, mounted on stubs, coated with gold
for 30 s, and observed with a JEOL 840-A SEM. Other

Journal of the Mississippi Academy of Sciences


mailto:Wujek1de@cmich.edu

squares were post-fixed in buffered 1% OsO4 for one hour
and embedded in mixture number one of Epon-Araldite
(Mollenhauer, 1964). TEM sections were observed in a
Philips EM300. In December, 2014, Stone County, a
second host, Magnolia grandiflora was also observed
infected with Stomatochroon.

RESULTS AND DISCUSSION

Stomatochroon consociatus Thompson and Wujek was
first reported in North America growing on leaves of
Vibernum odoratissimum on the campus of Louisiana
State University, Baton Rouge (Timpano and Pearlmutter,
1983). | first observed it growing epiphytically and
endophytically on the leaves of two different flowering
vascular plants, Magnolia and Vibernum, along the 1-10
corridor in Hancock County, Mississippi. There they
were producing necrosis of the mesophyll of leaves along
with the production of both asexual and sexual
reproductive structures (Figures 1-4). | observed it most
recently, December, 2014, growing in Hancock and
Harrison Counties.

It occurs predominantly at drip points of the leaf but

sometimes along the midrib and occasionally on wide
areas of the leaf. Unlike damage caused by Cephaleuros
spp whose thallus produces a “red-rust” on the adaxial
(upper) surface of leave, the necrotic leaf regions caused
by S. consociatus were present only on abaxial surfaces
(underside) of leaves (Fig. 1). Also present on the lower
epidermis were clusters of gametangia (Figs. 2-3) and one
TEM of a gametangium prior to gamete release (Fig. 4).

Stomatochroon taxa are restricted to leaves of
angiosperms differing from other genera in the family
which grow on various other plant organs, in free-living
states, and even observed as phycobiont partners in
lichens (Lopez-Bautista et al., 2002). Studies are needed
to define the interaction of the alga with their hosts.
Thompson (unpublished) has even suggested that they
may cause host leaves to become waterlogged and subject
to sun scald. As Timpano and Pearlmutter (1983) have
stated “there are indications that Stomatochroon is the
most widely distributed genus of the Trentepohliaceae yet
it is the least studied.” To date no molecular studies have
been conducted to show relationships between species in
the genus let alone to other members of the trentepohlian
family.

Figs. 1-2. Stomatochroon consociatus. 1. Stereoscope image of a lesion on a Vibernum sp. leaf.

Scale bar: 1 =25cm, 2 =15 um
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