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ABSTRACT

Antibiotics are a cornerstone of modern medicirtesir ability to impair
prokaryotic metabolism has saved the lives of nrailyons of humans in the decades
since wide antibiotic usage began. Antibiotic conmpas are also widely used in the
husbandry of animals that are used for food bugntumately, much of the antibiotic
mass that goes into humans and animals is exanetgthnged. Those excretions go,
directly or indirectly, into aquatic ecosystemseTdiscovery of this fact has led to a
growing global concern about the fate of antib®iit the environment. This concern is
driven by no fewer than three primary facts: 1.9l6zlly, more than 50% the human
population lives within 150 km of major coasts. B/astewater treatment plants do not
specifically remove antibiotics. 3.) Antibioticanto bind to particles, which leads to
elevated antibiotic levels in the benthos of aqusyistems. These facts have come
together to create concern about the antibioti¢esurof streams, rivers, lakes, and the
coastal ocean. The question driving this dissemas, 'Do anthropogenic antibiotics
pose a problem for coastal benthic ecosystémb@ work presented here is specifically
concerned with the ubiquitous eukaryotic microlpiainary producers, the diatoms.
Diatoms are found in virtually every type of aquatystem, contributing no less than
40% of the carbon found in many aquatic and agaltiassociated terrestrial species.
This dissertation introduces a novel way to rapafitimate surface-associated diatom
cells usingn vivo chlorophylla fluorescence. It further shows that three commaskd,

and purportedly prokaryote-only antibiotics canddirect negative effects on some



diatom species and that the effects of mixtures of these compounds cannot be predicted a
prioi by summing the effects of individual compounds. Finaly, | show that the
intersection of experimental results from laboratory and those that come from using
environmental microbial communitiesis less than clear. Thisis done using antibiotic-
impacted, environmentally-derived microbial communities that were monitored using a
combination of traditional physiological measurements and hyperspectral imaging of

sediment-surface chlorophyll a.

Vi



TABLE OF CONTENTS

D= 0] [07y 1 o] N SRR ii
ACKNOWLEDGEMENTS ...ettutiiittieeettieeeeetieeeetueesettaeeeataaeestaeessrtaessttaeessnnaaessnaeeennns v

AN = 127V P \Y;
LIS T OF TABLES ... iittieeeett e ettt e e et e e ettt e e e e tae e e eeaa e e e eaa e e esaaneesatan e satanesesanaeeennnnaarens IX
LIS T OF FIGURES. . ettt ittt e e ettt e et e e et e et e et e et e et e e e e e et e et e eneeneaenaaanaanns X
CHAPTER L. INTRODUCTION. ...t ttttnettteetteeetteeettee et eeaaa e e st eeeaneestn e saneetnaeesnsaesnaaennaeesneannns 1

CHAPTERZ2: FLUOROMETRIC ESTIMATION OF SURFACE ASSOCATED DIATOMBSINGIN VIVO

CHLOROPHYLLA FLUORESCENCE .....iiiiiiiiii i 6
INTRODUGCTION. ..ttt ettt ettt e ettt e et e e et e e e e et e e e e e e e e et e e e et e e e e aa e e e ean e e e ennans 6
MATERIALS AND METHODS ....uiiitiiiietiiee ettt e et e et e et s e e et s e e eaaaeeeaaa e e eaanneaeees 8
RESULTS ANDDISCUSSION....cctuuiiiitiieeiii ettt e et e s s e et e et e e e e e e e eeanns 10
CONCLUSION . .. ettt ettt ettt e et et r e e e et e e et e e e e e e e e et n e e e aa e e e e et e e eennnes 13

CHAPTER3: TOXIC EFFECT OF THE COMBINED ANTIBIOTICS CIPROFLOXA®, LINCOMYCIN,

AND TYLOSIN ON TWO SPECIES OF MARINE DIATOMS......uiiituieiieeeieeiieeeteeeteeeaneeeaneens 18
N RS 11 19
INTRODUCTION. ...ttt it eete et et e e et e et e et e et e et e e e e ea e e e et e et e et een e eeneansesnsetnaenneenns 20
MATERIALS AND METHODS . ... iiiiiiiei et e et e e et e et e e e e e e e e e e e e e e e eanas 23
] U 1 26
D101 051 [ 28
(O] o I U= [ ] PR 33
ACKNOWLEDGEMENTS. ..t utttititi it et ettt et e et e et e et e et s ea e et e et e en e s etnaetnsenaeenaasnaannnes 34

vii



CHAPTER 4: EFFECTS OF CIPROFLOXACIN AND TYLOSIN UPON THE FORMATION AND

PHYSIOLOGY OF MARINE BENTHIC MICROALGAL COMMUNITIES.......ccooiiiiiiiiiniiinne, 40
F N I 1 27 Y o PSPPSR 41
INTRODUCTION ...uttieitteeitee sttt e siteessisessbeesssbee s s sseeessbeesssseesseeesnseeeassessseeesnseeennneseenns 42
MATERIALS AND METHODS.....cciiittieiieesieeesitesesieeessseesssee e sbeeessseessssessneessnsessnssessns 46
RESUL TS ettt ettt ettt sttt ettt st st e et b e e et e e st e e sb e e e bt e e e be e e nnteeeenaneeennnee s 52
DISCUSSION .....tteeiitie sttt ettt sttt e st et be e st e e s sb e e at e e s be e e enbe e e s nneeeennnee s 53
CONCLUSION ....uttieitetesitee ettt e st e st eesste e sste e s s st e s bee e s be e e s sse e e nsbeesbneesaseeesnneesanneeeenanes 61

FINAL CONCLUSION ....ttiitiiesitieesitee st sseeesssesssee e sassseesseesssbesasseesseeesnseesanseesnseeesnseeen snnenas 71

REFERENCES ....ceiiutttesttee ettt e siee s sitessstee e st e e st ee e sabe e e sabe e s eseeesabe e e sabee e sabe e s nsseesasee e s e asreeenneeennrnas 76

APPENDIX A COPYRIGHT RELEASES ... .uiiiiiiiiiiieesiee e sieessitee s iee s sre e e i sneesnnnee e 93

viii



LIST OFTABLES

Table 3.1 Toxicity of tylosin, lincomycin, and cgdloxacin to various algal species .....38
Table 3.1 Reported environmental concentratioremtibiotics in water ........................ 39
Table 4.1Antibiotics and NON-target SPECIES .........coumeeerrummiiiiieaeaee e e e eeeeeeeeeeiienes 67
Table 4.2 AntibiotiC ASSAY STALISTICS .......commrreniaaaee e 68
Table 4.3 Antibiotic Assay PRYSIOIOQY .......uceeemroiiiiiiiiiiee e 69
Table 4.4 Antibiotic ASSAY PIGMENTS.......uuiucieieiee e 70



LIST OFFIGURES

Figure 2.1 Linear regression of algal cells vs.acfilorescenc..........ccccccvuvvvviiiciinnnn 14.
Figure 2.2 Antibiotic sensitivity measured by efluorescence................ccoeeeeeee. 15..
Figure 2.3 Comparison @. closterium growth rates.............coooviiiiiiiiiiiiiceceeeeeeeeeneenns 16
Figure 3.1Summary of single antibiotiC BgS..........oooviiiiiiiiiiiiiiiii e 35
Figure 3.2Representative dOSE-reSPONSE @SSAYS.....cceeeeeeeeeeeiiiieiieeeiiiirennniiaaaaaaeeens 36
Figure 3.35ummary of antibiotic MIXIUIeS S .....ooovveeieiiiiiiieeeeeeee e 37
Figure 4.1Grayscale images of hyperspectral chlorophyll dimace ............................ 62
Figure 4.2 Overall hyperspectral chlorophyll thrbagt antibiotic assay...............cccc..... 63

Figure 4.3 Treatment-specific hyperspectral chlbgdipa during antibiotic exposure....64
Figure 4.4 Regressions of surface and extractataihyll ................cccoviiiiiiiiiiiinn e 65

Figure 4.5 Regressions of chlorophyll in experiméand sub-cores............ccoooeeeeeee. 66



CHAPTER1
INTRODUCTION

The last two decades have seen an increasingstterthe ecological effects of
pharmaceuticals and personal care products, towhich are released into the
environment every year (Halling-Sgrenseal, 1998; Hirschet al, 1999). Antibiotics
have received a great deal of scrutiny, espediadyaquatic environment, over that time
as worries about drug-resistant microorganismsuamatended effects upon non-target
species have grown (Daughton and Ternes, 1999;akunAga, 2007). While still
relatively new, there has been a global effortientify compounds of concern and
document their toxicological and ecological effg¢ialling-Sgrensent al, 1998; Hirsch
et al, 1999; Kolpinet al, 2002; Calamart al, 2003; Zuccateat al, 2005; Feitosa-
Felizzola and Chiron, 2009). This is fitting siralewatersheds, by definition, feed into
some body of water. The two main sources of artiibioput are people and food
animals, which are often kept in close proximity. & 2010, 44% of global population
lives within 150 km of oceans (UN, 2011). In theitdd States, including Great Lakes
watersheds, the number is 52% (NOAA, 2013) andthmebers are increasing. The vast
majority of antibiotic-effect studies have ignomadrine systems, focusing instead on the
effects of single compounds upon freshwater syseamddreshwater species (Halling-
Sgrensen, 2000; Wollenbergal, 2000; Wilsoret al, 2003; Halling-Sgrensest al,
2003; Eguchet al, 2004; Liuet al, 2011; Webeet al, 2011). While herbicide effects

have been investigated, very few studies have tigated the effects of pharmaceuticals



upon non-target organisms (Pape-Lindstrom and LY897; Magnussosdt al, 2010).
Given these facts, a salient question is whethaobthe presence of antibiotics is a
problem and if so, how so.

This dissertation is concerned with the benthicroalgae (BMA) or
microphytobenthos that underpin coastal, speclfiedtuarine food webs. The coastal
oceans, especially estuarine and marsh systemarrameg the most productive habitats
in the world (Pomeroy, 1959; Budtal, 1972; Pinckney and Zingmark 1993a,b; Miller
et al, 1996; Johnstodt al, 2002). They are also among the most heavily itgaboy
human presence because they receive wastewateuraoftifrom inland and coastal
human populations (Fultast al, 1996; Paerét al, 2003; Van Dolalet al, 2007). This
water carries with it a complex mixture of chems;ahcluding antimicrobial
compounds, many of which have an affinity for paes that increases the likelihood of
their being deposited in the benthos (Halling-Sseast al, 2003; Andreozzet al, 2006;
Weberet al, 2011). This has been confirmed recently by ingastrs in China who
found a suite of anthropogenic antibiotics in théf®&f Tonkin and Laizhou Bay (Zhang
et al, 2012; Zhengt al, 2012).

Many estuarine species feed directly or indireotiyeukaryotic microalgae. As
much as 60% of the carbon found in coastal orgasisrfixed by microbial primary
production (Sullivan and Moncreiff, 1990; Curehal, 1995; Kwak and Zedler, 1997).
In marsh systems, much of this microbial primamydurctivity is accomplished by the
eukaryotic microphytobenthos or benthic microal@@A). In photic waters, BMA are
the primary support for benthic consumers withaha contributing no less than 40% of

the carbon in many species (Evratdl, 2012). BMA communities are composed of



diverse species assemblages of unicellular, filaowesn and colonial photoautotrophs
that inhabit surface sediments in aquatic ecosystémestuarine sediments, benthic
diatoms, cyanobacteria, and chlorophytes are tinegpy photoautotrophs, but in
temperate regions pennate diatoms are numerigadlyphotosynthetically dominant. The
bulk of the community biomass is located in theardpw millimeters of sediment and
rarely extends below the depth of light penetra{loughet al. 1993; Kuhlet al. 1994).
These communities are ubiquitous and prolific prir@oducers in intertidal and
shallow coastal habitats (Admiraal, 1984; Caho®&991 Underwood and Kromkamp,
1999) and their importance in trophodynamics, boagpemical cycling, and sediment-
water-atmosphere exchange is well established @gh&iDauvin, 1992; Milleret al.
1996; Andersomt al. 1997). In most habitats, BMA present an abundauttjtious food
source for grazers that is relatively constant émeg (monthly to yearly) time scales
(Currinet al. 1995; Milleret al. 1996; Deegan and Gatrritt, 1997). Because BMA
communities are often numerically and photosyntiaiif dominated by pennate
diatoms, diatoms are prominent among those sp&mi@gich contaminant response(s)
must be quantified (Admiraal, 1984; Milleral, 1987; Acs and Kiss, 1993).

Previous work in my study site has demonstratest BMA are major primary
producers (Pinckney & Zingmark, 1993). The averageual benthic microalgal
production for North Inlet estuary in 1990-91 wasireated to be 3423 tonnes C/yr. In
this estuary, BMA production exceeds phytoplankiod macroalgal production, but is
less than Spartina grass species. BMA productiapsoximately 43% (3.4 x 1@Clyr)
of the maximum estimated total Spartina productio@ x 18 gC/yr) in this system. If

one considers that all of this production occurthimia 2 mm thick layer of sediment, the



spatial scale of production is greatly compressdative to other producers. Because
much of the carbon fixed If§partina species is not easily assimilated by herbivores,
benthic microalgae may be the most abundant anly easessible source of utilizable
carbon for estuarine primary consumers.

Much of the work done thus far regarding antilsi@ntamination in aquatic
systems has concentrated on the development ahfg@ion of genetic antibiotic
resistance in bacteria (Daughton and Ternes, 1989gelg\et al. 2003, Kim and Aga,
2007). While antibiotic resistance is perhaps tlostsignificant human health threat of
the 21st century, another large area of conceimaisof ecological impact. There have
been a number of laboratory-based toxicologicalis) most of which suggest that
antibiotics in the environment pose a "potentiaiblegical problem. Wilsost al. (2003)
found that antibiotics reduce algal genus richrmeskfinal biomass in environmental
communities. Eguchat al. (2004) found that antibiotics reduced cell groattd that
some compounds acted synergistically against eokargigae. Kim and Carlson, (2007)
reported high concentrations of antibiotics in fngater stream sediments. There are
numerous other studies indicated potential probjesmsh as Liwet al., (2011), (Liu et
al., 2011), Weberet al. (2011), Hagenbuch and Pinckney, (2012), and Pegét al.
(2013). A number of studies that have determinat hleavily-impacted environments
have ecological issues that extend through trolelviels beyond prokaryotes. For
example, Wollenbergest al. (2000) found that Daphnia magna are subjectdoaed
reproductive rate at antibiotic concentrations osae magnitude below "toxic" levels.
Chelosskt al. (2003) found increased antibiotic resistanceestiraents below the site of

floating fish cages. Isadoet al. (2005) found that in several groups of organisms



including rotifers and crustaceans, toxic conceiutng were in the mg/l range but
negative effects were observed at pg/l levels.Bdwkdrop to all these studies is a
threadbare tapestry of reports indicating a gelye@h-level presence of antibiotics in
various, mostly freshwater, environments (Hirsthl., 1999; Halling-Sgrensest al.,
1998; Halling-Sgrensest al., 2000; Kolpinet al., 2002; Calamast al., 2003; Halling-
Sgrensemt al., 2003; Wilsoret al., 2003; Eguchet al., 2004; Zuccatet al., 2005; Kim
and Carlson, 2007; Feitosa-Felizzola and Chiro920Vebert al., 2011). With notable
exceptions such as Anderseiral. (2004) and Webaat al. (2011), virtually none of these
studies have attempted to directly link laboratbaged cause and effect toxicity studies
with in situ communities. The work presented hera step toward that integration.

In Chapter 2, | have presented a simple, rapidjde and inexpensive protocol
for quantifying surface-associated microbiota. Tikief interest to a wide range of
investigators from a variety of microbiological cigines. | have also demonstrated the
applicability of this protocol in antibiotic sensity assays.

In Chapter 3, | have quantified the effect of hemvironmentally common
anthropogenic antibiotics and their mixtures upgo species of common eukaryotic
marine benthic primary producers.

In Chapter 4 | have addressed several questiamgnRironmentally common
antibiotics affect the biomass, mobility or physigy (net primary productivity and
respiration), of complex and diverse microphytobentommunities in sediments? At
what concentrations do single or combinations ¢ibastics affect BMA productivity?
What is the approximate time-scale over which piaéeffects manifest? | have also

investigated whether antibiotic contamination intpaiatom migration behavior.



CHAPTER 2
FLUOROMETRIC ESTIMATION OF SURFACE ASSOCIATED DIATOMS USING IN VIVO

CHLOROPHYLL A FLUORESCENCE

INTRODUCTION

A central tenet of microbial investigation of ecology and ecotoxicology involves
the quantification of microbial abundance. The capacity to rapidly and accurately
enumerate abundance of surface associated microbial cellsisimperative for multiple
disciplines within the field of microbial ecology. Many observational methods have been
employed to assess abundances of these microorganisms. Direct observationsinclude
various forms of microscopy (i.e., light, epiflourescence, confocal microscopy, electron
microscopy). Though epifluorescence microscopy has been shown in the past to result in
density estimation errors (Blackman and Frank, 1996), microscopy remains central in
quantifying surface associated microbes (Lad and Costerton, 1990; Lindsay and von
Holy, 1997).
Fuches et al. (2002) report on a technique using thin light-sheet microscopy (TLSM) for
observation of microbes associated with individual particles at the sub-millimeter scalein
suspension; however, thisistime intensive. Flow cytometry has been shown to be an
effective alternative to microscopy (Diaper and Edwards, 1994) but is not applicable for
enumerating particle associated cells, bacterial aggregates or biofilm communities while

they are surface associated. Wegley et al. (2006) recently identified bulk fluorescence as



compared to direct counts via epifluorescence napy. However this
techniqgue was not employed for quantification afate associated cells. Misketral.
(2010) report on a protocol to measure bacteriasie and antibiotic sensitivity of
Pseudomonas aeruginosa using fluorescent live-dead stains and automatefbcal
microscopy equipment to qualitatively and quantiedy evaluate biofilm formation but
requires specialized equipment, 16 procedural ste&gshours of preparation time and
~5 hours per plate of data analysis.

Several indirect observational methods such as plaints coupled with
sonication, vortexing and scraping have been exagnio enumerate surface associated
microbes by first detaching and then quantifying ¢klls. However, many of these
techniques are considered inaccurate, unrelialdersemonsistent (Lind, 1985; Poulsen,
1999; Patil and Anil, 2005; Goeresal., 2009). The use of microtiter plates is an indirec
means of microbial observation that is easily medifor biofilm and colonization
assays (An and Friedman, 2000). Applications haeeessfully employed multi-well
microtiter plates to assess biofilm formation byasi&ing absorbance of crystal violet
(CV) stained biofilms (Christensahal., 1985; Djordjevicet al., 2002; Silvaet al.,

2009). This is a rapid approach to qualifying Bafformation but is limited in analytical
power and sensitivity.

Quantification of benthic microalgal species isexsally complex given the
heterogeneous nature of sediments and the prop@ifsiélls to form biofilms
incorporating multiple species of microalgae ancté@a (Milleret al., 1996). The use of
fluorescent staining of environmentally-derived géam has been limited due to the non-

specific binding of the dyes and subsequent higikdp@und fluorescence (Diaper and



Edwards, 1994). Additionally, this approach regsliiiene intensive microscopy and
automated image analysis software for enumeration.

In the current study, we present a simple, ragliilile and inexpensive protocol
for quantifying surface associated microbiota thiditbe of interest to a wide range of
investigators from a variety of microbiological cigines. | have eliminated the need to
concentrate microbial cells via membrane filtrationtigated the influence of non-
specific dye binding and media derived backgroumidenand improved the
reproducibility of abundance estimates using mué#l microtiter plates. Finally, |

demonstrate the applicability of this protocol mtikiotic sensitivity assays.

MATERIALS & METHODS
Eukaryotic cultivation
The benthic diatonCylindrotheca closterium (CCMP 1855) was grown in
filtered, autoclaved, /2 + Si enriched seawate22atC on a 12 hr light/dark cycle at an
irradiance of ~85 umol fis*. During assay setup, subcultures were gently xeddor

30 sec to disrupt flocs before being distributed @4-well microtiter plates.

Microalgal culture plate preparation

All preparatory work was done inside a laminar flomod. Each 6-well row of a
24-well microtiter plate was used as a completatidih series of an antibiotic, including
a control. The following was added to each well hathogenized via resuspension: 4 pul

concentrated antibiotic solution, 2 ml f/2 +Si, &%luIC. closterium culture. Plates



were incubated at 22° C for 2 hrs to allow theatiatells to settle before initial

microscopic enumeration and fluorescence measutsmen

Fluorometry

Plates were read on a SpectraMax GeminiEM spectnafineter (Molecular
Devices; Sunnyvale, CA, USA). The optical paransetegre excitation wavelength =
460nm and emission wavelength = 685nm (long basd fiker at 665nm). Fluorescence
was detected from below the bottom of clear pla#swingin vivo chlorophylla
fluorescence to be measured closer to the celfgomng the signal/noise ratio.
Fluorescence data were collected and analyzed GsiftlylaxPro™. Each well was read
using the following empirically-determined paramst&Vell scan = fill, density = 3,
spacing = 1.13mm, sensitivity = normal, and totahfs = 9. Each setting was adjusted
and uniformly applied over entire plates, dependinghe sample density. All

fluorescence results are reported as relativedkm@nce units (RFU).

Cell density and growth rate

Direct cell counts were conducted daily using mscapic quadrant (grid) counts.
Counts were made prior to fluorometry measuremesitey an eyepiece micrometer grid
attached to an inverted epifluorescent microscBpe grid counts were in each well and
only cells exhibiting ch& fluorescence were counted. Plates were allowst to a dark
room for 15 min before being scanned in the pleseler to allow the cells to recover
from photon saturation. Growth rates were calcdl@gfitting an exponential function

to the population estimates and RFU values.



Antibiotic assays

24-well microtiter plates were prepared and asiptesly described with the
addition of one of three antibiotics: Ciprofloxaciimcomycin, or tylosin. Because each
antibiotic was differently soluble in water, the xmaum concentrations of each antibiotic
also differed. Final concentrations (g/ml) of aidtics were ciprofloxacin (1 x 70 to
10°), lincomycin (4 x 1 to 10°%) and tylosin (2 x 18 to 10°). Assay concentrations of
each compound were normalized to the maximum cdrateon of that compound to
provide a common unit (concentration factor) fditlalee antibiotics. Assays were run
for up to 5 days and measurements were made onclapeAssays were terminated

when cultures became too dense to enumerate \fla@pscent microscopy.

Satistical analysis
Linear regression and univariate analysis of vaeanith post hoc analyses were
conducted using SPSS 19.0 (IBM; Armonk, NY, USA)eTRyan-Einot-Gabriel-Welsch

F or Q tests were used to determine antibiotic esulentity.

RESULTS & DISCUSSION
Auto-fluorescence of growth medium
The f/2 + Si medium used in microalgal assays etddlno significant auto-
fluorescence and did not affect fluorescent detaatven at very low population
densities. The mean RFU of 288 wells before alddlteon was 0.26 + 0.04 RFU. This is

an order of magnitude below the lowest single RElW& observed after algal cells were

10



added. This suggests that /2 + Si enriched seawa#® ideal medium for use in benthic
microalgal fluorescent bioassays of this kind beeaticontributes virtually no auto-

fluorescent noise or variability to assay.

Microalgal abundance

The chla fluorescence of the control-wells exhibited a dineslationship to the
number of cells present (Figure 2.%,4R0.667, p < 0.001). With the exception of three
outliers (two from the lincomycin assays and omenfithe ciprofloxacin assays) the
relationship between cell number and fluorescenz® eonsistent across a wide range of

cell concentrations and population ages.

Microalgal antibiotic sensitivity

Each antibiotic substantially reduced endpointacfiiorescence emission Gf
closterium (Figure 2.2). Endpoint (115-120 hrs) fluorescentssions were significantly
different between compounds and concentrationsq®81 in both cases). The
compound specific response was unique, with eathiaiic compound having a more
pronounced effect on the diatoms. The highest @itthconcentrations had a significant
effect on chl fluorescence, whereas intermediate doses were difficellt to separate
and the effect of the two lowest concentrationsewedistinguishable from the control.

Cell-specific growth rates @. closterium were consistent with the rates derived
using RFU (Figure 2.3). Cell-specific rates spaf4@o 1.34 f and RFU-specific rates
ranged -0.56 to 0.82°r with distinct antibiotic and concentration-spacifatterns.

Tylosin had the most pronounced effect (Figuresa2@ 2.3), followed closely by

11



lincomycin. These differences were observed in lsethand RFU growth rates (Figure
2.3). Two of the ciprofloxacin RFU growth rates exidual relatively high coefficients of
variation of 1.03 and 3.81 (Figure @)3which may be due to the fluorescence of
crystallized ciprofloxacin in treatment wells nélae end of the experiment. Nevertheless,
the responses induced by ciprofloxacin were cogisigietween cell counts and ehl

fluorescence.

Evaluation of fluorometric method

Previous studies have employed benthic diatom riierassays to investigate
various questions, including heterotrophy (Tuchretzad. 2006). However, the use of
vivo chl a fluorescence to estimate surface-associated diptgrualations in microtiter
antibiotic assays is novel. The present study shbais the relationship between ehl
fluorescence and population size is linear andssitally significant. Therefore,
microtiter fluorometric assays may be useful foicgly and accurately estimating
surface associated microalgal populations.

Because chh concentrations vary depending on environmentalradent
conditions, previous studies have avoided linkihgacconcentration to the number of
algal cells, focusing instead upon ehtoncentration (Lorenzen, 1966; Vyhnakthal.
1993). The consistency of microscopic and fluororogfrowth rate estimations in this
study is therefore a significant finding. Given thre differential between microscopy
counts versus fluorometric quantification of ahit is worth emphasizing the similarity
and consistency between growth rates derived ubmgnvo methods, especially during

chemical stress treatments. This is extremely lisafunvestigators using dose-response
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assays where relative growth rates are desiredjaaatification (Halling-Sgrensen,

2000; Eguchet al., 2004).

CONCLUSION
In the present study, we have assessed the abundadgrowth rate of a
surface-associated diatom species across broadmoaton gradients and under
different chemical treatments using the/ivo autofluorescence of chl We have shown
thatin vivo chla fluorescence reliably facilitates detection and @sults shows strong
linearity of robust statistical significance. Tiexhnique is a valid, inexpensive, and
high-throughput means of assessing microbial seitgito several antibiotic compounds

at various concentrations.
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Figure 2.1:Linear regression of algal cells vs. efluorescence from day O (white
diamonds) through day 4 (black diamonds) for thethie diatomC. closterium
populations in f/2 enriched seawater in 24-wellnatiter plates, y= 0.0014x — 11.065% R

=0.679, p <0.001, (N = 4). Error bars are stathdimviation.
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Figure 2.2:Antibiotic sensitivity as measured by fluoresceat€. closterium at assay
termination (hour 71—120 of exposure). Antibiotimcentrations start at 1 = 1x1@
mi~* (ciprofloxacin; green bars), 1 = 4xt@ mI* (lincomycin; purple bars) and

1=2x10% g mr* (tylosin; red bars); (N = 4). Error bars are sanddeviation.
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Figure 2.3:Comparison of. closterium growth rates {f) in antibiotic exposures
and controls as determined by eifluorescence and microscopy cell counts. With the
exception of some few outliers, growth rate estewvainder all treatments are consistent
and exhibit high coefficients of determination atejyrees of significance (p < 0.001 in
all cases). Y-axis, RFUT® excitation 460 nm and emission 685 nm. Each panel
includes the matching controls: A) growth ratesermmdprofloxacin, y = 0.8775x —

0.3164, R = 0.8201; B) lincomycin, y = 1.026x - 0.3703, R0.932; C) tylosin, y =
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1.203x — 0.4239, &= 0.810. Antibiotic treatments ranged from 41210104 g mil".

Error bars are standard deviation.
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CHAPTER 3

TOXIC EFFECT OF THE COMBINED ANTIBIOTICS CIPROFLOXACIN, LINCOMYCIN,

AND TYLOSIN ON TWO SPECIES OF MARINE DIATOMS!

! |saac M. Hagenbuch and James L. Pinckney. Water Research, 2012, 46(16): 5028-5036.

Reprinted here with permission from the publisher.
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ABSTRACT

The role that antibiotics and other "emerging contents" play in shaping
environmental microbial communities is of growimgerest. The use of the prokaryotic
metabolic inhibitors tylosin (T), lincomycin (L)nd ciprofloxacin (C) in livestock and
humans is both global and extensive. Each of taaibiotic compounds exhibits an
affinity for sediment patrticles, increasing theelikood of their deposition in the benthos
of aquatic systems and each are often presenviroemental samples. The purpose of
this study was to determine if T, L, and C andrthaitures exhibit significant toxicity to
two species of marine diatoms, an algal class c@giof ubiquitous eukaryotic primary
producers. Subpopulations from laboratory cultafeSylindrotheca closteriurand
Navicula ramosissimaere reared in 24-well microtiter plates in thegance of single
or combined antibiotics in dilution series. Popiglatgrowth rates were assessed via
epifluorescent microscopic cell counts, from whiled half-max inhibitory
concentrations (1§z) were calculated and used as part of a toxic(tiu) method for
assessing mixture interactions. The single-compdGggs were, forC. closteriumT =
0.27 mg/l, L = 14.16 mg/l, C = 55.43 mg/l, and krramosissimaTl = 0.99 mg/l, L =
11.08 mg/l, C = 72.12 mg/l. These values were gdlygnigher than similar metrics for
freshwater species. Mixture 465 were generally synergistic agai@stclosteriumand
additive forN. ramosissimaBoth single and combined treatments reducedimireted
diatom motility. Monochemical responses were sinletween species and were not
useful for predicting mixture interactions. Mixtsread compound-specific and species-
specific effects, favoring)l. ramosissimaThese results suggest that anthropogenic

antibiotics may play a significant role in the eagp} of environmental benthic microbial
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communities. They also suggest single-compoundispstudies do not yield useful

predictions of the ecological impact of anthropdggrharmaceuticals.

INTRODUCTION

The last two decades have seen an increasingeshia the ecological effects of
pharmaceuticals and personal care products, towhich are released into the
environment every year (Halling-Sgrensgral, 1998; Hirsclet al, 1999). Antibiotics
have received a great deal of scrutiny over tinag¢ tas worries about drug-resistant
microorganisms and unintended effects upon noretagecies have grown (Daughton
and Ternes, 1999; Kim and Aga, 2007). While stlatively new, there has been a global
effort to identify compounds of concern and docutibair toxicological and ecological
effects (Halling-Sgrensest al, 1998; Hirschet al, 1999; Kolpinet al, 2002; Calamaret
al, 2003; Zuccatet al, 2005; Feitosa-Felizzola and Chiron, 2009). Th& waajority of
these studies have ignored marine systems, focusstgpad on the effects of single
compounds upon freshwater systems and freshwateresp(Halling-Sgrensen, 2000;
Wollenbergeret al, 2000; Wilsoret al,2003; Halling-Sgrensest al, 2003; Eguchet al,
2004; Liuet al, 2011; Webeet al, 2011). While herbicide mixture effects have been
investigated, very few studies have investigatedefifiects of pharmaceutical
combinations upon non-target organisms (Pape-Lioasand Lydy, 1997; Magnusson
et al 2010).

The coastal ocean, especially estuarine and nsgstbms are among the most
productive habitats in the world (Pomeroy, 1959n&at al, 1972; Pinckney and

Zingmark 1993, Miller et al, 1996; Johnstost al,2002). They are also among the most
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heavily impacted by human presence because theiweawastewater and runoff from
inland and coastal human populations (Fultbal, 1996; Paerét al,2003; Van Dolalet
al, 2007). This water carries with it a complex mnetof chemicals, including
antimicrobial compounds, many of which have améffifor particles that increases the
likelihood of their being deposited in the bentlidalling-Sgrenseet al, 2003;
Andreozziet al,2006; Webeet al,2011). This has been confirmed recently by
investigators in China who found a suite of antlaggmic antibiotics in the Gulf of
Tonkin and Laizhou Bay (Zhareg al,2012; Zhengpt al,2012).

Many estuarine species feed directly or indireotlyeukaryotic microalgae. As
much as 60% of the carbon found in coastal orgasisrfixed by microbial primary
production (Sullivan and Moncreiff, 1990; Curenal, 1995; Kwak and Zedler, 1997).
In marsh systems, much of this microbial primamydurctivity is accomplished by the
eukaryotic microphytobenthos or benthic microal@@&A). In photic waters, BMA is
the primary support for benthic consumers withahat contributing no less than 40% of
the carbon in many species (Evratdal, 2012). Because BMA communities are often
numerically and photosynthetically dominated byrma diatoms, they are prominent
among those species for which contaminant respsnse(st be quantified (Admiraal,
1984; Milleret al,1987; Acs and Kiss, 1993).

Ciprofloxacin (C) is a broad-spectrum antibiohat has been identified as a
contaminant of concern based upon its pattern @f puesence in the environment and
ecological impact (Hooper 1998; Halling-Sgrenseal, 2000; Kolpinet al, 2002;

Wilson et al 2003; Battet al, 2007; Webeet al, 2011). Previous studies have shown that

environmentally relevant concentrations of C nagdyiimpact algal biomass and change
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algal assemblages in freshwater systems (Wis@h 2003). C adsorbed to sediment
particles shows a 3.5-fold potency increase andghagfinity for adsorption (Tolls 2001;
Halling-Sgrensest al, 2003).

Tylosin (T) is another antibiotic of interest dioeits worldwide use as a
veterinary prophylactic and growth factor (De Ligoiet al,2003). T has been found in a
wide variety of aquatic habitats and is toxic tonedreshwater phytoplankon at near-
environmental{g/l) concentrations (Halling-Sgrenseinal, 2000; Kolpinet al,2002;
Calamariet al, 2003; Eguchet al,2004). Like C, T also has an affinity for sediment
particles with an active residence time of 100+sdafiich suggests that it is present in its
active form for long enough to affect benthic conmities (Kim and Carlson, 2007;
Halling-Sgrensen et a003).

Lincomycin (L) is commonly used in both veterinaryd human medicine and
has been found to impact a range of taxa includiggoplasma and soni®dasmodium
species (Powers 1969; Hamdy and Blanchard 197@rAddn and Hastings, 1998;
Serrano, 2005). L inhibits the synthesis of thepddtein in photosystem II, which
reduces the ability of microalgae to recover fraght-inhibition (Bergmanret al, 2002).
Unlike the previous two compounds, L is generallgrtooked as a potential
environmental toxin despite the fact that is comipéound in the environment
alongside T and C (Kolpiat al,2002; Calamaret al,2003).

The purpose of this study was to quantify theatféd three
environmentally common anthropogenic antibioticd Hreir mixtures upon two species
of ubiquitous marine eukaryotic benthic primaryguoers. Effect was assessed using the

cell-specific growth rates of diatom populationaresl in 24-well microtiter plates as
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determined by daily cell counts. The hypothesdsettested were: each antibiotic will
have a measureableslG each antibiotic mixture will have a measuralilg | I1Cso's will

differ between species, and antibiotic mixtures adlt exhibit antagonism.

MATERIALS AND METHODS

Culture selection and maintenance

Cultures ofCylindrotheca closteriunfiCCMP1855) andNavicula ramosissima
(CCMP2602) were obtained from the Provasoli-Guilliiational Center for Culture of
Marine Phytoplankton (CCMP). These strains weresehdased on their documented
presence and ecological role in the coastal o¢hair,relatively recent collection/deposit
dates (1998 and 2006, respectively), and that Itlegly were collected from temperate
benthic sites (Zingmark, 1992; Lewitasal, 1998; Daumet al,1999). Cultures were
maintained according to CCMP guidelines in 500 ondl-avashed and autoclaved glass
bottles. Growth medium was Guillard's f/2 + Si @eggl by amending then autoclaving
salinity-adjusted natural seawater collected froomntN Inlet Estuary, Georgetown, South
Carolina. Cultures and experimental well platesenkapt in an incubator at 2@ and a

photon flux of ~75 umol/Ats for a 12:12 photoperiod.

Antibiotic selection and preparation

Crystalline antibiotics or their salts were acqdifrom MP Biomedicals, LLC.
(tylosin tartratez 91.3% pure), TCI America (lincomycin hydrochlorjcdeonohydrate;
98% pure) and Enzo Life Sciences (ciprofloxagi®8% pure). The T and L salts were

both very soluble in water whereas crystalline G waoluble in water but very soluble
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in dilute HCI. The maximum solubility of each anabc in autoclaved ultrapure water
and 0.1N HCI was empirically determined and forrtrelupper-limit for the single-

compound assays.

Assay construction

Experimental assays were conducted in sterile @4tigsue culture plates
(Advangene®). All plates were opened and filledosisally in a laminar flow hood.
Each row formed a complete dilution series"@)dncluding a control. Each well was
loaded with concentrated 4.0 pl aliquots of antibjdollowed by 2.00 ml of growth
medium, then 25.0 pl of algal culture which wasextidnd dispersed evenly by gentle
pipetting. Aliquots were taken from exponentiallpging cultures and contained a
consistent number of cells as verified by microgc@oefficient of variation < 0.25).
Aliquots were vortexed before being added to thikswe break up flocs and keep the
diatom cells from settling during pipetting. Cortwells were treated identically to
treatment wells excepting the 4.0 ul aliquots whaohtained either autoclaved ultrapure

water or 0.1 N HCI.

Algal population quantification

Algal populations and growth rates were quantifisthg microscopic population
estimates. Growth rates were determined by leasireg nonlinear regression of the
following form:

N(t) = Noert
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N(t) is the number of algal cells at tim@ay). N, is the initial number of cells,
is the growth rate’dl The toxic effect of each compound was objectiplgntified by
determining the half-maximum inhibitory concentoati(1Csg). ICso is based on the %
inhibition (%l) of r in treatments:

% Inhibition = 100 <1 —

Ttreatment)

Tcontrol

Assays continued until cell densities precludeanting, when stationary-phase
was achieved, or there were no fluorescent celt®tmt; generally 4-5 days. Valuesrof
were estimated using daily cell counts made usmigeerted compound microscope and
eyepiece micrometer grid at magnifications randign 100x-400x. Magnification was
determined by cell density. Five random grids warented in each well, the mean of
which was used to estimate the total populationbésthic species, botb. closterium
and N. ramosissima&xhibited a 99% sinking rate within 1 hour of lgeplaced in an
assay which allowed populations to be quantifieGi®a rather than well volume. At no

time were individuals observed attached the wdlth® wells.

Quantification of single and mixture effect

A toxic unit (TU) approach was used to examinetuorix activity and toxicity and
to compare antibiotic sensitivity across compouaua$ between species (Faastl,
1993; Pape-Lindstrom and Lydy, 1997; Magnussbal, 2010). The IG, value for each
replicate dilution series was determined by fittenfpur parameter sigmoidal curve to the
time-series population estimates (GraphPad Softvitace®), where the constraint {6

> 0.00001 mg/l) was applied to ensure model corerere:
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(Tmin - rmax)

%Inhibition = min +

(Lo g(concentration)
1+
ICsg

Hillslope
)

In the Hill-Slope modek;min andrmaxrefer to the minimum and maximum growth
rates. These values were not constrained becaaengnt populations declined in some
assays, yielding negative values @nd leading to %l values greater than 100%. This
was not a problem for the model, however, whichveoged in virtually every case. 4
values with B < 0.65 or 95% confidence intervals spanning 1.5 srdémagnitude were
excluded from further analyses. Effect of treatraemis determined using full-factorial,
two-way ANOVA.

Toxicity of binary and tertiary mixtures were deténed by replacing single
compounds with antibiotic mixtures ranging from 3@13 TU where 1.0 TU = 1.0 ¢
The interaction of the components of a mixture's determined by the value of that
mixture's 1Go (Pape-Lindstrom and Lydy, 1997; Magnussbml,2010). For mixtures,

ICs50 > 1.0 is denoted as antagonisticsd€ 1.0 is additive, and Kg< 1.0 is synergistic.

Deviation from 1.0 was determined using one-sarafsts (IBM SPSS Statistit49).

RESULTS
Single compound responses
Two-factor ANOVA of the IGy's indicated that antibiotic treatment and species
were significant influences (p < 0.0001, power 80D). There was also a significant
treatment*species interaction, suggesting thatispatid not respond identically to all
treatments (p < 0.0001, power = 1.000). Variance m& homogenous, precluding the

use of post-hoc analysis (Levine's, p < 0.01).
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C. closteriumandN. ramosissimadiffered only slightly in their response to the
single antibiotic treatments (Figure 3.1). Tylo€Iiy protein synthesis inhibitor) had the
most negative effect, with andgless than 1.0 mg/l in both species. An increaseof
orders of magnitude was required to see the samadimvhen using lincomycin (L;
protein synthesis inhibitor). Ciprofloxacin (C; DN#ynthesis inhibitor) was the least
toxic of the three, having coefficients of variatiof 0.38 C. closterium and 0.85{.
ramosissima This contrasted against T and L which ranged ©.5.28 withN.
ramosissimalways being at least 30% higher. As concentratiware changed by
factors of 10, both T and L elicited a typical smdal dose-response. In contrast, C
exhibited a very narrow effect gradient, exhibitengreak-point spanning only one order

of magnitude (140 - 14 mg/l; Figure 3.2).

Mixture responses

Mixtures were included with the single-compourehtments in the ANOVA,
where treatment, species, and treatment*speciesipaificant effects (p < 0.0001, OP =
1.000). Mixture concentrations were reported indamits (TU), where 1.0 TU is equal
to 1.0 IGyp. Thus, in binary mixtures, a 2.0 TU treatmentudes 1.0 16 (mg/l) of each
compound. Similarly, a 1.0 TU treatment includes ICso of each compound and so on.
A mixture 1G5 equal to 1.0 is additive, less than 1.0 is symstiggiand greater than 1.0 is
antagonistic. Deviations from 1.0 were determingidg one-sample t-tests.

There were marked differences of response betieetwo diatom species.
Three of the four antibiotic mixturés. closterium(T+L, L+C, T+L+C) exhibited a

synergistic toxic effect (p < 0.001). The effectloé fourth mixture, T+C, was found to
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be additive (p = 0.380). This contrasts againstréisponse d. ramosissimavhere all
mixtures behaved additively (p = 0.094 - 0.424)erBhwas also a clear difference in
variability between the species wh&eramosissim&ad near-extreme outliers and large
coefficients of variation (0.61 - 1.24). The eladtariability ofN. ramosissiman both
single-compound and mixed assays is likely anaatibf spatial distribution. While both
diatom species were motild, ramosissimalid not spread as thinly & closteriumC.
closteriumcells were very motile and tended to separatejifay a uniform monocellular
layer on the bottom of the wells. In contrd$tramosissimapread more slowly and

tended to form clumps of 5-50 cells.

DISCUSSION

Tylosin (T) exhibited the most negative effectthwan 1Gy of 0.27 mg/l inC.
closteriumand 0.96 mg/l foN. ramosissimalLincomycin (L) following distantly behind
with 14.2 and 11.1 mg/l, respectively. The less$tce exhibited byN. ramosissimavas
consistent across all treatments, except L. Begaosiehoc analyses were not done, it is
not possible to be certain of whether the diffeeebetween the species is statistically
significant but it is possible, given the wide stard deviation of th&l. ramosissimaCsg
(CV = 1.00) that the responses did not signifigadtffer. Ciprofloxacin (C), long
recognized as a compound of concern, when applee ait is less toxic to benthic
diatoms than other common compounds (Figure 1Hik i§ likely due to its mechanism
of action (DNA synthesis inhibition), which wouldgsumably have the most
pronounced effect when the diatom or its chlordglase dividing. In contrast, protein

synthesis inhibitors could be significantly actasgy time proteins are being assembled
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by diatom or, more likely, chloroplast or mitochoiadiribosomes. It is generally thought
that antibiotics act against eukaryotes by intertewith the function of mitochondria
and chloroplasts (Mitsuhashi, 1971; Halling-Sgren2600; Brairet al,2004; Liuet al,
2011). Itis also possible that the toxicity ofsdessened by the nature of our assays,
which exclude sediment. Further experiments ardewkdo determine if the 4-fold
potency increase in sediment-bound-C reported I T2001) and Halling-Sgrensen
al, (2003) holds true for eukaryotic microbial spe@sswell as prokaryotes.

The IGg's of L and C reported in this present study diffem previously
reported EGy values from freshwater species (Table 3.1). Irctse of L, the values that
we report (11.08 and 12.16 mg/l) are at least deroof magnitude higher for both
benthic diatom species versus the literature valngbe case of C, our kgvalues
(55.43 and 72.12 mg/l) are again several timesdrithan those previously reported.
These differences are probably not simply due eadifferences in algal species, given
the ionic profile of the amended seawater usetiesd assays. Some quinolones are
reversibly antagonized by magnesium and calciurg,imducing their efficacy against
bacteria (Marshall and Piddock,1994). Such antagoman increase the minimum
inhibitory concentration of some quinolones, inohgdC, by a factor of 2-8 (compared to
freshwater) for some pathogenic bacteria (SmitB91&€nd 1990; Let al,2000). The
mechanism of this antagonism hasn't been fullyrdssd, though it is known that
chelation with metal ions occurs at a ratio of Xeljucing the accumulation of antibiotic
in the cytoplasm but not via porin channel sizehesion (Marshall and Piddock, 1994;
Barneset al, 1995). Martinsen and Horseberg (1995) also ndtatriot all antibiotics

within a given class behave uniformly, which isisaportant point given the lack of data
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on the chemistry of T and L in seawater. Like maniibiotics, both T (a macrolide) and
L (a lincosimide) are susceptible to photodegraaathowever there hasn't been any
notable work on their chemistry in seawater ang deigradation process is unlikely to be
active below the top millimeter of many sedimemal(ing-Sgrenseset al, 2003;
Andreozziet al,2006; Hu and Coats, 2007; Weretral, 2007).

The most interesting results were those of theumexassays, which showed up
differences in compound interactions that were ddpet upon algal species (Figure
3.3). InC. closteriumall antibiotic mixtures, with the exception of T;+@orked together
to elicit a synergistically (i.e. multiplicativepgative response. This sharply contrasts
against the response Mf ramosissiman which all mixtures behaved additiveN.
ramosissima& response to T+L and T+L+C were variable (CV29land 1.24) which is
probably why the very high Kgs for those treatments (6.98 and 10.22 TU) wete no
determined to be significantly different from 1.(0= 1.18 and 1.25). Regardless, this
suggests that benthic primary producers exposatutople antimicrobial compounds in
the environment may be subject to selection pressuom that pharmaceutical profile.
This is consistent with the few other studies treate investigated antimicrobial
interaction via microalgal exposure assays (Egathi, 2004).

The species-specific components of these reaudigest that different species
may respond differently to different antibioticdt#ough expected, this result has
implications for benthic ecology. Evraed al, (2012) found that benthic consumers
subsist almost entirely on diatom-dominated BMA camities, which opens an avenue
for upward-propagating trophic effects either tigiothe reduction of available carbon or

through alteration of preferred food abundance (léanBerghe and Bergmens, 1981,
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Carman and Thistle, 1985). As a corollary, micrabipecies are unequally productive
either through differences in cell physiology ognaitory behavior (Underwoaet al,
2005). The anthropogenic antimicrobial compoundsius this study may be at play at
either of these avenues, given that diatoms exptoseubderate antibiotic concentrations
ceased motility. Even a moderate reduction in bemtfatom movement rate can be
sufficient to significantly impact benthic primapyoductivity given the tight coupling
between benthic diatom migration and tide stagey @ial, 1993; Underwood and
Kromkamp, 1999). Finally, biodiversity of algal gpes serves to improve water quality
and may confer resilience to benthic microbial camities (Elmqgvistet al, 2003;
Cardinaleet al, 2006, Cardinale, 2011).

The study of the presence and ecological impaphafmaceuticals in the
environment is in an intermediate period. It hasrbeoted by Kolpiret al, (2002) and
others that there is a conspicuous dearth of @égi@rding the presence of antibiotics in
the environment (Halling-Sgrensenal, 1998; Daughton and Ternes, 1999; Calaratri
al, 2003; Zuccatet al,2005; Feitosa-Felizzola and Chiron, 2009). Thamixtiata is
somewhat sparse and the sampling overwhelminglgistsnof the analysis of water
rather than sediments, and freshwater rather trmenenvironments (Table 3.2),
however two recent studies have confirmed the pam®f antibiotics into the coastal
ocean (Zhangt al,2012; Zhengpt al,2012). The disparity in coverage between the two
major aquatic environments and classes seemsdoét the cost and methodological
difficulty of extraction and quantification of ahtotics in the benthos and a focus on

drinking water.
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Anthropogenic antibiotics, including those usedhis study, are present in the
environment as mixtures (Kolpet al,2002; Calamaret al,2003). Previous studies
investigating eukaryotic antibiotic toxicity havecised on single species' responses to
single compounds. Given the chemical and biolodiet¢rogeneity of natural aquatic
systems, monochemical approaches are unlikelyeld yiseful ecological predictions or
information directly applicable outside the laborgt Heterogeneity aside, previous
model algal organisms have been free-floating pelagher than benthic species.
Environmental concentrations vary by location lngtytare universally higher in the
sediment than in the overlaying water due to tfi@iaf of many antibiotics for sediment
particles (Kolpinet al,2002; Kim and Carlson. 2007). Contrary to conveamal wisdom,
it is not universally true that the adsorption pfilbiotic compounds diminishes their
potency. In at least one case, sediment bindingases the effectiveness of antibiotics
(Weberet al,2011).

We have shown that algal species of the same @&agesms Bacillariophyceag
are similarly inhibited by single antibiotic compuis (Figure 3.1). However, single-
compound responses cannot be combined to &opmori predictions of combined
effects (Figure 3.3). Species-specific inhibitidratgal growth rates may constitute a
selection pressure in environmental communitiegylteg in altered community
composition or the proliferation of antibiotic resince genes (Harrgt al, 1989; Lopez-
Rodaset al, 2001). This potential cannot be minimized by aipg to low
environmental concentrations given the complexneadd antibiotic mixture effects and

the potential for adsorbative potency enhancement.
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Many avenues of future work have yet to be explo@uestions regarding the
stability and bioavailability of T and L in seawasd in marine sediment should be
addressedSimilarly, future studies should determine wheitttiéierent strains of the
same algal species respond differently. There neagy thfference antibiotic sensitivity
between benthic and pelagic algal species, whidkddoe interesting in light of sediment
stockpiling of many antibiotics. Investigators medgo wish to determine whether the
formation of multi-species eukaryotic biofilms cers resistance as is commonly
reported in prokaryotic biofilms. Similarly, theneeds to be greater understanding of
how sediment influences the effect of antibiotioso@nthic algal species, including the
presence of lipopolysaccharide (LPS). Some of thhesstions might be answered using

a design similar to what we have outlined here.

CONCLUSIONS

Benthic diatoms are a key component of coastalnadood webs. Globally,
anthropogenic antibiotics are present in continesugace waters which drain into the
costal ocean. Some of these so-called prokarypgciic antimicrobial compounds are
toxic to eukaryotic algae. These facts stronglygesg that anthropogenic antibiotics are
playing a significant role in the ecology of theastal marine benthos. In the present
study, we have shown that common antibiotics ttxioenthic diatoms and antibiotic
mixtures favor some species over others in wayscdranot be predicted by single-

compound approach.
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closteriumto tylosin (T), lincomycin (L), and ciprofloxacin
(C). Boxes are standard deviation (SD), cenier i median,

M is mean, and bars are 0.5 SD. B) Responséé of
ramosissimdo T, L, and C. In both panels, note the break in

the Y-axis necessitated by the large differeretevben T and C.
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response being compressed into one order of matgitom 1-2 In(mg/l).

36



—|——

ICy, (TU)

RN,
P
-

T+L T+C L+C T+L+C

50 — [

5|
0 1 T
T+C

=2 I
T+L L+C T+L+C

Figure 3.3Summary of antibiotic mixtures kgs for Cylindrotheca
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different from the line denotes additive interacf and below

the line denotes synergistic interaction.
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Table 3.1 — Toxicity of tylosin, lincomycin, and ciprofloxacin to various algal species

Compund

EC50 (mg L) Species

Source

Ciprofloxacin

Lincomycin

Tylosin

0.313 Chlorella vulgaris

0.005 Microcystis aeruginosa

2.970 Selenastrum capricornutum
0.163 Cyclotella meneghiniana

1.510 Pseudokirchneriella subcapitata
0.195 Synechococcus leopoliensis
0.034 Microcystis aeruginosa

1.380 Selenastrum capricornutum
0.411 Selenastrum capricornutum

Nie et al. (2008)
Halling-Serensen et al. (2000)b
Halling-Serensen et al. (2000)b
Andreozzi et al. (2006)
Andreozzi et al. (2006)
Andreozzi et al. (2006)
Halling-Sgrensen (2000)a
Halling-Sgrensen (2000)a
Eguchi et al. (2004)
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Table 3.2 — Reported environmental concentrations of antibiotics in water

(ug L) Source
Ciprofloxacin 0.03 Kolpin et al. (2002)
0.03 Calamari et al. (2003)
0.03 Zucco et al. (2005)
0.10 Feitosa-Felizzola and Chiron (2009)
0.90 Daughton and Ternes (1999)
0.10 Batt et al. (2006)
Lincomycin 0.73 Kolpin et al. (2002)
0.25 Calamari et al. (2003)
0.25 Zucco et al. (2005)
Tylosin 0.28 Kolpin et al. (2002)
0.01 Calamari et al. (2003)
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CHAPTER 4

EFFECTS OF CIPROFLOXACIN AND TYLOSIN UPON THE FORMATION AND

PHY SIOLOGY OF MARINE BENTHIC MICROALGAL COMMUNITIES"

!1saac M. Hagenbuch, Nils VVolenborn, Lubos Polerecky, and James L. Pinckney, (2013) To be
submitted to Environmental Science and Technol ogy.
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ABSTRACT

Currently, there is great interest in the effestd fate of antibiotics in the
environment, especially the aquatic environmene o main sources of antibiotic
input are people and food animals, which are dtegt in close proximity. Given that
52% of global population lives within 150 km of @ces or the Great Lakes questions
about effects of antibiotics upon coastal oceamary producers is an important one.
Even so, there are essentially no studies inveasimthe links between laboratory cause-
and-effect toxicity studies witim situ communities. This study is concerned with the
benthic microalgae (BMA) or microphytobenthos conmitigs that underpin
coastal/estuarine food webs. In temperate regienthiz diatoms are numerically and
photosynthetically dominant. In the laboratory génantibiotics are capable of reducing
cell division, photophysiology, and motility in conon diatom species at concentrations
that approach those found in the environment. $tudy focuses on the effects of
ciprofloxacin which inhibits prokaryotic DNA synthis and tylosin which inhibits
prokaryotic protein synthesis. This study presantsethod for using hyperspectral
imaging of surface chlorophyll to capture tempaaiiations in addition to traditional
pigment extraction and quantification methods. Qelgtively high antibiotic
concentrations had any measurable effect upon B&tAngunities. Tylosin (T) and
ciprofloxacin (C) had opposite effects on BMA bisaas detected by hyperspectral
imaging. Environmentally-relevant concentrationg aind C elicited no measureable
effects in any of the physiological, pigment, opbyspectral parameters. This suggests
that over the short term, the primary productiafynarine BMA communities exposed

to these antibiotics is indifferentiable from ungiatted communities. T and C, regardless
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of concentration, failed to cause any measuredfgeteon net primary productivity and
respiration. It is possible that the outcome oftaotic exposure assays may strongly
depend on the species composition of BMA commuifide only parameters affected
by the antibiotic treatments were those associatddsurface chh biomass. Half-max
inhibitory (1Cso) concentrations of T and C Significantly affecteaface chlorohyll but

in opposite ways: iEso pushed it down and&go pushed it up and in the combined
treatment, the effects cancelled each other. Toreffect was different as well. The
inhibitory effect of T took twice as long to marsteas positive effect of C. Future studies
should employ some metric of community compositlorersity to see if these

communities really are changing.

INTRODUCTION

Currently, there is great interest in the fate afiect of antibiotics in the
environment, especially the aquatic environments Triterest isn't new, but it has grown
in breadth and visibility over the last two decadestudies reporting the presence of
human and veterinary antibiotics in the environntexve multiplied. The concern
regarding antibiotic presence is global, whichttay since all watersheds, by definition,
feed into some body of water. The two main souofestibiotic input are people and
food animals, which are often kept in close proxymAs of 2010, 44% of global
population lives within 150 km of oceans (UN, 201h)the United States, including
Great Lakes watersheds, the number is 52% (NOAA3RANd the numbers are
increasing. Given these facts, a salient quessiavhiether or not the presence of

antibiotics is a problem and if so, how so.
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Much of the work done thus far regarding antilm@bontamination has
concentrated on the development and proliferatfageaetic antibiotic resistance in
bacteria (Daughton and Ternes, 1999; Sengei@a 2003, Kim and Aga, 2007). While
antibiotic resistance is perhaps the most sigmfiteman health threat of the 21st
century, another large area of concern is thatofogical impact. There have been a
number of laboratory-based toxicological studiesstof which suggest that antibiotics
in the environment pose a "potential" ecologicalgem. Wilsoret al (2003) found that
antibiotics reduces algal genus richness and fiilmahass in environmental communities.
Eguchiet al (2004) found that antibiotics reduced cell growatid that some compounds
acted synergistically against eukaryotic algae. idmd Carlson, (2007) reported high
concentrations of antibiotics in freshwater stresadiments. There are numerous other
studies suggesting potential problems, such agtal (2011a), (Livet al 2011b),
Weberet al (2011), Hagenbuch and Pinckney, (2012), and Rieg&t al (2013). A
number of studies that have determined that heavipacted environments have
ecological issues that extend through trophic belyond prokaryotes. For example,
Wollenbergeret al (2000) found thabaphnia magnaare subject to reduced
reproductive rate at antibiotic concentrationseostf magnitude below "toxic" levels.
Chelossket al (2003) found increased antibiotic resistanceentirments below the site of
floating fish cages. Isadoet al (2005) found that in several groups of organisms
including rotifers and crustaceans, toxic conceiuna were in the mg/l range but
negative effects were observed at pg/l levels.Bdekdrop to all these studies is a
threadbare tapestry of reports indicating a gehel@l-level presence of antibiotics in

various, mostly freshwater, environments (Hirstlal 1999; Halling-Sgrensest al
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1998; Halling-Sgrensest al 2000; Kolpinet al 2002; Calamaret al. 2003; Halling-
Sgrensemt al. 2003; Wilsoret al. 2003; Eguchet al 2004; Zuccatet al. 2005; Kim

and Carlson, 2007; Feitosa-Felizzola and Chiro920Vebert al 2011). With notable
exceptions such as Andersetal. (2004) and Webeaat al (2011), virtually none of these
studies have attempted to directly link laboratayse-and-effect toxicity studies with
situ communities. The present study is a step towatitibegration.

This study is concerned with the benthic microalaMA) or
microphytobenthos that underpin coastal, speclficdtuarine food webs. BMA
communities are composed of diverse species asagatbf unicellular, filamentous,
and colonial photoautotrophs that inhabit surfaesieents in aquatic ecosystems. In
estuarine sediments, benthic diatoms, cyanobactaréhchlorophytes are the primary
photoautotrophs, but in temperate regions bentltoohs are numerically and
photosynthetically dominant. The bulk of the comityihiomass is located in the upper
few millimeters of sediment and rarely extends betloe depth of light penetration
(Ploughet al 1993; Kuhlet al. 1994). These communities are ubiquitous andfproli
primary producers in intertidal and shallow coabkthitats (Admiraal, 1984; Cahoon,
1999; Underwood and Kromkamp, 1999) and their irtgoare in trophodynamics,
biogeochemical cycling, and sediment-water-atmosgpblrchange is well established
(Chardy & Dauvin, 1992; Milleet al. 1996; Andersoet al 1997). In most habitats,
BMA present an abundant, nutritious food sourcegfazers that is relatively constant
over long (monthly to yearly) time scales (Cureiral 1995; Milleret al 1996; Deegan
and Garritt, 1997). Food web studies in a varidtgstuarine settings have demonstrated

that BMA contribute between 30 and 60% (or morethefprimary production
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supporting resident estuarine species (Petersonwarth, 1987; Sullivan and

Moncreiff, 1990; Curriret al 1995; Page, 1997; Creaehal 1997). Furthermore, BMA
production can be traced into the food webs supmphttirds and commercially important
fish and shellfish (Sullivan and Moncreiff, 1990wEk and Zedler, 1997; Deegan and
Garritt, 1997). Previous work in our study site dasnonstrated that BMA are major
primary producers (Pinckney & Zingmark, 1993). Hverage annual benthic microalgal
production for North Inlet estuary in 1990-91 wasireated to be 3423 tonnes C/yr. In
this estuary, BMA production exceeds phytoplankiod macroalgal production, but is
less than Spartina grass species. BMA productiapsoximately 43% (3.4 x 1@Clyr)

of the maximum estimated total Spartina productio@ x 18 gC/yr) in this system. If
one considers that all of this production occurthimia 2 mm thick layer of sediment, the
spatial scale of production is greatly compressdative to other producers. Because
much of the carbon fixed by Spartina is not easslgimilated by herbivores, benthic
microalgae may be the most abundant and easilysitde source of utilizable carbon
for estuarine herbivores.

In the laboratory, single antibiotics are capaifleeducing cell division,
photophysiology, and motility in common diatom Spsat concentrations that approach
those found in the environment (Hagenbuch and PegR012; Pincknegt al 2013).
Antibiotics work by interfering with purportedly pkaryote-specific cellular chemistry.
Ciprofloxacin, a fluoroquinolone, inhibits DNA syrgsis by interfering with the activity
of DNA gyrase. Others, such as tylosin, a macrolialeibits protein synthesis by binding

to the 50S ribosomal subunit. While antibiotics geeerally regarded as prokayrotic-
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specific, diatoms are not the only non-target oigyas that respond negatively to
antibiotics. Negative effects in have been catadogn many other species (Table 4.1).

This study is intended to address several questida environmentally common
antibiotics affect the biomass, mobility or physigy (net primary productivity and
respiration), of complex and diverse microphytohencommunities in sediments and
how do these findings compare to laboratory studiéls cell cultures? At what
concentrations do single or combinations of antibsoaffect BMA productivity? What is
the approximate time-scale over which potentis¢&f manifest?

Some of our questions involve temporal changesrder to document the
temporal response of the BMA biomass to antibivgéatments we used hyperspectral
imaging of surface chlorophyll. In contrast to itemhal sediment sampling followed by
chlorophyll extraction, the optical detection otaiophyll has the benefit that the same
location can be repeatedly measured. Additionathpsecutive scans at daytime (ahl

max) and nighttime (ckd min) allow us to analyze vertical migration belavi

MATERIALS AND METHODS
Study Site & Sample Collection
North Inlet estuary in Georgetown, SC is a battpmixo-euhaline/metahaline
estuary on the mid-Atlantic coast of the Unitedt&aNorth Inlet has been used as a
reference site in many studies. It is a suitabfiieremce site because of its limited human-
impacted freshwater inputs and its net materiabexphich minimize any background
contaminant presence. Sediments were collected Worth Inlet in January and

February 2013. The top 1 cm of sediment from an %anmea of sandy mud was collected
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and transported back to the University of Southold@a, Columbia before being
homogenized, sieved (500 um), and distributed2rfocm diameter core tubes.
Additional sediment that was not immediately used wpread evenly over the bottom of
a ~80 cm x ~30 cm plastic tide-simulating microco$hre microcosm had a drain and
was fed by a timed reservoir pump with head-tamk shmulated tides. This holding tank

was illuminated by approximately the same lighéndity of the experimental cores.

Assays

We used the antibiotics ciprofloxacin and tylosirthis study. Ciprofloxacin (C)
is a broad-spectrum antibiotic that has been ifledtas a contaminant of concern based
upon its pattern of use, presence in the environiat potential ecological impact
(Hooper, 1998; Halling-Sgrensehal 2000; Kolpinet al. 2002; Wilsoret al. 2003; Batt
et al 2007; Webeet al. 2011). Tylosin (T) is another antibiotic of inkst due to its
worldwide use as a veterinary prophylactic and ghdiactor (De Liguoraet al 2003). T
has been found in a wide variety of aquatic hab@ad is toxic to some freshwater
phytoplankton at near-environmental (mg/l) concaidns (Halling-Sarensest al
2000; Kolpinet al 2002; Calamaret al 2003; Eguchet al. 2004). Like C, T also has an
affinity for sediment particles with an active snce time of 100 days which suggests
that it is present in its active form for long egbuto affect benthic communities (Kim
and Carlson, 2007; Halling-Sgrenssdral 2003). Moreover, they can be found together
in environmental sediments (Kolpat al. 2002; Calamaret al 2003). We elected to use
the environmental and half-max inhibitory §fcconcentrations reported by Hagenbuch

and Pinckney (2012).
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Initial experiments uncovered a number of impdrtantors. The first is that 1500
ME was photoinhibitory to the BMA community. Wealscovered a 3-fold variability
in surface chh despite having collected the sediment cores frorapmparently
homogenous area (Figure 4.1). This intrinsic valitglzould have masked effects due to
antibiotic addition. We also found that small infauwvere capable of significantly
reducing the standing stock of @hin the cores. Given these facts, we decided to
homogenize the collected sediments, sieve thenugira 500 um mesh, and reduce the
illumination of the cores to a value less than p@) These manipulations are
comparable to what intertidal sediments undergmdua strong resuspension event such
as during heavy precipitation or a spring tide.

Antibiotic exposure incubations were accomplishethg an 18-chamber
microcosm located in an environmental chamber. Eaamber was physically
partitioned and separate from the others withwa @.0 L reservoir and re-circulating
diaphragm water pump. The microcosm was kept ahatant 20 C ambient
temperature and was lit by two 60 W incandesceswtir lamps. Each chamber received
240 = 6 YE at the sediment surface. The contetiteofeservoirs, including the given
antibiotic treatments, was exchanged and renewexy éwo days. Temperature and
microcosm light field homogeneity were ensured gs@mperature loggers (iButt®n
and a 1.3 cm diameter PAR sensor (Biosphéti€sL2101).

The experiment was set up in a 2 x 3 fully crodsetbrial design with
cyproflaxacin and tylosin as main factors, botplegal at 3 different concentrations:
environmentally-realistic and half-maximum inhilig1Csg) concentrations Enviro =

0.28 pg/l, Teso = 0.62 mg/l, Gnviro = 155 pg/l, Geso = 63.8 mg/l (Hagenbuch &
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Pinckney, 2012). A block factor was introduced ¢ocunt for the two successive

experimental runs with 2 replicates of each antibicombination in each run.

Parameters & Calculations

We measured several parameters: aerial surfagedghisity and heterogeneity,
proportional migration, net primary productivity PIR), respiration, and aerial
photopigments. Surface caland heterogeneity were tracked using a hypersi€ets)
camera (Reson8rPika 1) mounted on a linear-motor. Initial workdicated that daily
HS scans weren't required, thus the entire microceas scanned immediately after
loading to ensure homogeneity, then every 2-3 dayisthe end of the experiment.
Scans were done at the same time (x 30 min) ondagcbf the experiment. Spectral
hypercubes were processed to isolate and disptal ekl a (HSchla) absorbance data as
bitmap images using Look@MOSI (Polereakyal 2009). Mean surface HSchla and
heterogeneity (HSCV) were quantified using Imagex $£.46r (Rasband, 2013). Diatom

migration was calculated as:

HSchla,ip

P tional Migration = "
roportional Migration HSchlamqx

HSchla,ax was at ~12:00 and HSchlaat ~00:00 of the final experiment day
(day 13). HSchla homogeneity (HSCV) for each cerestimated by that core's HSchla
coefficient of variation (N = 3852 pixels/core).

Net primary productivity and community respiratiaere measured using Clark-

style microelectrodes in a light/dark bottle meth@d the final day of the experiment,
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experimental cores were removed from the microcaschsub-cored. Sub-cores (0.50
cnt x 1.0 cm) were taken from the center of each émeettal core. The bottom of each
sub-core was sealed with paraffin to restrict gahange to the sediment surface. The
prepared cores were then placed within a 5 ml gledsEach vial contained a magnetic
stir bar and was filled with water from the apptiape experimental reservoir and sub-
aerially capped to exclude gas bubbles. Each cd@ltanical 1 mm sampling port for
insertion of the probe. Initial experiments withodggenated seawater indicated that
oxygen exchange was negligible using this apparkatasthe duration of incubation and
measurement (data not shown). After capping, thialidlissolved Q concentration
(mg/l) was measured within each vial, then eachwiss sealed with Parafiffrand
placed in complete dark for 1 hr. After the dar&ubation, each vial was unwrapped and

final O, concentration was immediately measured. Respiratas calculated as:

DOrnitiai—DOFinal
Core Surface Area

(Lind, 1985)

Following the final @ measurements, each core in turn was exposedtiera f
optic halogen light source for 5 minutes of continsl @ measurement. The rate of
oxygen production for each sub-core was determuséty the slope of a linear
regression fit to the complete 5-minute dataset @00). The oxygen rates were
converted to NPP using a conservative photosymtigeitient of 1.4 (Grant, 1986).

Aerial chemosystematic photopigments were quadtifising high performance
liquid chromatography (HPLC). Immediately after thEBP measurements, sub-cores

were sectioned and the top 2 mm of sediment wasest and stored at -8C pending
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analysis. Prior to pigment quantification, samplese lyophilized for 24 hrs at -3,
placed in 90% acetone, and extracted at €€br 24 hrs. Extracts were centrifuged and
filtered to remove sediment particles, then injddteo a Shimadzu HPLC (Pinckery

al. 1996; Pincknet al 2013). BMA biomass (mg clafm?) was converted to carbon
units assuming a C:chlratio of 47.6 (de Jonge, 1980). To estimate chamge
community composition, we estimated the ratio atain biomass to that of
cyanobacterial biomass by using the ratio of fuotix@, a diatom biomarker pigment,

to zeaxanthin, a cyanobacterial marker pigmentoiiayet al 2013).

Statistical Analysis

In all statistical analyses, the data either ditgmetric test assumptions such as
normality and equality of variance or were transfed to do so. The data
transformations included natural log, reciprocal] aquare root. Dependant variables
were included in each statistical model in a maniesigned to preserve independence of
factors. For example, because HSchla is used toles¢ Migration, these data were
analyzed separately.

Analysis of the antibiotic addition assay resultss accomplished using a
combination of multivariate analysis of varianceANIOVA), univariate analysis of
variance (ANOVA), and linear regression. Analysegasiance included the 2
antibiotics: tylosin (T), and ciprofloxacin (C). thithree levels (none, environmental, and
ICs0), their interactions, and a block factor to acddonvariance between the two
consecutive experimental runs. HSchla and HSCV weestigated using a repeated-

measures ANOVA to account for within-sample vareaad time.
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RESULTS

Chlorophyll biomass

HSchla increased exponentially throughout the tthimaof the experiment (Figure
4.2) indicating that the experimental conditionpsurted BMA growth. Repeated-
measurement ANOVA indicated significant day* ardtin treatment interactions (Table
4.2-a). The significant Day*T interaction was calibg lower rate of HSchla increase in
the IC50 treatments, leading to significant lowackla values by Day 13 (Figure 4.3-A).
The opposite was true for the Day*C interactionerenHSchla was significantly higher
in ICso treatments from Day 6 onward (Figure 4.3-B). Stangous exposure to both
antibiotics did not cause a change in Hschla. leases did the environmentally-relevant
concentrations of T and C have a significant efeectHSchla (Table 4.2). HSCV was
unaffected by all antibiotic treatments at all lsvieut there was a significant Day effect
(Table 4.2-b). HSCV was most homogeneous on Dayamost heterogeneous on Day
13 (Figure 4.3-C). Migration was not significandlifected by any of the treatments

(Table 4.2).

Physiology

Two Resp points from Assay 2 (enviro-T and envire-ICso.c) were found to be
significant outliers. To maintain an equal numbiepaints for all treatments, these values
were replaced with the mean of the three matchepgiaates prior to statistical analysis.
None of the antibiotic concentrations significardffected community Resp or NPP

(Table 4.3).
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Pigments
None of the antibiotic treatments significantljeated BMA community biomass

or diatom:cyanobacteria ratio (Table 4.2).

DISCUSSION

The issue of antibiotic contamination and its &f$eon non-target organisms is an
important one. It is generally assumed by scientisd regulators alike that detectable
environmental presence of any human-origin chengicalpound is a danger. As a
general assumption, it is probably a good one dime@ffect of such an assumption will
be to minimize the number of detectable anthropmgamemicals in the environment.
However, the scientific questions of first importarare not, "What negative impacts
could chemical X have in the environment," but eatliDoes chemical X have detectible
environmental effects and at what exposure?" Therlguestion is the one we have
addressed in this study.

Only the IGo concentrations had any measurable effect upon BdMAmunities
and tylosin (T) and ciprofloxacin (C) had opposttects on BMA biomass as detected
by hyperspectral imaging. The environmentally-ral@vwconcentrations of T and C
elicited no measureable effects in any of the piggical, pigment, or hyperspectral
parameters (Table 4.2). This suggests that ovesttbd term, the primary productivity of
marine BMA communities exposed to these antibiasaadifferentiable from un-
impacted communities.

There are a number of possible reasons that theoemental concentrations

didn't have a measureable effect. The low conceoisaused in this study are orders of
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magnitude lower than those reported to cause maalsueffects in diatom cultures, so it
may be that concentrations such as these have asunadle negative effects
(Hagenbuch and Pinckney, 2012). Additionally, stisdy included diverse BMA
communities associated with their native sedim&atliment binds chemically active
compounds like T and C, possibly making them lesdl@ble to the eukaryotes
inhabiting the spaces between sediment grainef&al 2010). It may be that the species
that comprise these communities share a high dedrfeectional equivalence so that
when one constituent species is negatively affestezdliminated, other species might
make up the difference. This might be expectedrgthat BMA communities are
significant estuarine producers regardless of vaathd season (Pinckney and
Zingmark, 1993). Finally, it is possible that theopolysaccharide (EPS) produced by
these biofilms acts as a barrier and a binderrgelanolecular weight compounds such as
these (Decho, 1990). Given the relatively shorgiierand breadth of this study, it is
impossible to definitively say that there are nggblogical or ecological effects of
ambient antibiotic concentrations. In fact, we fgphat there may be a significant
reorganization in the BMA or sediment bacterial commity in response to low-level
exposures such as these.

T and C, regardless of concentration, failed tssesany measureable effect in the
physiological measurements. Using a MANOVA modeluding Assay, NPP, and Resp
the multivariate p-values were above 0.280 inadles (Tables 4.3 and 4.4). Thisis a
surprising finding given that Pinckney al (2013) found a modest effect upon gross
community primary productivity (GPP) in BMA commties exposed to tylosin at

concentrations similar to what we have used heegaRling the difference seen between
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our experimental runs and with Pinckretyal (2013), this conflict could be attributed to
differences in BMA community at different times. BMcommunities are neither
monolithic nor unchanging. Their character changaskedly over the yearly seasons
(Mitbavkar and Anil, 2002; Patil and Anil, 2005; tidavkar and Anil, 2006). Hagenbuch
and Pinckney (2012) found that different North trdpecies may have widely variable
productivity, motility rates, and sensitivity toténotics, thus it is possible that differing
reports are caused by different BMA communitiess ftossible that the outcome of
antibiotic exposure assays may strongly depenéhespecies composition of BMA
communities and therefore assays should prefetgritiea performed during different
times of the year. Additionally, the differenceween our findings and those of
Pinckneyet al (2013) could be due to the innate difference betwmeasuring gross
(GPP) and net primary productivity (NPP). We meadudPP through the medium of the
overlaying water whereas GPP measurements are anadegle points within the
sediment itself. The most likely reason for thdeténce is the sub-sampling of the cores
for the physiological measurements.

Because of the destructive nature of the sampihegsub-samples were taken at
the end of the experiment on Day 13. HSchla isntkan hyperspectral chlorophyll
absorbance of a given surface area. A surfaceiapeamposed of N pixels at a resolution
of 0.099 mm per pixel. Thus, the area of an experimental &M= 3852 and for the
sub-cores is N = 316. The different surfaces anotdel as: surface of the entire
experimental core (Entire), the subsampled arearéasiubcoring (Pre), and the
subsampled area after coring (Post). Linear regnes®f Pre vs. Post and Pre/Post

subcores vs. HPLC chlwere non-significant (p = 0.6047, 0.4705, 0.83wfich is
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surprising since Pre = Post and Pre/Post was thmeat from which HPLC chh was
extracted (Figure 4.4). While the sub-cores didmatch well with HPLC ché, Entire vs.
HPLC was significant, if not very predictive (Figu4.5, p < 0.001). Entire vs. Pre also
revealed a significant positive relationship (Fedt5, p = 0.006). Finally, Entire vs. Post
indicated a significant but negative relationstitm(re 4.5, p = 0.006). These results are
perhaps best explained by what we observed whephyscal subcoring was done. We
observed that the cores with the highest HSchlaahthth (~1 mm) biofilm crust on their
surface. When the subcore tube was inserted iesethigh-HSchla cores the crust was
broken, revealing grey, low-HSchla sediment beldhis phenomenon was not apparent
in cores of low or intermediate HSchla. Therefdre ihsertion of the sub-core tube
redistributed the photosynthetic biomass and tbeeaiegatively affected HPLC pigment
extraction and the physiological measurements.

Regarding community composition differences, atiixploratory experiments
during from May-August, 2012 we noted that BMA commity responses and sediment
grain size distribution changed depending on tlas@e Changes in sediment grain size
are indicative of changes in sediment compositiediment composition may affect
both the BMA community present and the activityaofibiotics by changing the rate of
adsorption and release from sediment particleckey and Zingmark, 1993; Xat al
2009). While we endeavored to avoid these comptinatby collecting sediment for both
experimental runs at only one point in time , weenapparently unable to completely
mitigate the effects. Finally, Webet al (2011) showed that the activity of C can be
increased in aquatic sediments but this study shibatshis does not hold true in all

instances.
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The only parameters affected by the antibiotiattreents were those associated
with surface chh biomass. The I concentrations of T and C Significantly affected
HSChla but in opposite waysicko pushed it down and,&so pushed it up (Figure 4.3-A
and 4.3-B) while in the combined treatment theatffeancelled each other. Not only did
the antibiotics cause opposite effects, the tingelired to cause detectable effects was
different. The inhibitory effect of 5o didn't become significant until day 10-13 whereas
Cicso was manifested after 6 days which suggests thatefwhronic-effect studies should
be at least 14 days in duration. The negativeetfeT was congruent with previous
laboratory culture studies in a very general waynialgal cultures of diatom species
typical of those found in North Inlet sedimentdsToxic even at ~0.10 mg/I
concentrations (Hagenbuch & Pinckney 2012; Pinclatel 2013). The positive effect
of C is surprising, however.

The opposite effects of the two antibiotics ateresting for a number of reasons.
The first of which is the differing molar masseslodnd C. C has a molar mass
equivalent to 33% of T and it is still orders ofgnéude less toxic to diatoms than T is
(Hagenbuch & Pinckney, 2012). The major reasonHisrvast difference in toxicity is
probably the different mechanisms of action. lg¢hprokaryote organisms, C acts as a
DNA synthesis inhibitor and T acts as a proteintisgsis inhibitor.

Ciprofloxacin inhibits DNA synthesis in prokaryetby inhibiting DNA gyrase
(Drlica and Zhao, 1997). The chloroplasts of songhér plants contain a form of DNA
gyrase and it plays a role in nucleoid partitionfhbgm and Nam-Hai 1987; Cled al
2004). Since microbial chloroplasts are signifibadtfferent from those of higher-plants

(such as in the presence of bl one cannot assume that chloroplast DNA biochieynis
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is precisely the same between the two kingdomss iBhlsupported by the fact that DNA
gyrase has not been reported in microbial chlostg)avith the notable exception of
Cyanidioschyzon merolawhose chloroplast contains many genes not fonrmdher
algae (Itohet al. 1997; Ohtaet al 2003).

In contrast, Tylosin is a protein synthesis intabthat binds the 50S subunit of
bacterial ribosomes (Omued al. 1983). The 50S ribosomal subunit is widely foumd
the chloroplasts and mitochondria of both highanfd and microbes (Smith and
Bourque, 1985; Kowallilet al. 1995). Thus, it is likely that the effect of Tngnifested
in those organelles. This conclusion is furthemsufed by the loss of motility and
vivo chl a fluorescence that diatoms exhibit under moderaggposure (Hagenbuch and
Pinckney, 2012). We didn't detect any affect upanility in this study and that may be
due to the max/min method that we used to estimatdity. In our initial trials, we
tracked surface cld over a 12-hour daylight cycle, which revealed @b and 12:00
were appropriate minimum and maximum time pointausl in this study, we calculated
motility using only those two points, but given tie-sensitive nature of the BMA
community motility it is possible we weren't aclyaheasuring the maximum and
minimum surface chi values because of a different community motiléter

An additional factor may play a role in the relattoxicities of these compounds
is the chelation of antibiotics by metal ions imwater. Hagenbuch and Pinckney, (2012)
discuss the potential for seawater antagonismarid C in some detail. However, given
that the effect in these assays was positive agdtive rather than non-significant,
saltwater chelation is not a good explanation lerresults presented here. The same can

be said for the possibility that the effects hegorted are indirect, through the
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prokaryotic community rather than direct effect®mphe diatoms themselves. That these
are indirect effects is certainly possible, howetee 1G, concentrations at least have
direct negative effects and mechanisms for thoeetsfhave been proposed.

While C is much less toxic to diatoms than T, wew of no studies to date have
shown that any concentration of C to produce ecoab@ffects that could be interpreted
in a positive manner. It may be that C can functiothese benthic communities much
like it functions when used in humans and animglexXerting pressure against
competitive or parasitic prokaryotic species, astan the short term. A longer study of
the chronic effects, especially one that includesrizs for the eukaryotic and
prokaryotic communities, is likely to show up negateffects including an increase in
antibiotic resistance.

It is equally interesting that with the increasebserved surface biomass we saw
no increase in NPP. The reverse was true in Trirexails, where low-biomass cores had
essentially the same NPP as those with higher tlseniais could be expressed in terms
of carbon turnover time where C increases turntwe and T decreases it. When
viewed in this way, our results are again surpglsipositive where T can be said to
increase aggregate productivity. We think this viswpurious, however and that a better
way to explain the results is that there is sinthht chla biomass is not what drives
productivity. There is some other factor or setaators that determines how productive a
given BMA community is. Hagenbuch & Pinckney, (2D%Rggested that antibiotic
exposure might cause changes in community prodtycag high-productivity species
were supplanted by lower-productivity species vaigiter antibiotic resistance. This

study lends some limited support for that hypotheSuture studies should employ some
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metric of community composition/diversity to se¢hiése communities really are

changing.

Recommendations

Methodologically, we have confirmed that homogatian of sediments is
advisable in contaminant exposure assays and wediay shown that mixing is not
without measurable effects (Burgess and McKinn@€9,71 Andersoret al 2004). Given
the possibility of fine-level changes in benthiecroaunity structure, future studies should
include indexes of eukaryotic and prokaryotic comityucomposition. Studies assessing
the impact of season/community-shift should alsddr@e, including assays performed
during different times of the year. However, reates should be run concurrently to
minimize founder-effect community shifts and “natlitemporal community variability.
Given that the effects of T were not significantianifest until day 10-13, future
chronic-effect studies should be at least 14 daykiration. It is possible to miss the
surface chh peak/trough with a two-point calculation, therefaommunity motility
rates should be calculated using iterative scamsrow individual diurnal periods.
Follow-up studies might investigate whether theateg effects that we have reported
can be mitigated via the addition of nutrients R\ etc.), inorganic carbon (GQor
vitamin cofactors which might help narrow down #fecient cause(s). Finally, those
interested in the general activity of the prokaiyebmmunity under antibiotic stress
might investigate whether there is a build-up déibte EPS in antibiotic-treated benthic

biofilms.
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CONCLUSION
We have shown in this study that the low levelamibiotics typically reported in
environmental water bodies are unlikely to prodeaasurable effects in ecologically-
relevant parameters such as net primary produgiivibenthic microalgal communities
over time scales of 0-14 days. We have also shbatrtoxicity values such as half-max
inhibitory concentrations that are developed usiniglgal laboratory cultures are
capable of producing measurable effects in these smmmunities over the same time

scale.
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Figure 4.1:Grayscale images of hyperspectrala absorbance of assay cores. Brigl
areas indicate higher chl a concentrations. Thescor the left image have not be
homogenized. The cores in the right image the ssadament cores after half of the
had been homogenized. The natural variatiort image) was thre&ld between th

highest and lowest cores awasreduced to 20% after homogenization (right ime
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Figure 4.2:Hyperspectral chd (HSchla) throughout the antibiotic addition asdayor

bars are 95% confidence intervals.
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Figure 4.3:HSchla during the antibiotic assays. Vertical $imedicate days that
significantly differ. differencesA) HSchla in cores exposed to environmentally an
relevant concentration of tylosin€J) and the half-max inhibitory concentration
(Tes0)- Ticso significantly depressed HSchla from day 10 throtighendB) HSchla in
cores exposed to ciprofloxacin. By day 6 thes§écores had significantly more surface
chl a than the other two treatmer®@.HSCV of all the antibiotic treatment cores. The
effect of Day was caused by the increase in heggreity on day 13. Error bars are 95%

confidence intervals.
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TABLE 4.1: Antibiotics and non-tar get species

Antibiotic
Organism Classification Compound Reference
Daphnia magna Crustacean metronidazole Wollenbergeal. (2000)
olaquindox
oxolinic acid
oxytetracycline
streptomycin
sulfadiazine
tetracycline
tiamulin
tylosin
Chlamydomonas reinhardtii erythromycin Harriset al. (1989)
neamine/kanamyci
n
streptomycin
spectinomycin
Vibrio fischeri Bacterium clarithromycin Isadoet al. (2005)
Brachionus calyciflorus Rotifer erythromycin
Thamnocephalus platyurus Crustacean lincomycin
Daphnia magna Crustacean sulfamethoxazole
Ceriodaphnia dubia Crustacean ofloxacin
Danio rerio Fish oxytetracyclin
Selenastrum capricornutum Green algae mecillinam Halling-Sgrenseet al. (2000)
Microcystis aeruginosa Cyanobacterium  trimethoprim
Daphnia magna Crustacean ciprofloxacin
Danio rerio Fish
Selenastrum capricornutum Green algae ciprofloxacin Liet al. (2011)
erythromycin
sulfamethoxazole
Euglena gracilis Protist 144 compounds Ebringer (1972)
Brachionus calyciflorus Rotifer streptomycin Araujo and McNair (2007)
Brachionus plicatilis Rotifer tetracycline
tylosin
Lemna gibba Higher plant 22 compounds Brain et al. (2004)
Hagenbuch and Pinckney
Cylindrotheca closterium Diatom ciprofloxacin (2012)
Navicula ramosissima Diatom lincomycin
tylosin
Pseudokirchneriella Gonza’ lez-Pleiteet al.
subcapitata Green algae amoxicillin (2013)
Anabaena sp. Cyanobacterium  erythromycin
levofloxacin
norfloxacin

tetracycline
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Table 4.2: Antibiotic Assay Statistics

a. Hschla - Univariate Repeated

M easur es
SS df MS p

T 1293 2 647 5.7 0.009
C 2554 2 1277 11.2 <0.001
T*C 865 4 216 1.9 0.139
Assay 33 1 33 0.3 0.592
DAY 1.11E+04 3 3715 193.1 <0.001
DAY*T 902 6 150 7.8 <0.001
DAY*C 283 6 47 2.5 0.031
DAY*T*C 214 12 18 0.9 0.526
b. HSCV - Univariate Repeated

M easures

SS df MS p

T 0.029 2 0.015 1.275 0.295
C 0.031 2 0.016 1.366 0.272
T*C 0.065 4 0.016 1.406 0.258
Assay 0.018 1 0.018 1.544 0.224
DAY 0.072 3 0.024 2.907 0.039
DAY*T 0.059 6 0.01 1.194 0.317
DAY*C 0.062 6 0.01 1.25 0.289
DAY*T*C 0.119 12 0.01 1.195 0.300
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Table 4.3: Antibiotic Assay Physiology

a. NPP & Resp - Multivariate

SS df MS p
T 0.833 1.29 4.00 54.00 0.285
C 0.884 0.86 4.00 54.00 0.492
T*C 0.742 1.09 8.00 54.00 0.387
Assay 0.475 14.94 2.00 27.00 <0.001
b. NPP - Univariate

df SS MS p
T 2 31.22 15.61 1.08 0.354
C 2 2.52 1.26 0.09 0.917
T*C 4 22.97 5.74 0.40 0.810
Assay 1 0.92 0.92 0.06 0.803
C. Resp - Univariate

df SS MS p
T 2 5.21 2.61 1.07 0.358
C 2 7.68 3.84 1.57 0.226
T*C 4 18.14 453 1.85 0.146
Assay 1 72.56 72.56 29.67 0.000
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Table 4.4: Antibiotic Assay Pigments

a. Biomass & Community Ratio - M ultivariate

Wilks F dfe Edf
T 0.855 1.10 4 54 0.366
C 0.893 0.79 4 54 0.538
T*C 0.927 0.26 8 54 0.976
Assay 0.646 7.40 2 27 0.003
b. Biomass - Univariate

SS df MS F
T 1.57E+09 2  7.85E+08 2.1 0.145
C 1.04E+09 2 5.21E+08 14 0.270
T*C 1.97E+08 4  4.93E+07 0.1 0.970
Assay| 2.39E+09 1 2.39E+09 6.3 0.018
c. Community Ratio - Univariate

SS df MS F
T 28.36 2 14 0.1 0.925
C 196.67 2 98 0.5 0.586
T*C 250.49 4 63 0.3 0.844
Assay 87110 1 871 4.8 0.036

70




FINAL CONCLUSION

The following list of questions was used as an outline for the focus group
guestions. Benthic diatoms are a ubiquitous and indispensible component of coastd
marine ecosystems. As the coastal ocean is more and more impacted by human activities,
it isimportant that we determine how benthic diatom communities may respond. The
goal of this dissertation research was to determine if anthropogenic antibiotics negatively
affect marine diatoms and the benthic communities of which they are a part.

Chapter 2 was an investigation of a new method to quantifying surface-associated
diatoms. | demonstrated that Guillard f/2 + Si enriched seawater to be an ideal medium
for use in benthic microalgal fluorescent bioassays. It contributes virtually no auto-
fluorescent noise or variability to the assays. | also showed that the relationship between
cell number and chl afluorescence to be consistent across awide range of cell
concentrations and popul ation ages.

| was also able to show that tylosin, ciprofloxacin, and lincomycin substantially
reduce chl a fluorescence emission of the benthic diatom C. closterium. The highest
antibiotic concentrations had a significant effect on chl a fluorescence, but intermediate
doses were more difficult to separate and the effect of the two lowest concentrations were
indistinguishable from the control. Tylosin had the most pronounced effect, followed
closely by lincomycin.

Microtiter fluorometric assays are a possible method for quickly estimating
surface associated microalgal populations. This might have been extremely useful for
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low-resolution dose-response assays where relgtoxeth rates are desired and
guantification such as those done by Halling-Sa@en&000) and Eguchi et al. (2004).
As nice as this method might look, | decided testhmdard microscopy counts in future
work.

In Chapter 3, | assessed the toxicity of the sdmreetantibiotics used in Chapter 2, but
against two benthic diatom species. Tylosin (T)ileit&d the most negative effect, with
an 1Gsp of 0.27 mg/l inC. closterium and 0.96 mg/l foN. ramosissima. Lincomycin (L)
following distantly behind with 14.2 and 11.1 mgAspectively. The lesser effect
exhibited byN. ramosissima was consistent across all treatments, except talse post-
hoc analyses were not done, it is not possibletodntain of whether the difference
between the species is statistically significaritibis possible, given the wide standard
deviation of theN. ramosissima IC50 (CV = 1.00) that the responses did not sigaiftly
differ. Ciprofloxacin (C), long recognized as a quund of concern, when applied
alone, it is less toxic to benthic diatoms thareottommon compounds.

The most interesting results in Chapter 3 aresgfeeies-specific differences in the
antibiotic interaction assays (Figure 3.3). In [©sterium all antibiotic mixtures, with the
exception of T+C, worked together to elicit a sgstically (i.e. multiplicative) negative
response. This sharply contrasts against the regpafiN. ramosissima in which all
mixtures behaved additivelil. ramosissma’'s response to T+L and T+L+C were
variable (CV = 1.20 and 1.24) which is probably whg very high IGy's for those
treatments (6.98 and 10.22 TU) were not determiadxt significantly different from
1.00 (p = 1.18 and 1.25). Regardless, this sug@festdenthic primary producers

exposed to multiple antimicrobial compounds in¢hgironment may be subject to
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selection pressures from that pharmaceutical jrofihis suggest that different species
may respond differently to different antibioticsdathis result has implications for benthic
ecology. Evrardt al. (2012) found that benthic consumers subsist dlerasely on
diatom-dominated BMA communities, which opens aenaxe for upward-propagating
trophic effects either through the reduction ofikakde carbon or through alteration of
preferred food abundance (Vanden Berghe and Bergmi®81; Carman and Thistle,
1985). As a corollary, microalgal species are uadgproductive either through
differences in cell physiology or migratory behavionderwoodet al. 2005). The
anthropogenic antimicrobial compounds used inghigly may be at play at either of
these avenues, given that diatoms exposed to ntedertbiotic concentrations ceased
motility. Even a moderate reduction in benthic dimtmovement rate can be sufficient to
significantly impact benthic primary productivityvgn the tight coupling between
benthic diatom migration and tide stage (Hagl. 1993; Underwood and Kromkamp,
1999). Finally, biodiversity of algal species sexte improve water quality and may
confer resilience to benthic microbial communit{igsmqvistet al. 2003; Cardinalet al.
2006, Cardinale, 2011).

In Chapter 4, | investigated the effects of awtilsicontamination at laboratory-
derived concentrations (4 and environmentally-relevant concentrations upenthic
algal communities. | showed that the low levelsuatibiotics typically reported in
environmental water bodies are unlikely to prodesasurable effects in ecologically-
relevant parameters such as net primary produgiivibenthic microalgal communities
over time scales of 0-14 days. | have also shoanttxicity values such as half-max

inhibitory concentrations that are developed usiniglgal laboratory cultures are
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capable of producing measurable effects in these smmmunities over the same time
scale.

Only the IGo concentrations had any measurable effect upon BdMAmMunities
and tylosin (T) and ciprofloxacin (C) had opposttects on BMA biomass as detected
by hyperspectral imaging. The environmentally-ral@vconcentrations of T and C
elicited no measureable effects in any of the pilggical, pigment, or hyperspectral
parameters. This suggests that over the short taeprimary productivity of marine
BMA communities exposed to these antibiotics isffacentiable from un-impacted
communities.

Regarding community composition differences, atiéxploratory experiments
during from May-August, 2012 we noted that BMA commity responses and sediment
grain size distribution changed depending on tlas@e Changes in sediment grain size
are indicative of changes in sediment composi8adiment composition may affect
both the BMA community present and the activityaafibiotics by changing the rate of
adsorption and release from sediment particleckey and Zingmark, 1993; Xai al.
2009). While we endeavored to avoid these comphicatby collecting sediment for both
experimental runs at only one point in time, weevapparently unable to completely
mitigate the effects. Finally, Webetral. (2011) showed that the activity of C can be
increased in aquatic sediments but this study slibatghis does not hold true in all
instances.

The only parameters affected by the antibiotiattreents were those associated
with surface chl a biomass. Thesi@oncentrations of T and C Significantly affected

HSChla but in opposite waysici pushed it down and,&so pushed it up while in the
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combined treatment the effects cancelled each diwronly did the antibiotics cause
opposite effects, the time required to cause dabdbeeffects was different. The
inhibitory effect of Tcso didn't become significant until day 10-13 wher€aso was
manifested after 6 days which suggests that fugiarenic-effect studies should be at
least 14 days in duration. The negative effed afas congruent with previous
laboratory culture studies in a very general waynialgal cultures of diatom species
typical of those found in North Inlet sedimentdsToxic even at ~0.10 mg/I
concentrations (Hagenbuch & Pinckney 2012; Pinclahay. 2013).
While C is much less toxic to diatoms than T, | knaf no studies to date have shown
that any concentration of C to produce ecologiffalcts that could be interpreted in a
positive manner. It may be that C can functiorhiese benthic communities much like it
functions when used in humans and animals by exgeptiessure against competitive or
parasitic prokaryotic species, at least in thetstgom. A longer study of the chronic
effects, especially one that includes metrics lere¢ukaryotic and prokaryotic
communities, is likely to show up negative effaotduding an increase in antibiotic
resistance.

Thus | have shown that high concentrations of rapibgenic antibiotics have
negative physiological and ecological effects omingabenthic diatoms and their
communities. | have also shown that chronic exposutow-levels of antibiotics may

have no detectible effects.
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