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Introduction

Hypophthalmichthys molitrixxommonly known as silver carp, is a filter feeding
species of Asin carp that has invaded thatural waterways of the upper Mississippi
River basin (Solomonetal 201&®.i | ver carp were introduced in
aguaculture tool to help control algal blooms in federal and private fish farms (Cremer &
Smitherman 280). However, their ultimate escape into the natural waterways poses a
major threat to the community structure of not only the Mississippi River basin, but also
the Great Lakes (Freedman et al 2012, Walleser 20a4). Silver carp are incredibly
efficient filter feeders and outcompete native species across the trophic
hierarchy(Sampson et al. 2009) as they are able to feed on a broad range of particle sizes
including particles as small ag#h (Cremer & Smitherman 1980, Sampson et al. 2009,
Zhang et aP016). Recent studies demonstrate that silver carp invasions have led to
destructive population declines within the lllinois river (Solomon .€2@l6).
Surprisingly, many species that are the most affected by silver carp aptan@tivorous
sport fish(Sampson et aR009, Solomon et a016),becausearly in ontogeny, these
sportfishes feed on small zooplankton and phytoplankton. Thus silver carp are able to
outcompete juvenile sport fishes throughout their lifetime (Simon and Wallus 2006;
Wallus andSimon 2006, 2008). We hypothesize that silver carp are able to consume this
broad range of particle sizes with thieighly modified feeding apparatus composed of:
filtering plates, a fleshy palatal organ with folds that extend ventrally interdigitdugng t
filtering plates, and paired epibranchial organs. Each of these structures is hypothesized

to manipulate flow and maximize filtration efficiency.



Filtering fishes use a variety of mechanisms to separate out particles from the
incoming streamline of fid. Such mechanisms include dead end sieving, cross flow
filtration, hydrosol filtration, and gravitational depositidraBarbera 1981 Many large
suspension feeding fishes utilize cross flow filtration where either the filtering structures,
mucus or botimanipulate fluid in such a way that inertial forces cause patrticles to lift out
of the streamline of fluid. The result is the aggregation of particles at the back of the
pharynx with water leaving over the respiratory epithelium (Sandersor2€04|, Pay-

Tran et al2013,LaBarbera 198Y The filtering apparatus of bony fishes is composed of
gill rakers. Gill rakers are morphologically diverse, and in teleostean fishes their

morphology often correlategith diet (Almeida et al2013).

Filter-feeding téeosts have elongated and tightly packed gill rakers with
secondary bony or epithelial modifications to increase filtering efficiency (Almeida et al
2013, Friedman 1985, Sanderson e28l01). In many fishes the gill rakers accomplish
both tasks of filtation and aggregation. However, in some fishes the task of aggregation
is not accomplished exclusively by the filtering apparatus. The epibranchial organ is a
specialized structuéefound in certain teleostean fisldethat aggregates particles of
food retaired by the filtering apparatugpibranchial organs have independently evolved
at least six times and are morphologically diverse, with seven types described that range
in anatomical complexity (Bertmar et &4B69, Nelson 1967, Fishbase 2017). Food
filtered by the gill rakers is moved to the epibranchial organ where particulate matter is
combined with mucus into a bolus that will eventually be deposited onto the pharyngeal

jaws at the back of the pharynx.



The trophic apparatus éfypophthalmichthys molitx, silver carp, is
anatomically distinct from and more complex than the filtering apparatus of other
teleostean fishes. The filtering apparatus is composed of serially arranged filtration plates
rather than individual, comlike gill rakers.Although thes filtration plates are a
charactestic feature of the adult silver carp, early in ontogeny the filtering apparatus
appears similar to that of other bony filter feedddsiring early ontogeny the qill rakers
quickly diverge from the stereotypical anatofoynd in other teleostean filter feeders
and develop into robust, fused filtering plates. Interdigitatiit the robust filtering
plates are muscular palatal folds extending from an enlarged palatal organ. The palatal
organ, found at the base of Cypforimes, is a large muscular expansion of pharyngeal
tissue at the roof of the mouth. In carp and goldfish the palatal organ has been shown to
play a role in food manipulation and processing. Based on the intricate relationship to the
gill rakers, it is lilely that the palatal organ assists in food manipulation in silver carp.
The final structure of the silver carp feeding apparatus is the paired epibranchial organs.
The epibranchial organ in silver carp is significantly more complex than the seven types

of epibranchial organs previously descriliedhe literature.

The aim of this projeatvasto describe the ontogeny and adult anatomy of the
trophic apparatus in silver carp. Despite th
invasion has had on theeBhwater ecosystem in thedwestern U.S.a detailed
description of their functional morphology is absent from the current literature. Using an
integrative approach ranging from development to experimental studies | present data on

the ontogeny, adult mphology, and function of the filtration plates in silver carp, as



well as a functional hypothesis for aggregation of small particles within the epibranchial

organs.



Chapter 1. The complextrophic anatomy of silver carp highlighting a noveltype of
epibranchial organ
Introduction

Fishes use a variety of mechanisms to move water through the buccal cavity and
across their gills for respiration. In addition to respiration, filéeding fishes require a
separate set of mechanisms to filter out and agtgegaall particles of food from the
incoming streamline of fluid. Many filtering fishes possess specialized structures that
improve the efficiency of the filtration and aggregation tasks (Sandersar2604|
Friedland 1985, Hoogenboezem & Boogaart 1998g filtering apparatus of many
filtering teleostean fishes is comprised of densely packed and elongated gill rakers
(Almeida et al2013, Friedland 1985, Nelson 1967) that may be further specialized to
capture a specific range of particle sizes (AlImeitdal 2013). Not all filtering fishes
feed alike, some fishes utilize ram filtration where depression of the jaw and continuous
swimming moves fluid and particles across the filtering apparatus. Paddlefish for
example have densely packed celikb gill rakers that increase particle capture rates
during cross flow filtration (Sanderson et2016) that occurs during ram filtration.
Other fishes, such as silver carp, may use pump filtration to move fluid through the
buccal cavity in a more pulsed fashiémsilver carp the filtering apparatus is greatly
modified from that which characterizes other teleostean fishes. Fused filtering plates that
form from individual gill rakers characterize this species. Regardless of the mechanisms
used to move fluid pashé gill rakers the filtering apparatus must manipulate flow so that

particles are effectively filtered and aggregated.



Certain teleostean fishes possess separate structures that aggregate particles of
food that are filtered by the gill rakers. Feaggregting epibranchial organs, which are
morphologically and phylogenetically diverse, are bilateral diverticula formed by
invagination of pharyngeal tissue dorsal to the branchial basket. Epibranchial organs have
evolved independently at least six times aredfaund in Characiformes, Cypriniformes,
Gonorynchiformes, Salmoniformes, Osteoglossomorpha, and Cichlidae. These organs
range in anatomical complexity from a small outpocketing of pharyngeal tissue extending
beneath the ventral face of the neurocraniamanically shaped diverticula with multiple
loops (Bertmar et all969, Nelson 1967, Miller 1965). This breadth of morphological
diversity and its distribution across teleostean fishes has been previously described by
Bertmar et al. (1969) and Nelson @I9. These syntheses identifiselven types of
epibranchial organs based on the number of whorls within the organ, the degree of
support from a hypertrophied 4th and 5th epibranchial, and gill raker involvement. The
silver carp has large epibranchial organs despite the significant morphological
diversification in epibranchial organ structure that has been described, no current

classification captures the anatomical complexity of the epibranchial organ in silver carp.

Silver carp, a species of Asian cdinat has successfully invaded the upper
Mississippi River (Solomon et al. 2016), are filter feeders able to consume a broad range
of particle sizes from-85um (Cremer & Smitherman 1988hou et al2009, Freedman
et al 2012) including phytoplankton, sthaooplankton, and detritus (Sampson et al.

2009, Zhang et al 2016). Their ability to consume this broad range of particle sizes at
high rates has allowed silver carp to outcompete native planktivores (Sampson et al.

2009). Similar invasions have ocoedin Asia, Europe, and Israel where at high



densities silver carp (as well as their sister species bighead carp) have exhausted native
species of fishes and invertebrates (Zhou et al 2011, Zhan@61. ). Recent studies
investigating the community striwre of the lIllinois River preand post silver carp
introduction have found significant declines in native fish populations (Solomon et al.
2016). Interestingly, many species that have faced the greatest population decline are
nonplanktivorous sport §h (Sampson et.&009, Solomon et a2016). This

relationship is hypothesized to be due to the fact that during early ontogenetic stages
many of these sport fishes compete for the same resources (Simon and Wallus 2006;
Wallus and Simon 2006, 2008, Solomet al 2016). We hypothesize that given their
complex trophic anatomy silver carp are able to outcompete both larval sport fish and
adult filter feeding fishes for resources since this specialized anatomy will largely

determine how much, how fast, antiat range of particles silver carp can consume.

Although many filtering fishes possess greatly modified gill rakers, the high rate
of consumption (Solomon et.&016, Zhou et aR011) suggests that the greatly
modified filtering plates of silver carp még even more efficient than any previously
described. The filtering plates continue dorsally along the entirety of the branchial arches
until they reach the epibranchial organs. At this point the modified gill rakers enter the
paired epibranchial organisside the epibranchial organs food is aggregated into a bolus
that is moved to the triturating pharyngeal teeth and pharyngeal pad. The palatal organ,
filtering plates, and paired epibranchial organs work together during filter feeding in
silver carp. Hez we present a detailed anatomical treatment of the trophic apparatus in
silver carp highlighting the novel structure of the epibranchial organ. Using typology set

by Bertmar et al. (1969) and Nelson (1967) we will both classify the epibranchial organ



in Hypophthalmichthys molitrigand propose a functional hypothesis based on anatomical
features explaining how minute particles are aggregated and moved to the pharyngeal

jaws.

Material and Methods

Samplecollection and grossanatomy

Frozen specimens of adisilver and bighead carp were received from James
Lamer at the Kibbe Field Statiowestern lllinois University. One juvenile sample
(100mm) was provided by John Chick of National Great Rivers Research and Education
Center. This specimen was used onlydase of CT scanning the entire head of a silver
carp.Gross dissection of adult silver carp (N=20; 4@W0 mm SL) focused on the
epibranchial organs and supportive musculoskeletal elements within the buccal cavity. To
visualize morphological changes betmn the filtering plates on the branchial arches
compared to those inside the epibranchial organ gill raker plates from the branchial
arches and from inside the epibranchial organs were removed and cleared and stained

following a modified Kimmel (2007) ptocol and imaged with Keyence, vhx 5000.

Histology

One juvenile sample (190mm SL) was provided by Chris A. Taylor (curator of
Fishes and Crustaceans at the Prairie Research Institute, and Illinois Natural History
Survey) and collections manager DamMé@lie and arrived fixed in a 10% formalin
solution.Adult samples (>600mm SL) were provided by James Lamer at the Kibbe Field

Station, Western lllinois University and arrived frozen. Histological samples of



epibranchial organs were taken from two late sfagenile silver carp (190mm SL) and
eight adult silver carp (600200mm SL). Samples were decalcified in Fisher Chemical
CalEx® solution for 26 hours depending on size. Specimens were then infiltrated with
JB-4 following the protocol set out by Electrdllicroscopy Science Embedding media
protocol. Samples embeddedindB wer e sectioned at 20m and s
methylene bluebasic fuchsin stain. Other samples were embedded in paraffin.
Specimens were initially fixed in a 10% buffered formaliluon and brought through a
graded ethanol series. Samples were then infiltrated with xylene until just transparent at
which point samples were transferred to 100% warm paraffin. Samples underwent 4
rounds of paraffin infiltration before embedding in frggraffin. Those embedded in
paraffin were sectioned at 8um and stained with Milligan's Trichrome, Hematoxylin and

Eosin, and/or Cresyl Violet.

Scanningelectron microscopy

Scanning electron microscopy (SEM) was used to visualize the epithelial
architec¢ure of the filtering plates both inside and outside of the epibranchial organ. Gill
arches and their attached gill raker plates were removed from silver carp specimens
(N=2; 190 and 350mm SL). Fixed gill rakers were bisected along the branchial arch in
order to clearly visualize both the inner and outer epithelial topography. Modified gill
rakers were removed from inside of the epibranchial organ. Samples were fixed in a 2.5
% paraformaldehyde /glutaraldehyde in 0.1M Cacodylate buffer (pH 7.4) solution.
Samples were then placed in a dehydration series and left in 100% EtOH until processed
soon thereafter. Samples that had previously been fixed in formalin and placed in 70%

EtOH were dehydrated through a graded series of ethanol.



MicroCT

eCT scans were used to visualize the
anatomy, illuminating the three dimensional structure that was impossible to visualize
clearly with only dissection and histology. Epibranchial organs (N=4) dissected from
silver arp >800mm were fixed and subsequently stained with 10% PTA for up to 3
weeks. As the majority of the epibranchial organ is formed from soft connective tissues,
contrast staining was required for the visualization and differentiation of said tissues.
Individual samples were subsequently wrapped in cheesecloth soaked in 70% ethanol (to
avoid drying out), packed tightly into a 3D printed PLA plastic cylinder, which was then
fixed to a 3D printed stand. Specimens were scanned in a Bruker Skyscan 1173 at the
Karel F. Liem Bieclmaging Center at Friday Harbor Laboratories with a resolution of

18um. Scans were then segmented using Mimics 20.

Results

Palatal organ

The palatal organ extends from the anteriormost end of the buccal cavity to the
posterior pharynx, teninating just before the esophagus. The palatal organ covers both
epibranchial organs and extends dorsally towards the back of the pharynx, wrapping
underneath the infrapharngeobranchials surrounding the body of the epibranchial organ
and providing a slig-like support. Each palatal fold extends ventrally and slots in
between a set of two large filtering plates (extending from each branchial arch) into an

intra-gill raker space (Figurgé.1A).
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The palatal organ is composed of four elongated, bilateratyrstrical palatal
folds and one midline fold that expands posterolaterally into a triangular shape (Figure
1.1B). The caudal base of this triangular structure abuts the pharyngeal chewing pad on
the basioccipital (Figure.1B, arrow). These discrete palafialds extend ventrally with
each interdigitating a set of filtering plates (FiglireA) with the triangular fold slotting
between the bilaterally paired fifth set of filtering plates. The palatal folds are thinnest in
depth at their anterior extremedhave they begin immediately posterior to the eye, and at
their dorsal extremes as they enter the epibranchial organ. The interior of each fold is
composed of thin, muscle fibers contained within loose connective tissue, while the outer

layer is composed afratified epithelium (Figure.1E).

The muscular inner core of the palatal folds (Figui€C) contains alternating
layers of muscle fibers running in largely anteroposterior (longitudinal) and mediolateral
(transverse) directions (Figut€lD, boxes)Anteroposterior arranged fibers run parallel
to the filtering plates. The perimeter of the palatal fold where muscle fibers are adjacent
to the epithelium shows a much more complex anatomy, with some fibers penetrating
into the stratified epithelium. Moreer, the layer adjacent to the epithelium bears many
long, kinked muscles running parallel to the epithelium (Figute,Jarrow).Notably,
the epithelium shows areas of localized thickening adjacent to where such kinked

muscles are found.

Modified filtering and epibranchial plates
Silver carp are characterized by highly modified filtering plates extending along

the entire branchial arch (Figute2A) composed of fused adjacent gill rakers. Two sets
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of gill raker plates extend from the branchial archesting an acute 3¢hape (Figure

1.1A). The inner face (adjacent to the palatal folds) and outer face (adjacent to water
flow) of these gill raker plates are morphologically distinct. The inner face is composed
of a netlike matrix and the outer face is cposed of a porous epithelium containing a
number of parallel channels studded with differently sized openings and pores. A food
transport groove is formed where the filtering plates insert on to the underlying branchial
arch (Figurel.1A). Filtering plateextending from branchial archesiZontinue up the
ceratobranchials to the epibranchials and enter the epibranchial organ along the
dorsolateral edge of the pharyngeal cavity (Figut® larrowheads). Unlike the filtering
plates from arches-2, in thefirst branchial arch only the medial filtering plate extends
into the epibranchial organ while the lateral plate terminates outside of the epibranchial
organ. A small strand of connective tissue extending from the most dorsal aspect of the

palatal organ gerates the lateral filtering plate from the epibranchial organ.

As the filtering plates approach the epibranchial organ they shorten in height and
begin to evert, turning the distinctiveshape into an Mhaped structure bringing the
food transport gpove to a more dorsal, and exposed position within the epibranchial tube
(Figurel.2B & C). Filtering plates retain a similar bony morphology inside the
epibranchial organ as they do on the branchial arches, albeit at a greatly reduced size.
However, theepithelium on the outer face of the filtering plates extending from the
branchial arches is porous (Figur€D), whereas inside the epibranchial organ the outer
epithelium is smooth (Figure2E). These modified plates spiral into the epibranchial
organvia five discrete entrances at the dorsolateral extremes of the pharyngeal cavity

(Figurel.1B, arrowheads). Each set of modified gill rakers makes a characteristic

12



number of rotations with the first set making the shortest rotation and the fourth land fift
set making two complete rotatiorighe first two sets of modified gill rakers are 40 mm in
length while the third, fourth, and fifth sets of modified gill rakers are 50mm in length
(N=3). After a set number of rotations these modified gill raker platesinate into a
blind-ended, mucusecreting center deep within the body of the epibranchial organ. The
largest of these terminal sacs are found at the end of the first two tubes. Both gross
dissection and CT scans revealed that food particles are arljoewmd on food

collection grooves of the gill rakers or within the bladded mucus secreting center; the
greatest amount of food is found within the food transport groove of the third and fourth
sets of epibranchial aggregating plates. Modified giéra that enter the epibranchial

organ are held in place by a thin layer of connective tissue.

Epibranchial organ morphology

The epibranchial organs in silver carp are bilaterally paired, bstregded
structures formed by dorsal invaginations of phgeal tissue that make up discrete
tubes, each surrounded by muscle, and supported by cartilaginous plates, penetrated by
modified gill raker plates, with terminal sacs filled with mucus and food. Four
independent invaginations create four independent blinigd tubes (into which each of
the sequential gill rakers inserts). Each of these invaginated epithelial tubes is surrounded
by skeletal muscle and supported by a partial casing of hyaline cartilage. The outer shell
of the epibranchial organ is composd#dour individual and interlocking extensions from
the infrapharyngeobranchials of the first four branchial arches (Figd&¢ and is

composed of thin hyaline cartilage. Importantly, the first four branchial arches support
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the epibranchial organ. Based several large adults (N=5) the anterior end of the
epibranchial organ is approximately 3 cm wider than the posterioSamze the
epibranchial organs are bilaterally symmetrical we will describe the anatomy of a single

organ.

Four expanded and rigidfrapharyngeobranchials curve around the soft body of
the epibranchial organ, creating an outer cartilaginous shell (Figskg Importantly,
the first infrapharyngeobranchial is further modified into a solid cartilaginous cap on the
anterior face of tls barrelshaped organ (Figute3B). Thin cartilaginous plates
extending medially from the infrapharyngeobranchials into the body of the organ separate
adjacent tubes from one another within the epibranchial organ (Rig@@ebox). While
the peripheralrifrapharyngeobranchials are composed of hyaline cartilage (Higie
B), the sheets of cartilage acting as partial walls between adjacentebtied epithelial
tubes range from cefich to matrixrich cartilage (Figurd.4A). Cell-rich cartilage is
present in between large pieces of hyaline cartilage and is connected to the large sheets of
hyaline cartilage via thick connective tissue (FiguB, inset). Deep within the
epibranchial organ the first three tubes are completely independent of oneranoth
however, at the far dorsmedial extreme of the epibranchial organ the adjacent

infrapharngeobranchials and the gill raker plates that spiral into these tubes slightly abut.

The blindended tubes of the epibranchial organ are lined with an epithetbm r
in goblet cells (Figuré&.4F) and ultimately end within a mucggcreting center with an
even greater number of goblet cells, macrophages, mechanosensory cells, and eosinic
granule cells (EGCs). Two discrete types of muscle tissue are found witlmether of

the EBO. Immediately surrounding each epithelial tube is a thick layer of skeletal muscle

14



(Figurel.4A, thick layer of cells stained blue surrounding lumens of epithelial tubes;
1.4E individual muscle fibers showing sarcomeres inside the ebia organ). Packed
between these tubes is muscular tissue that is histologically similar to that of the palatal
organ characterized by abundant adipose tissue and muscle fibers running in different
directions. The vagal nerve clearly innervates thiy{fauscular layer of the epibranchial
organ. Finally, the fourth and fifth tubes and their associated modified gill rakers merge
together deep within the epibranchial organ, forming a continuous tube that opens on to

the pharyngeal chewing pad (FigurdG, arrowhead within box).

Overview of theentire feedingapparatus

The trophic apparatus of silver carp is composed of three initially distinct
elements that later become anatomically and functionally tied together: modified filtering
plates that extenadm the branchial arches (FiguteA), a large and greatly modified
palatal organ (Figur&.1B), and a pair of epibranchial organs (Figlu®A). Each
infrapharyngeobranchial creates the outer shell that covers the entrance into the body of
the epibranctal organ for each modified gill raker plate. Five sequential filtering plates
enter the epibranchial organs, completing a set number of rotations before terminating
into blind-ended sacs completely lined with mugusducing goblet cells. The largest of
these blindended sacs are found at the ends of the first two tubes (Rig@®&ox).
Interestingly, the first two sets of modified gill raker plates within the epibranchial organs
are the same length while the third, fourth, and fifth set of modifiedgakerslightly

longer and complete more rotations. The fourth and fifth plates are enclosed within one
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continuous tube where the fifth plate leads directly to the triturating pharyngeal teeth and

chewing pad (Figuré.4G).

The palatal organ wraps aroune trentral surface of the paired epibranchial
organs (Figurd..5D) and extends to the anterior end of the buccal cavity. Nine large
muscular folds (Figure.1B) extend ventrally from the organ and interdigitate with the
intra-gill raker space (in the middtef the \-shaped plates) of the filtering apparatus
(Figure 11A). The most dorsolateral aspect of these folds continue into the epibranchial
organ (Figurel.5D). Modified gill rakers spiraling into the epibranchial organ are
initially connected to the moslorsal end of the palatal folds via connective tissues,
however, this connection is broken once the gill rakers have fully entered into the body of

the epibranchial organ.

Enlarged and modified opercular muscles insert on the anterior cartilaginous cap
of the epibranchial organ (Figute6C) in silver carp. The two largest and most notable
muscles are the levator arcus palatini (LAP) and the adductor arcus palatini (AAP). The
levator arcus palatini originates from the sphenotic spine of the neurocrantuimserts
on the entire lateral & of the hyomandibula (Figure A Fibers from the dilatator
operculi (DO), that originates from the dorsal extreme of the hyomandibular and frontal
bones, also insert on the opercle and preopercle. The dilatatoulbgentinues to
extend ventrally and fuses with the adductor arcus palatini (AAP). The adductor arcus
palatini (AAP) originates from the neurocranium and inserts on the entire medial face of
the hyomandibula (Figurk.6B). The hyomandibula is tightly fed to the opercular
elements via both taut ligaments and an overhanging bony process from the opercle

(Figurel.6A) with both skeletal elements attached to the epibranchial organ by the AAP
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(Figurel.6C doubleheaded arrows), creating a tight muscular eation between the
opercular series and the epibranchial organ (Figjé). Thus movement of the
hyomandibula and associated opercle would translate to expansion of the epibranchial

organ.

Finally, enlarged branchial muscles insert on the supporting
infrapharyngeobranchials and epibranchials, anchoring the epibranchial organs to the
neurocranium. Levator interni muscles attach to the levator process of the each
epibranchial, while levator externi muscles insert on the amtexhal face of the
infrapharymeobranchials. The obliqui dorsales (OD) attaches adjacent epibranchials to

the proceeding infrapharyngeobranchial in series.

Discussion

Overall trophic anatomy

The trophic apparatus of silver carp is composed of three initially distinct but
ultimately functionally coupled structures: bilateral epibranchial organs, hypertrophied
palatal organ, and modified filtering plates. The filtering plates and epibranchial organs
function as the filtration and aggregation apparatus respectively, however the exact
function of the palatal organ remains unknown. The palatal organ, present at the base of
Cypriniformes (Hernandez and Staab, 2015), is a thick cushion of diffesezeiy
muscle fibers surrounded by a taste4stitlded epithelium located on the roof of the
mouth (Sibbing, 1982). Within both goldfish and carp this structure has been shown to
play an important role in sorting prey from substrate during benthic feeding (Finger 2007,

Sibbing, Lamb & Finger 1993, Sibbing 1982, Callan & Sanderson 2002). The palatal
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folds of silver carp are perhaps the most specialized elaboration of the palatal organ yet

described within Cypriniformes.

While other studies (Finger 2007, Lamb & Finger 1993, Sibbing 1982, Callan &
Sanderson 2002)ave described an increased topogragitthe pharyngeal roof within
some cyprinids, the muscular folds seen in silver carp have not previously been described
in detail. The combination of small packed fibers and open spaces filled with blood
vessels suggests that these folds may be funcgj@smmuscular hydrostats. Such
hydrostatic folds could be used to move food along the food transport groove (formed
where the filtering plates attach to the branchial arches) and into the epibranchial organ.
Alternatively, movement of these folds may cale®alized pressure differentials within
intra-gill raker spaces (FigureZiA) that could manipulate fluid flow along the length of
the filtering plates aiding in particle capture and/or retention. Of course these functions

are not mutually exclusive.

Thefiltering apparatus of silver carp is composed of serially arranged filtering
plates extending from the branchial arches and continuing into the epibranchial organ.
Small particles of food that enter the buccal cavity may be filtered out by any of these
filtering plates and by extension, particles of food may enter the epibranchial organ at any
of the five entrances that the modified gill raker plates spiral into. Once inside the
epibranchial organs the filtering plates change in esestional shape angieelial
morphology, suggesting a concomitant change in function. Plates that initially functioned
as filters must now transport particles through the tubes of the epibranchial organ during
aggregation. Patrticles of food are found within the food trahgpoove with most food

within the third and fourth set of filtering plates. Although the lumen inside the
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epibranchial tubes is rather large (FigiréC, 1.4A) particulate matter is only ever found
adhering by mucus to the modified epibranchial platéis thie greatest amount of food

consistently found within the third and fourth tubes.

After filtration particles of food are aggregated by the bilateral epibranchial
organs that lie immediately dorsal to the branchial arches. Each epibranchial organ is
composed of four discrete tubes created by the four infrapharyngeobranchials. The
terminal end of each tube is a blind sac filled with abundaiplet cells with the first two
sacs being the largest (Figur®B). Contrary to results published by Hansenl e2915)
no taste buds were found inside the epibranchial organ. The larger blind sacs at the end of
first two tubes (coupled with the shorter modified gill rakers and lack of food within
these tubes) suggests that the primary function of the first tves is mucus production
required to effectively clear food from the epibranchial organ and on to the pharyngeal
pad. This sort of division of labor among anterior and posterior epibranchial tubes may

explain how such a complex epibranchial organ may havieed.

In most species with specialized aggregating organs only the posterior arches are
involved in aggregation of particles, whereas anterior arches are solely involved in
filtration. Here, we suggest that the anterior arches may have become incaf pat@at
the epibranchial organ but have become specialized for more effectively moving food
particles through this greatly expanded structure. Additionally, in other epibranchial
organs regardless of how many branchial arches are involved, elementsfieoemd
arches have combined to form one continuous tube. In silver carp each tube is more or
less independent, suggesting that during the evolution of this structure there was a

concomitant division of labor and increasing modularity where the primacyiéun of
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the anterior tubes is mucus production and storage, while posterior tubes become

specialized for food aggregation.

A noveltype of epibranchial organ

We suggest that the extent of morphological variation between the epibranchial
organ of silveicarp and all others so far described is sufficient to constitute a new type of
epibranchial organ. Boulenger (1901) and Fang (1928) both noted the complex anatomy
of the epibranchial organs ih molitrix andH. nobilishowever a clear description of
their functional anatomy is still absent from the literature. In their synthesis, Bertmar et
al. (1969) stated that the silver carp epibranchial organ was considerably different from
those previously described but it was unclear whether this organ was houosolodgbe

epibranchial organs found in other teleostean fishes.

The synthesis of epibranchial organs in teleostean fishes provided by Bertmar et
al (1969) identified seven types of epibranchial organs based on gill raker involvement,
the shape and size thfe supportive epibranchials, and the number of tubes (sensu whorls
or channels of Bertmar et al. (1969) within the organ proper (Figdre Remnant and
Type 1 organs are considered to be the least complex and are described as an expansion
of pharyngeatissue that is supported by a slightly modified fourth epibranchial. As
epibranchial organs increase in anatomical complexity the fourth and fifth epibranchials
become more robust and vary in their overall shape to support larger whorls. Such
examples inlude the greatly hypertrophied fourth and fifth epibranchiaBrefoortia
tyrannus(type 6) and the spiraling epibranchial orgateterotis niloticugtype 3)

(Bradford et al1986, Bauchot et a1993, Bertmar et all969). Despite anatomical
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complexty epibranchial organs are intimately involved with the filtering apparatus and
have been proposed to play a vital role in aggregation or storage, suggesting a similar

function across epibranchial organs despite significant morphological diversity.

Impotantly, the 6Typed of epibranchial orga
an increase in anatomical complexity, i.e. a Type 2 organ is not inherently more complex
than a Type 5 orgaMoreover, there is no correlation between a particular type and
when ttat organ may have evolved, thus these types convey neither implicit nor explicit
phylogenetic information. It should be noted however that Clupeiformes has the most
species with epibranchial organs and the greatest diversity of specific types (Ffgure
Bertmar et al1969, Nelson 1967, Nelson 1967). Remnant and Type 1 organs are small
outpocketings of pharyngeal tissue that terminate just before the third branchial arch with
gill rakers fully or partially incorporated, and the fourth epibranchial oty
modified. Type 2 organs are characterized by a continuous tube that opens up into the
pharynx with a distinct entrance and exit. Type 3 (or spiral type) organs are similar to
Type 2 and have a continuous opening to the pharynx, however Type 3 argans
seemingly more complex characterized by the tubes completing at least one full rotation.
The most notable Type 3 organ is thaHeterotis niloticugBertmar et al1967,

Bauchot et al1993, Bradford 1986) which is characterized by multiple spgdbops. In
Type 4 organs the epibranchial bone is greatly expanded however the soft tissue
components comprise merely a small slit or outpocketing of pharyngeal tissue. Type 5
organs are described as blind ended canals with an anterior expansion of@alaryn
tissue dorsal to the third branchial arch, with the tube of the epibranchial organ ending

blindly just before the pharynx with no clear exit. Gill rakers are either fully incorporated

21



or terminate just outside of the entrance. Type 6 organs arerdiidath Type 1 and

Type 5 organs; a large expansion of pharyngeal tissue that ends blindly with no exit to the
pharynx. However, within Type 6 epibranchial bones and gill rakers that are incorporated
are incredibly modified. Finally, Type 7 organs are thost distinct of those classified as
they are composed of leblke lobuli and have only been found@itharinus citharus

(Bertmar et al1967).

In fishes with an epibranchial organ thiél rakers extending from the fourth
ceratobranchial continue mthe organ proper (Bertmar et 8969) and tend to be
shorter or otherwise modified compared to those present on the first three
ceratobranchials (Bertmar et 4669, Bertmar 1961, Miller 1969). Each type of
epibranchial organ is supported by modifiedrth and/or fifth ceratobranchials and
epibranchials (Bertmar et.dl969, Nelson 1967, Pasleau et24109, Bertmar 1961,
Miller 1961, Balart 1985, Bradford 1986), with the epibranchials modified intdikee
shapes that vary greatly across speciestifi@aret al 1969, Nelson 1967, Pasleau et al
2009, Miller 1969). The modified fourth epibranchials support the posterolateral to
posterior edge of the epibranchial organ (Bertamar. &98l7, Nelson 1967, Nelson

1967, Miller 1969, Pasleau et aD09).

The epibranchial organ éfypophthalmichthys distinct from those in other
teleosts in a number of key aspects. Rather than being supported by the fourth and fifth
epibranchials, the epibranchial organ of silver carp is supported by the first four
epibranchials and infrapahrygeobranchials. The involution of pharyngeal tissue at each of
the four infrapharyngeobranchials creates four discrete tubes inside the epibranchial

organ. Unlike other epibranchial organs, such as thosetefotis niloticus or

22



Brevaortia tyrannuswhere the tubes are continuous (similar to a snail shell; Bertmar et

al. 1969, Bauchot et a1 993, Bradford 1986), the first three spiraling tubes of the silver
carp epibranchial organ are independent of each other (i.e. similar to afstaek

shells). The final tube housing modified plates from branchial arches 4 and 5 do however
form one continuous tube. Such a morphological pattern suggests that the EBO of silver
carp likely evolved via incorporation of anterior tubes coupled wittreased division of

labor and thus increased functional modularity. Given this increased area of aggregation
made possible by the addition of more branchial elements we suggest that the
epibranchial organs of silver carp can more efficiently process pardltles, explaining

how they are able to outcompete native species for food.

Functional model

Very little is known about the mechanisms that control aggregation within any
type of epibranchial orgaR.articles of food that enter the epibranchial orgames
hypothesized to do so via the modified gill rakers (Fang 1928, Boulenger 1901, Bertmar
et al 1969) and in silver carp abundant particulate matter is found within both the food
transport groove with the greatest amount found within the epibranchéad.drge
epibranchial organ then aggregates these particles into a bolus that is moved to the
pharyngeal chewing pad and associated jaws. Aggregation is an integral component of
efficient filtration and indeed many filtering fishes accomplish this taskigirdlow
manipulation. For example, paddlefish aggregate particles usingfloesdtration a
mechanism in which particles of food are tangentially sheared from the incoming

streamline of flow (Sanderson et 2001, Bott et al2000, Sibanda et .e001) resulting
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in said particles being aggregated at the posterior end of the pharynx (Sanderson et al
2001, Bott et al2000, Sibanda et.@&001) where they can be more easily swallowed.
Indeed, filtration mechanisms such as cit®& and hydrosol filtation effectively filter

and aggregate particles of food towards the back of the pharynx (Smith and Sanderson
2007, Bott et al2000, Sibanda et.&2001). Modified gill rakers and adhering mucus

work to increase inertial forces that lift particles outha incoming streamline of fluid,
effectively aggregating particles towards the back of the pharynx (Smith and Sanderson

2007, Paiglran & Summes 2014).

Mucus is thus considered an integral part of aggregation both during and after
filtration. In addition to increasing inertial forces during crdksw filtration mucus may
act as a sticky surface increasing the encounter rate of particles with filtering surfaces
within the buccal cavity, playing a key role in the capture of particles that are smaller
thanthe filter (Sanderson 1996, Friedthh985). Both preand posffiltration mucus
works to aggregate particles of food. Similar examples of mucus involved in particle
aggregation is seen in invertebrates where species are characterized by the unique ways
that they go about pumping, filtration, and aggregation (Jorgenseri@84|Riisgard
1988. In mucusnet sieving chordates and mollusks particles suspended in water and
pumped through the pharynx are trapped on a mucus net (Jorgensd®@4 Riisgard
1988. Cilia then transport this foestudded mucus net into the esophagus (Jorgensen et

al. 1984 Riisgard 198%

Silver carp are hypothesized to be pump filter feeders, continuously pumping
fluid through the buccal cavity by abducting and adductegaperculum (Solomon et al

2016, Drenner and Kettle 1982). Pump filtration requires pulses of negative pressure to
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continuously bring partickaden fluid through the buccal cavity (Sanderson and
Wassersug 1990, Sanderson efl@b4). Such pump filtersrcontrast with the ram
suspension feeders that swim forward with their mouths held open while using this
generated velocity to move fluid through the buccal cavity and over the filtering
structures (Sanderson and Wassersug 1990, Sanderson et al. 1§94aiP& Summers
2014). Importantly, such flow through the mouth is thought to be laminar and aid in
reducing drag and saving energy in active suspension feeders (LaBarbera 1984).
Alternatively, during buccal pumping pulsed water flow is created as operaukcles
contract causing pulsatile expansion and compression of the opercular series and

hyomandibula, which is coupled with depression of the jaw (Lazzaro 1986).

In silver carp, the same hypertrophied opercular muscles used in pumping not
only stretchacross the entirety of the hyomandibula and opercular series but also attach
directly to the anterior cap of the epibranchial organ. The levator arcus palatini (LAP)
inserts along the entire lateral face of the hyomandibula, and the adductor arcos palati
(AAP) not only envelops the entire medial face of the hyomandibula but also connects
the hyomandibula directly to the epibranchial organ. This strong muscular connection
suggests that the force generated by these muscles during pumping may be tldnsferre
the epibranchial organ thus compressing and expanding this organ (ERyreWe
hypothesize that as silver carp abduct and adduct their operculum (and firmly affixed
hyomandibula; Figuré.6) the epibranchial organ is also abducted and adducted in
anteroposterior direction much like an accordian (Figuga). Given both the flexible
nature of the internal cartilaginous sheets (formed frorario#licartilage) as well as the

overlapping architecture of the external hyaline plates (that encaspilinanchial
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organ) adjacent, particladen gill rakers could fully overlap and transfer food laterally
along the dorsanedial edge of the epibranchial organ until reaching the fourth and fifth
tube where food would spiral through a continuous tube =ihdieectly onto the
pharyngeal pad (Figure8C). Crucial to this functional hypothesis is the anatomical
determination (Figuré.4) that the epibranchial organ can be compressed in an

anteroposterior direction similar to ancordion

Previous work onilter-feeding fishes has shown that aggregation condenses
extremely small particles of food into a wekmed bolus effectively increasing filtration
efficiency (Friedland 1985, Hoogenboezem & Boogaart 1993). Minute particles of food
entering the epibrahéal organ must be kept from-emtering the water flow within the
buccal cavity which would cause these particles to becorsesmended in fluid. Indeed,
the base of the triangular 9th fold of the palatal organ (Figdi) Abuts the dorsal
chewing padf the silver carp effectively constraining the slurry of mucus and
aggregated particles within a closed fleshy chamber where further trituration by the
pharyngeal jaws can occur without risk of losing particles, again potentially increasing
feeding efficency. The guts of silver carp are commonly packed fully with particles of
food and mucus (Cremer & Smitherman 1p80ggesting that the epibranchial organ is
able to effectively aggregate particles before said particles are brought to the pharyngeal
jaws,and the significant modifications of the palatal organ assure that these aggregated

particles do not become resuspended in fluid.
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Chapter 2: Making a masterfilterer: ontogeny ofspecialized filtering plates insilver
carp (Hypophthalmichthys molitrix)
Introduction

The invasivesilver carp,Hypophthalmichthys molitrphas infested theatural
waterways of the upper Mississipphe River bas
early 1978. Although initially introduced to help control algal bloom$daderal and
private fish fams (Cremer & Smitherman 1980)ver carp and its sister specieghead
carp escapkand invaded natural waterwaasd currently pose a major threat to the
Great Lakes (Freedman et al. 200i&;0 et al. 2017Walleser et al. 2D4). Silver carp are
planktivorous filter feeders and consume patrticles freé?@d m as wel | as | arge
zooplankton that are around 80n(Battonyai et al. 2015, Cremer & Smithermar8Q,9
Zhou et al. 2009); efficient consumption of this broad range of particles alleerscarp
to outcompete both native vertebrate and invertebrate féléeler{ Freedman et al.
2012. Competing directly with large native fish, such as paddlefish and gizzard shad, as
well as with smaller invertebrate filter feedesibjer carp have the potential to cause
enormous damage to native waterways by limitivgjlable resourced-reedmaret al

2012.

The filtering apparatus in bony fishes is composed of gill rakers which are
laterally-directed, bony combke structures that extend from the ceratobranchials and
epibranchials (Bertmar et al. 1969, Lazzaro 198@yiations in gill raker morphology
correlate with feeding habit, ontogeny, and filtration mechanism (Almeida et al. 2013,
Friedland 1985, Lazzaro 1987, Nelsor6ZP Gill rakers initially develop as cartilaginous

protrusions from the ceratand epibraohial. Throughout ontogeny these structures
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ossify, increase in density along the branchial arches, and change in their basic
morphology (Almeida et aR013). Although there are broad similarities between the
morphology of many filter feeders and amonggniles and adults of the same species,
specific differences in morphology the gill rakersarise throughout ontogeny and

typically correlate with diet compositioG{bson 198, Almeida et al. 2013).

For example, manylgpeiform filter feeders (sisteotOstariophysijend to have a
single row of thin, evenly spaced, co#ilkte rakers with many species possessing
secondary modifications such as denticles that aid in efficient prey capture (Lazzaro
1987,Almeida et al. 2013)Similarly, bighead carp, thester species dlver carp, as
well as the unrelated paddlefish, have elongated gill rakatsilter by means of either
direct sieve or cross flow filtration (Jennings 198&jith and Sanderson 2013he
adult gill rakers of #ver carp are complexgreatly elongated filtering plates composed of
densely packed gill rakers that are stitched together via bone and covered by a thick
porous epithelium. Furthermore, there are two sets of gill rakers ex¢eindin the
branchial arches inilger carp; thes two contralateral sets attach to the ceratobranchial

and epibranchial bones and create-shédped structure (Fige2.1A).

The filter feeding and condensing apparatusileér carp is composed of three
major structures all located immediately ventealtte neurocranium: (1) paired
epibranchial organs (EBp(Boulenger 19013urrounded by a (2) palatal organ with
muscular folds that extend ventrally and interdigitate the (3) greatly modified, filtering
plates composed of fused gill rakers (Fig21). The epibranchial organs are bilaterally
paired, barrebhaped structures that condense food that has been captured by the gill

rakers and releases a bolus of food onto the pharyngeal jaws (Nelson 1967, Miller 1969,
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Bertmar et al. 1969). The greatly moddfigill rakers extend throughout the entire buccal
cavity lining the entirety of the ceratobranchial (CB) and epibranchial (EB) bones and
ultimately winding into the EBO. Although previous research has described parts of the
feeding anatomy ddilver carp Battonyai et al. 2015, Hansen et al. 2014, Jirasek et al.
1981, Walleser et al. 2014) an ontogenetic study detailing the develophtleat

filtering apparatus inilver carp has not been previously undertaken.

Here we describe the morphological developtre# the gill rakers of silver carp
to understand how gill rakers that are initially reminiscent of marey féeding teleosts,
including bighead carp, can during development diverge into distinctive fused filtering
plates. Gill raker anatomy has ofteeen studied to understand the functional
morphology and evolution of filtration mechanisms within filter feeding fishes (Lazzaro
1987,Langeland & Msst 1995 Nelson 187, Ross et al. 2006). Based on the
developmental pattering of gill rakers in other osean fishes we hypothesize that the
gill rakers of silver carp will follow a similar pattern and begin as ctikeébcartilaginous
protrusions eventually diverging from that morphology to form fused filtering plates.
This fused filtering plate has allowsdver carp to feed on a wide range of particle sizes
(Battonyai et al. 2015, Cremer & Smithermar8@3Zhou et al. 2009) outcompeting

native species, allowing silver carp to become a destructive invasive species.

Materials andviethods

Sample collectionand clearing and staining

Specimens were provided by the Great Rivers Field Station in Grafton, IL. Specimens arrived

fixed in a 10% unbuffered formalin solution and were transferred and held at 70% EtOH. silver
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carp samples (15mm SB50mm SL) and bighel samplesl62mm, 860mm, 900mm $L
were cleared and stained using a protocol modified from Walker and Kimmel (2eajed
and stained samples were imaged with Keyence VHX 5000 light microgs el

scan ofa180mm SL silver carp specimen wastainedusing a Bruker Skyscan 1173 at
the Karel F. Liem Bidmaging Center dridayHarbor Laboratories. Scans were then
reconstructed and segmentesing Amira. Lengths reported were taken from pictures

using Image J.

Scanning Electron Microscopy

Scanning elelcon microscopy (SEM) was used to visualize the epithelial
elements of the first branchial arch within an ontogenetic sefigib/er carp
Ontogenetic stages chosen for SEM {330mm SL) were based on significant changes
in skeletal anatomy as deterrathby specimenthat had beenleared and stained.
Samples were fixed in a 2.5 % paraformaldehyde /glutaraldehyde in 0.1M Cacodylate
buffer (pH 7.4) solutionkixed gill rakers were bisectetbag the branchial arcio
clearly visualize both inner and eufaces forepithelial topographyimmediately before
being dried amples were placed in a dehydration serieshatdiin 100% EtOH.
Samples that had previously been fixed in formalin and placed in 70% EtOH were
rehydrated through a series of ethanakthesand placed in 2.5 %
paraformaldehyde/glutaraldehyde in 0.1M Cacodylate buffer (pH 7.4) sofatiseveral
days and subsequently dehydrated in 100%t Little difference was notdoetween
the two methods. Samples were critical point dried with,S@utter coated with gold

palladium, and visualized with a scanning electron microscope (Leo 1430VP).
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Histology

Histological samples were takat key ontogenetic stages ilver carp (20mm,
40mm, 80mm, 350mm SL) and aduigbead carp (1153mm SL) to exsa differences
in epithelial and bony composition. Samples >3008L were decalcified in Fisher
Chemical CaEXx® solution for 26 hours depending on size. Specimens were then
infiltrated with JB4 according tdhe Electron Microscopy Science 38 Embedihg
media protocol. 2 sectionsveer t aken and st ai nelde-Basict h Leeds

Fuchsin stain.

Results

General architecture of the adult gill raker plates

Gill rakers of adulsilver carp were composed of paired plates formed from the
fusion of ndividual gill rakers. The medial and lateral gill raker plates attached at an
acute angle to a foelansport groove that ran dorsal to the ceratobranchial and created a
V-shaped structure (Rige2.1A). Both ceratobranchials and epibranchials were greatl
elongated and the distal tips of the epibranchials were curved to spiral into the complex
epibranchial organs on the ventral face of the neurocrariiigure2.1B,C). Unlike for
other branchial arches only one gill raker plate extemaedthe 5th ceratbranchial and
epibranchiabndthus did not create the sameskape as seen in branchial archds 1
The fourth and fifth ceratobranchials were fused together at the amteti@l portion of
the buccal cavity. Paired epibranchial organs (EBO), situate¢deoventrolateral side of
the neurocranium, were surrounded by a muscular palatal organ. The palatal organ of

silver carp had large folds that extended ventrally and interdigitated thegihtraker
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space between the medial and lateral gill rakeepléigure2.1A, D).

The inner and outer faces of the gill raker plates, as well as the medial and lateral
platesthemselvesywere morphologically distincHgure2.1A). The inner face of the gill
raker platesvas comprised od netlike matrix formed obone and connective tissue
with the stitched gill rakers creating a filtering mesh with openings of about equal size,
approximately 45um in diametérhe outer face of the gill raker plat@asspongelike
in appearance with longitudinal and transvergendébone fusing together individual
gill rakers creating a complex bony scaffold. A porous epithelium covered the bony
scaffold, creating the distinctive fused filtering plates. Epithelium covering this bony
scaffold contained many muesscreting cellsurrounding the differently sized pores
found within channels throughout the outer face of the gill raker plates. Furthermore, at
any point along the arch, contralateral gill raker plates were not even in height or width.
Anteriorly, the lateral set of difakers, those closest to the operculum, were shorter in
height while the more medial set, those closer to the midline, were taller in height. As the
gill rakers continuedaudallyup the ceratobranchial towards the epibranchial, the lateral
set became liar in height while the more medial set became shoFigu¢e2.1A). Gill
raker plates were even in height only as they entered the epibranchial organ. This pattern
of offset gill raker platesharacterized all ontogenetic stagesstly, at the centeif the

branchial arch the lateral gill raker plate was consistently thicker than the medial plate.

Early growth and development of the qill rakers (15 25mm)

By the late larval stage (15mm SL) the entire pharyngeal skeleton was ossified

except for the cataginous elements at the junction between the ceratobranchials and
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epibranchials as well as around the infrapharyngeobranchials that encased the
epibranchial orgarDuring this early ontogenetic stage individual gill rakéxsnfy
lamellaesensulirasek etl. 1981)were slender and lanceolateshape. The rakers

extended perpendicular to the fewdnsport groove (running along the dorsal aspect of
theceratobranchiajsand continued up into the epibranchial orgeigure2.2A, B). Even

at this early atogenetic stage the biserialrranged gill rakers formed an offset V

shape, where the lateral set of gill rakers was initially taller than the medi&lgei(

2.2C). As the gill rakers had yet to stitch together we refer to them as gill raker sets rather

than plates.

From 1525 mm SL, individual rakers were covered by a thick epithelium that
showed no indication of epithelial stitchingdure2.2C versus 3C). By 25mm SL the
gill rakers had greatly elongated and increased in desisity the arch. SENNd
histological examination revealed that each individual gill raker was covered in a thick

epitheliumcontaining manynucussecreting cells (data not shown).

Juvenile growth and initial formation of the qgill raker plates (30-60mm)

Individual gill rakersstarted stitching together to form a filtering plate at
approximately 30mm SLHigure2.3). Initially, a thin string of epithelium on the outer
faces of the Wshaped structure fused togetbeveraindividual rakers Figure2.3C,
arrowhead). There was s@mn of epithelial stitching on the inner face of the gill raker
plates. At 30mm SL smadpiculesof bone were found extending from individual gill
rakers Figure2.3B). This sparse bone was the first indication of morphogenesis of fused

gill raker platesConsistent with the overlying pattern of epitheli(compard-igure
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2.3B and2.3C), bony stitching began at the center of the branchial &iglre2.3B,
arrowhead). By ~40mm SL the outer face of the gill rakers was covered by a thick,
porous epitheliumThis epithelium encompassed all gill rakers extending from the
branchial arches, creating fused gill raker plakégure2.4D). By the end of this
ontogenetic stage, the inner face of the gill raker plates was composed of epithelial
papilla (epitheliabrotuberancesenswirasek et al. 1981) that interlocked with one
another Figure2 4E, arrowhead), while the outer face was covered with a continuous

epithelium Figure2.4D).

From 4669mm SL secondary bone growth became increasingly robust
completelystitching together adjacent rakers along the entirety of theoearad
epibranchial Figure2.4A). Yet, his secondary bone did not completely span between
adjacent rakers. Rather, the bony protrusions inserted on a thin stretch of connective
tissue coveng the gill rakersKigure2.4B, ©), possibly allowing flexibility beveen
adjacent gill rakers. By 68m SL bone stitched together individual rakers from the most
anterior portion of the ceratobranchial to the dorsoposterior portion of the epibranchial.
The bony stitching ultimately formed a Aéde matrix that persisted throughout

ontogeny.

Later juvenile growth (70-130mm) reflected increased sculpturing of the filtering

plates via dermal ossification

By about70Omm SL growth of dermal bone longitadlly and transversally began
to modify the outer faces of the gill raker platEgy(re2.5A). Specifically, bngitudinal

dermal bone modified every 8th individual gill raker in a dersotral direction Eigure
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25A, doubleheaded arrow) while trans\ser dermal bone connected to longitudinal

dermal bone laterally. This growth of dermal bone created a rigid bony scaffold that
supported theverlying epithelium and associatpdres. Moreover, transverse dermal

bone connected the dermal modifications ef dluter face to the néke matrix of the

inner face Figure2.5B, arrowhead). Histological sections did not reveal any

cartilaginous precursors to these secondary bony modifications, strongly suggesting that
this bone was laid down through intramembranossification. Histological sections

further revealed that the outer epithelium was studded with abundant goblefigeits (

2 5E, arrows). Finally, mast cells/ eosinic granule cells (MCs/EGgsire5E, box)

were present adjacent to the epitheliurthatventral end of the gill raker plates.

Throughout ontogeny differential growth of dermal bone continued to reshape
the outer epithelial topography with which floauld ultimately interacduring feeding
The outer face of the gill raker plate comstsof differently sized openings that were
obliquely-oriented in respect to the underlying bony scafféidre2.5D). Large
columnlike openings were supported by the growth of longitudinal dermal bone at every
8" gill raker. Within the larger openings the outer face were smaller groelilee
perforations that varied in size along the entirety of the gill raker plate. Importantly, only
the largeropenings were supported by thaldup of longitudinal dermal bone, while the
smaller perforations were gported only by epithelium. In contrast to the topography of
the epithelium of the outer face, the epithelium that covered the inner face of the gill
raker plates did not change from earlier ontogenetic stages and was still composed of

epithelial protubenaces Figure2.5D, arrowhead).
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Anatomy of the adult fully functional filtering plates (>200mm)

Gill raker plates in the adults were composed of five major parts: 1) thikeanet
matrix of the inner face, 2) the dermal bari¢he outer face that attachtxdthe netlike
matrix of the inner face3) the outer porous epitheliym) the ventral foodransport
groove and 5) the fused dorsal tips of the gill rakers. The inner face of the gill raker plates
was composed of a bony Hiée matrix covered by a thiepithelium Figure2.6A-D)
containing many mucuygroducing cells. The ndike bony matrix was composed of
lateral bony spicules projecting from adjacent gill rakers; these abutting spicules were
separated from each other by a thin layer of connectisadifigure2.6C box). Unlike
during earlier stages robust secondary bone inserted into the connectiveHigsree (
2.6D) rendering the entire filtering plate rigid in comparison to the more flexible plates
seen in juveniles. This rigid and organizedanmatrix (Figure2.6A) was composed of

openingar ound 45em in width that spanned the en

Two types of dermal bone supported the epithelial topography on the outer face of
the gill raker plates. Longitudinal dermal bone extended off every 8th individual raker (in
the dorseventral direction). At the ventral end of the rakers, dermal bone was-$ik®rd
in shape. Alternatively, at the dorsal end dermal bone fanned out fusing together the tips
of multiple gill rakers Figure2.7A, B asterisk). Longitudinal dermal bone suppd the
columnlike epithelialopenings that extended halfway down the exterior of the gill raker
plate Figure2.7B, arrow). These columlike openings were slanted downward with
respect to the underlying bone, suggesting that this dermal remodeling plegfedn
shaping the outer epithelial topography. The second type of dermal ossification was

transverse bone that spanned across the longitudinal bone in thepmstienor direction
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(Figure2.7 C-F), making the gill raker plates more rigid. Transvetsenal bone
supported smaller more spherical epithelial openikggife2.7D, arrow) that rangeith
width from 152 0 € m. Finally, the smallest openings W

dermal bone being entirely supported by the overlying epithelium.

There was also variation among the gill raker plates regarding the epithelial
openings and theslative thickness of the medial and lateral plates. Gill raker sétsa?l
fewer columnlike openings compared to the first gill raker set. Moreover, these column
like openings were angled posteriovigth respect to the branchial arch. Gill raker plates
2-4 were also thicker than the first gill raker plate with the medial plate always being
thicker than the lateral plate (N=6, thickness of lateral and medial plates ranged from

2.823.15mm and 3-8.8mm respectively).

There were several conserved traitsieen the adult filtering apparatussilver
and hghead carpGill raker sets irboth species were offset in height. The lateral set of
bighead gill rakers was consistently shorter than the medial@®j the entire length of
the arch Although the gilraker sets o§ilver carp were also offset, the medial and lateral
plates varied in heiglglong the length ahe arch. In both species, the development of
secondary bone modified the outer face of the filtering glgitesets causing the inner
and auter faces to & morphologically distinct. Iniphead (N=5, 851153 mm SL), qill
rakers were combke in shape with secondary bone growth modifying every 8th
individual gill raker Figure2.8A, B). This patterrwas consistent with the development
of longitudinal dermal bone isilver carp where ever§" individual raker was modified.
Sincebighead gill rakersverenever stitched together, there was no growttnasfsverse

dermal bone. Finallyhistological sections revealed that the epitheliumcbaeedgill

37



rakers in both species was similar waihundantmucussecreting goblet celi@-igure
2.8C, E) Epitheliumas well aghe surrounding connective tissue covering gill rakers
both species contained abundarast celltosinophilic granuleells(MC/EG()

(Figure2.8D).

Discussion

The adult gill rakers oflypophthalmichthysnolitrix (silver carp) are greatly
modified from the more comlike gill rakers seen imostfilter-feeding teleosts. In many
teleosts, gill rakers begin as cartilaginous exterssof the ceratcand epibranchials that
ossifylaterin developmentluring the juvenile stagé-feidland 198} In silver carp gill
rakers ossify much earlier in ontogeny (by 15mm SL). Throughout ontogengtesn
gill rakers may develop secondary lganodifications (such as denticles or
branchiospines), increase in density, and/or become coated in mucus or cilia (Almedia et
al. 2013, Freidland 1985, Lazzaro 1987, Guinea & Fernandez §8Bdividual gill
rakers do not fuse togethé&sill rakers aranorphologically diverse and often correspond
to body size and diet of the individual throughout ontogeny (Almeida et al. 2013, Lazzaro
1987,Hoogenboezern et al. 1991). Despite possible elaborations such as addition of
mucus cells or secondary bony strues,specializedyill rakers of teleostean filter
feeders are stereotypically tightly packed, elongated and,-tiken{-riedland 1985,
Almeida 2013) and create a fine filtering mesteab capture small particles. In contrast,
the qill rakers of thailver carp diverge early in ontogeny from this stereotypical filtering
anatomy as individual rakers stitch together via first epithelium and then bangillTh
rakers are modified intfiltering plates able to capture, retain, and transport particles as

smdl as4 ¢ (Battonayai 2015Cremer & Smitherman B®, Zhou et al. 2009).
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Ontogeny and evolution of the filtering plates irsilver carp

Early in ontogeny the gill rakers of silver carp diverge from the stereotypical
rakers of many filtefeeding teleosts, inatling those of its sister species bighead carp. In
filter-feeding teleosts gill rakers begin as celkle cartilaginous protrusions from the
branchial arches (Almeida et al. 2013, Gibson 1988). Although the gill rakers in silver
carp initially develop intis manner with combke individual rakers these rakers ossify
very early. Moreover, in silver carp gill rakers undergo constant modification beginning
at around 30mm SL when individual rakers begin to stitch together via epithelial
connections. By 80mmLSdermal bone modifies the outer face of the filtering apparatus,
and by adulthood, the bony stitching and overlying epithelium have formed rigid filtering

plates.

Secondary bony modifications gill rakers used in filter feeding are rather
common . Clupeformsssuch afBrevoortia tyrannusl{azzaro 1987, Friedland et al.
2006)andEngraulis mordaXNelson 1%7), as well as various mobulid spec{@aig
Tran et al. 2013), have complelaborations of the gill rakers that @dfood particle
capture Typically, secondary bony modifications, such as additional denticles or
branchial spines, occur on adlkers within the filtering apparatus (Almeida et al. 2013,
Friedland 1985Ro0ss et al. 2005). However, iitver carp longitudinal dermal bone
modifies everyighth individual raker rathéhan uniformly modifying althe rakers
along the arch. Moreover, there is constant bony modification to the original gill rakers
throughout ontogeny. This pattern of dermal bone modification, where every 8th raker is
modified, is conserved betweeaalult bighead andlger carp suggestg that the sister

species ofitver carp may have already had dermal modifications that served to buttress
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additional dermal ossification ®ilver carp.

The gill rakers obighead carp areeminiscent of those in other teleostean filter
feeders more than those of its sister spesilgr carp. Nonetheless, there are key
anatomical similarities between the adult filtering structures that suggest how the filtering
plates ofsilver carp may hee evolved. For instance, pieus literature notes that in
bighead carpthee ar e fAwi deor aker sinawirtolwofigii déo refe
rakers that have been modified by growth of longitudinaind&bone (Walleser et al.
2014 Battonyai et al. @15, Fang 1928, Verigih957). In our adultbighead specimens,
longitudinal dermal bone modifielery & individual gill raker, a pattern conserved
betweersilver andbighead carp. Howeveprevious literature is not consistent in
reporting the specifipattern seen in anatomy of these gill rakEes1g(1928) notes tht
in juvenileselaboration oflermal bonés foundevery 35 gill rakers and that in adults,
dermal bone modifies every other gill raker. Other authors note that inbaghéad,
extrademal bone appears on every 6th or 7th raker (Jirasek et al. Ha84¢ver,
previous work examineddultsthat were significantly smalléhan the specimenssed in
this study, aggesting that thedallt dermal bone patterning imghead carp occurs much
later in ontogeny than iglver carp. Importantly, only longitudinal dermal bone modifies
the gill rakers obighead carp, yet tharecise patterof this modification is conserved.
Although dermal bone modifies the outer face of the gill rakers inlighiead andsilver
carp (Fang 1928, Verigih957, Jirasek et al. 1981), dermal mifichtions occur much
later in bghead carp (~160mm SL) than itver carp (80mm SL). Thus, heterochronic
changes in the extent and timing of dermal remodeling are likely tredogenental

mechanisms involved in the evolution of these gill rakers.
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Even though dermal modifications vary between bighead and silver carp
histological examination revealed that the epithelium covering the gill rakers in both
species is similaMucussecreting goblet cells line the perimeter of the epithelium
suggesting that in both species mucus plays an important role in filtering, regardless of
their disparate morphologpdditionally, MC/EGCs were found at the base of the
filtering apparatus in botbpeciesMC/EGCs are commonly found along branchial
arches, in gill tissues, dnn the intestine of many telsgiean species however the exact
function of these cells is not clear. It is possible that the MC/EGCs found in the
epithelium of the gill rakemi both species aided in mediating infection or damage during

filtration.

In silver carp, epithelium initially covering individual gill rakers ultimately fuses
creating the porous epithelium that characterizes the outer face of the filterasy plat
However, in hghead carp the epithelium surrounding individual gill rakers never fuses
together thus there is neither development of bony stitching between adjacent gill rakers
nor development of transverse dermal bone. We therefore hypothesize that itlyas ear
epithelial fusion enong individual gill rakers inilwer carp that ultimately drove the
significant dermal ossification responsible for the creation ofubed filtering plates in

the slver carp.

Functional hypothesis

Silver carp capture and retarrange of particles that are often much smaller than
thefiltering mesh Battonyaiet al 2015)Filter feeding that exploits a wide range of

particle sizes has contributed to their success @sv/anive speciegutcompeting both
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native invertebrate ancertebrate filter feedeireedman et aR012. However silver

carp face a nehanical challenge ifilter feedingon par t i c | e sgivenghats ma |l |

the openings of 't he ad ulbaverdomd theechallenggs me s h

species have adapted a wide range of filtering morphologies that often correspond to
specific filtration mechanisms and diet (Lazzd®©87). The addition of goblet cells,
denticles, cilia, and changes to overall gill raker shape influence how particles entrained
in fluids interact with the filter inside the oropharyngeal cavity (Lazzaro 1987, Langeland
& Ngst 1995, Ross et al. 2Q@%g-Tran et al. 2013, Pairan & Summers 2014, Smith

& Sanderson 2007).

Different filtration mechanisms correspond to how certain sized particles interact
with and are retained by a filter. Such mechanisms include@®dieving, inertial and
direct ineerception, gravitational deposition, diffusion deposition, cfluss filtration,
and hydrosol (or vortex) filtration (Lazzar 198&%igTran et al. 201). Although no
functional data has been presented here, there are certain filteringmsaas that
camot be used byilser carp as they do not fit threquisitemorphological criteria. For
example, during dea€nd sieving water moves perpendicular to the filtering apparatus,
as water passes through the filtering mesh@astilarger than those openiraye
retained while water, sediment, and smaller particles exit over the respiratory epithelium
(Friedland et al. 2006, Smith & Sanderson 20®&igTran et al. 201l Assilver carp
consume particles smaller than the filtering apparatus-eeshiitration cannot be the
mechanism used with these modified filter plates. In contrast teetehtltration,
biological crosglow filtration is utilized by manypiscinefilter feederssuch as mioulids

and paddlgsh (PaigTran et al2013,Sanderson et a2001), that consume particles
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smaller than the width of the filtering mesh. During ctba® filtration, fluid moves

parallel to the filtering mesh generating shear that traps and concentrates these particles at
the posterior end of the filteP&igTran et & 2011, Sanderson et al. 2001). Particles

need not come in contact with the surface of the fiRaig Tran et al. 201,1Sanderson

et al. 2001, Callan & Sanderson 2003). Alternatively, during vortex or hydrocyclonic
filtration water(and entrained paries) enter the buccal cavity amdntactghe filter

causing vortices to form near the filter openings. This increased vorticity resuspends
particles inside the buccal cavity increasing the probability that these minute particles

will contact a sticky sudce (mucusoated gill rakeplates).

The filtering anatomy aéilver carp is distinct from and significantly more
complex than the filtering anatomy present in any other ¢yf@ny or cartilaginous
filter-feeding fish However, the filtering apparatu$ Blobula tarapacanaa large
cartilaginous suspension feeder, has specialized gill rakers that are also fused together,
allowing them to serve as a functional comparigdre gill rakers oMobula tarapacana
are formed of fused filtering lobes, equivalemthe lateral extensions of bone that
extendfrom individual gill rakers insilver carp. The mobulid lobes are fused by a dense
connective tissue covered in denticles, cilia, and an epithelium studded with goblet cells
that produce mucus amaiportantlyallow for particles of food smaller than the filtering
mesh to be retained (Palgan & Summers 2014). These patrticles initially adhere to the
fused filtering lobedefore beingangentially sheared and transported to the back of the
buccal cavity (PakJran & Summers 2014). This type of crefdsw filtration is different
from that observed in other species of fish as particles come in direct contact with the

filter (PaigTran & Summers 2014, Sanderson et al. 2001). Although the orientation of
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the gill rakes in M. tarapacanaand #lver carp is different, biomechanical similarities in
functionmaybeextrapolatedrom anatomical similaritiegiven that ultimatelyarticle
size selectivity and filtration mechanism aféected by the anatonof the filter andhe

presence of mucus.

Mucus is a dynamic component of prey capture, retention, and transport during
filter feeding Ganderson et a1996,Lazzaro 1987, Smith & Sanderson 2007). Not only
does mucus act as a sticky surface in which tiny particles areedptuicus may also
increase crosow speed Smith & Sanderson 2007) thus increasing encounter rate as
well as the probability that particles will be retained by the filtering apparatus TRag
et al. 2013, Sanderson et al020 Smith and Sanderso8®@). Specifically, racus plays
a keyrole during hydrosol filtration where it functions to retain and transport small
particles that have left the streamline of the fluid within the oropharyngeal cavity (Smith
& Sanderson 2007, Paifran & Summers 2014As stated earlier, the epithelium of the
gill raker plates contains many goblet cells, and small phytoplankton is often found inside
the openings of the gill raker plates adhering to mucus. The preponderance of mucus
producing cells suggests that muowgyplay a large role in filter feeding inilger carp
by potentiallyincreasing shear rate, increasing encounter aatdhr by producing a

sticky surface for particle retention and transport.

We hypothesize thatlver carp use a modified form of hydrodiration during
feeding as this filtration mechanism accounts for: (1) direct contact with the filtering
plates, (2) capture and retention of exceedingly small particles, and (3) involvement of
mucus. It haveen previously suggested thi#wex carp argoump filter feeders, meaning

that they actively pump water into the buccal cavity. As water and particles flow into the
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buccal cavity and across the outer face of the filtering plates, particles may become
entrained by the various sized openings. ddragdex epithelial topographand various

sized openings awld then increase the vorticity of the particles, forcing small particles of
food out of the streamline of fluid and through the filtering plates. Ultimately the
particles would adhere to mucus andi@ved down to the foolansport groove.

Moreover, ve proposethat the various sizes and different orientations of the openings

along the outer face of the filtering plateayhelp organize flow.
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Chapter 3: Channeling vorticity: modeling thefilter -feeding mechanism insilver
carp using €CT and 3D PIV
Introduction

Silver carpHypophthalmichthys molitrixs a filter feeding species of Asian carp
that has become incredibly invasive throughout the freshwater rivers of the upper
Mississippi River basinSolomon et al2016, Cremmer & Smitherman 1980) within the
USA. Silver carp and its sister species bighead ddypdphthalmichthys nobiligose a
significant threat to these freshwater ecosystems since they outcompete native species
across the trophic @rarchy (Solomon et &016). In particular, silver carp feed on a
broad range of particle sizes fror88 um (Cremer & Smitherman 198Battonyaiet al
2015, Zhou et aR009) making them a fierce competitor for food resources in this
eutrophic ecosyste. It has been previously hypothesized that silver carp are able to
effectively capture such a broad range of particle sizes due to their greatly modified
filtering apparatus.

The filtering apparatus of silver carp is composed of modified filteringgplate
formed from individual gill rakers that have become stitched together during early
ontogeny Stereotypical teleostean gill rakers are bony protrusions that extend from the
branchial arches (Almeida et 2013), much like the teeth on a comb, that have
morphologically diversified to correspond with diet and feeding mechanisms (Almeida et
al. 2013, Friedlan 1985). Elongated and densely packed gill rakers along the branchial
arches (Friedland 1985) increase the efficiency of filtration in these individighead
carp, the sister species of silgarp(Howes 198}, represent a more stereotypical

teleostean filter feeder and have gill rakers that are long and-ldcembith secondary
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bony modifications that appear early during ontogeny. While in both &ibhed silver

carp two sets of modified gill rakers extend from each branchial arch creating an acute V
shape (Jirsek et.al981, Boulenger 1901), the underlying anatomy of their gill rakers is
quite different.

The gill rakers of silver carp are morphoially distinct from those of either
chondrichthyan or bony fishes, including those of its sister species bighead carp. The
filtering apparatus of silver carp is comprised of two solid filtering plates that extend
dorsally from the branchial arches. Theséd plates are formed from individual gill
rakers that stitch together during the course of early ontogeny, creating-fikegdate.

In addition, the inner and outer faces of the filtering plates are morphologically distinct
from one another. The innéace is composed of a Aldte matrix with uniform pores

(~45 pm wide) spanning the surface. Alternatively, the outer face (over which water
flows) is comprised of long parallel channels containing different sized openings. These
channels and associategenings are supported by layers of dermal bone and epithelium
and make up three distinct regions dorsal to ventral.

Fishes use a variety of mechanisms for moving fluid into the mouth for feeding,
some fishes use rasuspension while others may be selectr pump filter feeders
(Lazzaro 1986). During filtration fluid enters the buccal cavity through the mouth, comes
into contact with the filtering apparatus and then exits over the respiratory epithelium.
Ram filterers swim forward with their mouth widpem, continuously moving fluid over
their filtering apparatus. Alternatively, pump filterers use opercular pumping to bring
fluid into the buccal cavity and over the filtering apparatus. Silver carp and bighead carp

are pump filter feeders (Solomon et2016), suggesting that filtration occurs under a
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morphologicallydefined range of fluid speeds. In addition to filtering, the filtration
apparatus (or gill rakers) must also aggregate particles of food. In many ram suspension
feeders the task of aggregatis accomplished via hydrosol or crdksw filtr ation

(Sanderson et a2001, LaBarbera 1984, Paigran et al2013). However, in several
teleostean fishes aggregation is not solely accomplished by the filtering apparatus, rather
epibranchial organs aas a secondary aggregation structure enhancing bulk transport to
the pharynx. Importantly, silver and bighead carp both possess large epibranchial organs.
Moreover, the filtering apparatus of these two species terminates into these structures. It
is hypottesized that food retained by the filtration apparatus is then brought into the
epibranchial organs for aggregation (Bertmar €1 @69) before particles of food are
deposited onto the pharyngeal jaws for trituration and subsequent consumption.

We hypothsize that the highly modified filtering plates of silver carp are able to
effectively filter out a broad range of particles using a heretofore undescribed filtering
mechanism. Using volumetric particle image velocimetry (3D PIV) we visualize how the
atypical anatomy of the silver carp filtering plates manipulate flow to maximize
extraction efficiency. Here we examine the three dimensional fluid dynamics of bighead
and silver carp gill rakers under steady flow conditions. By comparing results between
silver carp and bighead carp we can see how two incredibly invasive species can

effectively manipulate flow despite having very different filtering apparatuses.
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Materials and Methods

Sample collection and gross anatomy

Adult silver and bighead specimensre/@rovided by James Lamer of the Kibbe
Field StationWestern lllinois University. All specimens arrived frozen and were then
fixed in 10% buffered formalin solution. Juvenile bighead sample was providétrisy
A. Taylor (curator of Fishes and Crustaceat the Prairie Research Institute, and lllinois
Natural History Survey) and collections manager Daniel Wylie and arrived fixed in 10%
formalin solution Gill raker sets from both bighead and silver carp were removed and
either prepared for histology @r computed microtomographpuCT) scans. For
specimens that wegeCT scanned, the third arch was removed from similarly sized
bighead and silver carp and the gill raker sets were trimmed at the ceratobranchials
l eaving just t he arehnotbescanmed. HybridspecinfersiN=3) o f

were dissected, imaged and cleared & stained following Walker and Kimmel (2007).

Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to visualize the epithelial
elements of the gill raker&ill arches were removed from silver carp specimens (N=2;
840 and 860 mm SL)Fixed gill rakers were bisected along the branchial arch to clearly
visualize the inner and outer epithelial topography. Samples were fixed in a 2.5 %
paraformaldehyde /glutddehyde in 0.1M Cacodylate buffer (pH 7.4) solution. Samples

were then placed in a dehydration series and left in 100% E8arhples that had
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previously been fixed in formalin and placed in 70% EtOH were rehydrated through a

stepwise procedure.

MCT scanmg

X-ray computed microtomography (ULCT) was used to visualize sections of fixed
gill arches from a silver carp (880 mm SL) and a bighead carp (1153 mm SL). The
specimens were scanned on the Bruker Skyscan 1275 located at Microphotonics Inc.
(Allentown, PA at 80 kV and 125 pA with 50 ms exposure time and a 1 mm Aluminum
filter. Voxel size was 15.2 um for the silver carp gill raker plate and 17.0 um for the
bighead carp gill raker set. Mimics Innovation Suite (Materialise Inc., Leuven, Belgium)
version 18vas used to create digital stereolithography models of the gill structure which
were then printed with a FormLabs Form1+ resin printer. A juvenile bighead carp head
(140 mm SL) was scanned on a Bruker Skyscan 1275 at the New Jersey Institute of
Technology(Newark, NJ) with a resolution of 25um. Scan parameters were 80kV,
125uA with 46 ms exposure time aadmm Al filter. The specimen was packaged in a

sealable plastic container for scanning.

3D- Particle image velocimetry

Fixed gill rakers and 3D printadodels based on 10 um and 28 um pCT scans of
adult silver car@mnd its sister species bighead carp were placed igdraulating flow
tank (Figure 3.1within the volume imaged by the volumetric imaging camera system
(V3V, TSl Inc.). For each specimeihyee runs each of two orientations at four different
speeds (0.25 BEks0.5 BLs, 0.75 BLsS, 1.0 BLs) were collected for fluid dynamic

analysis (Table 1)Neutrally-buoyant 5qum nominal size particles within the volume of
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interest were illuminatedyba 100 mJ Nd:YAG dudhead pulse laser, pulsed at a
frequency of 50 Hz. The V3V camera system has three independent lenses and CCD
arrays (2,048 x 2,048) that were calibrated by traversing a known target across the
transverse (z) plane of the flow tank,the volume and downstream of where the models
were located. Groups of image pairs (one pair per caim&zairs total) were captured at
50 Hz with a time of 1.2 ms in between each image pair, at 12 bit resolution. The volume
imaged was 14*14*12 cm, aridr each image pair approximately 80,000 particles were
identified in all three images, and from these approximately 40,000 triplets representing
three views of the same particle were identified and tracked between laser pulses. These
particles were griddeto give a final volumetric matrix of 57*57*48 vectors (=155,952
total vectors within the volume). The resulting vector files were imported into Tecplot
360 (Tecplot, Inc., Bellevue, WA, USA) to reconstruct thd@aensional fluid structures
for analysisVortical isosurfaces were defined using vorticity magnitude and colored by
z-vorticity. For statistical analysis of flow results, we used an additive linear model (in
R) to describe the effect of species and flow tank speed on mean maximum vorticity
magrtude. A T-test was used to compare mean maximum vorticity between bighead and
silver carp.
Results

Bighead carp
Gill raker morphology

The filtering apparatus of bighead carp is composed-séhally arranged sets of
gill rakers that extend from treeratobranchial and epibranchial and ultimately terminate

in the epibranchial orgafrigure3.2A). The two sets of gill rakers attached to the
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branchial arches to create a food transport groove where the majority of particles were
found. The gill raker setwere not equal in height with the lateral set of gill rakers shorter
than the medial set, however they were even in height as they entered the epibranchial
organ.

Each filtering set was composed of tightly packed and elongated sloaged gill
rakersthat were covered in an epithelium rich with musesreting goblet cells. Every
8th-9th qill raker was further modified into a blatikee shape where the edge of the blade

was oriented away from the intgall raker space.

Volumetric PIV

The filtering malel was oriented in the flow tank as it wouldibesitu with the
dorsal ends of the filtering sets facing at an angle towards the oncoming flow resulting in
fluid moving across the filtering plates in an anteroposterior and dorsoventral direction
(Figure3.1B, 3.2A). At 0.25 BLs the mean maximum vorticity magnitude was 0.12 s
0.003. At 0.5 BLs the mean maximum vorticity was 0.194s0.007. The greatest mean
maximum vorticity magnitude (0.297 £ 0.013) occurred at a flow velocity of 0.75 BLs
1, when flow velocity was increased to 1.0 Blse mean maximum vorticity magnitude
decreased to 0.27950.013. All bighead carp experimental data sets were isosurfaced at
a threshold of 0.03% 0 produce the most complete vortical ring structures

At 0.25 BLs, the slowest speed in our data set, there was almost no development
of vortical structure across the model, rather only partial vortices were formed. These
vortices were slow moving and characterized by the ricochet of particles awath&om

filtering model (Figure3.2B, first row). Flow appeared largely disorganized and was not
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obviously impacted by the morphology of the filter. At 0.75 Bluse observed the
development of vortices traveling lengthwise along the gill raker model (F3g2Be

second row). Similar to data collected at 0.25-8h$0.5 and 0.75 BLsortices did not
exhibit an organized flow pattern, instead particles ricocheted away from the filter if their
trajectory did not a permit them to pass opportunistically bevegl rakers (Figure

3.2B, second row). Finally, at 1.0 BL8uid was moving too quickly to be meaningfully
impacted by the filtering apparatus, again showing no development of strong vortical

flow (Figure3.2B, third row).

Silver carp
Gill raker maphology

The gill rakers of silver carp were also composed of twsebially arranged gill
raker plates extending from each branchial arch in sdtigare3.3A), except for the
fifth branchial arch which contains only one filtering plate. Each seltefifig plates
creates a distinctive-ghape as they connect to the branchial ardrigsire3.3B). These
paired plates have morphologically distinct faces with the inner face composed-of a net
like matrix and the outer face being more topographicallyptexn

Characterized by long parallel channels pitted with round openings of different
sizes, the outer face can be divided into three discrete regions. The first Fegior3.3
C&D, blue box) is made up of tightly fused dorsal tips of individualrghtlers which
forms a solid and flat leading g€l of the filtering plate. The second region includes a
significantly more topographically complex series of parallel canals riddled with holes

ranginginsizefrom28 5 e m i n di amet EBigurea3dCdD, whitebax). i n
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Importantly, there is ahange in depth between the first region (made up of fused dorsal
tips) and the second region (characterized by channels with holes) that may be
hydrodynamically relevant during feeding. Finally, the third region of the filtering plate is

| oc at e dwayfromthe doisat extreme of the plate. This final region is still

composed of channels, however the openings of these slightly curved channels are angled
away from incoming flow. Water enters the buccal cavity through the mouth moving
antereposteriory as well as dorsoventrally over the filtering apparatus. The epithelium

that covers the filtering plates was filled with an abundance of ruragkicing goblet

cells.

Volumetric PIV

Mean vorticity magnitude of vortices interacting with gill raker platesilver
carp was an order of magnitude larger than that seen in bighead carp (P = 1:R6AY 10
silver carp experimental data sets were isosurfaced at a threshold oftd.pscsluce the
most complete vortical ring structures. At 0.25 Blte mean maximum vorticity
magnitude was 1.23 & 0.09. Vortices began to develop at the interface of region two
and three where the channels harboring differently sized openings change in orientation
along the filtering plate (Figure 3.4initially, vortices developed in the direction of flow,
however they were slow moving, and as fluid came in contact with the third region of the
filtering plate the flow became disorganized (FigB#. Vortices did not lose
momentum along the filtering model, as indichby rings of the same proportional size
and color, and maintained interaction with the filtering plate instead of being shed as was

seen with the bighead model.
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Beginning at 0.5 BLs the mean maximum vorticity magnitude increased to 1.37
st + 0.09. A this speed, vortical flow developed primarily along the second region of the
filtering plate. Some of the vortices began to change in direction at the interface of region
two and three, rotating perpendicular to the free stream flow, albeit at a tgliiwe
vorticity (Figure3.5). We found significant main effects of species (P = 0.001) and flow
tank speed (P<0.05) in an additive linear model of species and flow tank speed on mean
max vorticity.

Peakvortical flow occurred af.75 BLs; at this speethe mean maximum
vorticity magnitude was 1.46 & 0.12, the highest for any speed from either species.
Vortical flow was first initiated at the interface of regions one and two where the
morphology of the filter changes from a relatively flat surfadeef® the dorsal tips are
fused) to a porous surface with pronounced topograpigye3.6). Fluid moved quickly
from region one to region two and changed from laminar to vortical flow. This transition
was characterized by the development of ldagéemoving vortices seen at the upstream
end of the model. Vortical flow continued to develop through region two in the
dorsoventral and anteroposterior direction and did not decelerate due to shearing forces,
rather we saw that vorticity was maintained throudhibe length of the model. At the
interface of the second and third regions of the fiteyi p| at e, roughly | of
downstream on the plate, vortices turn nearly gure3.6, box). This change in
vortical flow was concurrent with a change in the direction of the channels between
region two and region three where the differently sizz@gwere oriented at an angle

with respect to upstream flow.
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At 1.0 BLs: the mean maximum vorticity magnitude was 1.21 8.06. Vortices
were aggregated towards the downstream half of the filtering apparatus with some
vortices being well developeda spinning into channel§igure3.7). Moreover, some
vortices changed in direction concomitant with a change in the aforementioned
underlying anatomy.

Overall, 0.75 BLsappeared to be the optimal speed for both organization of flow
and development aftrong vortical flow. At this speed, flow was tightly correlated with
the channel structure of the filtering model. As fluid crossed over the flat, smooth region
one and moved into the channels of region two it established a vortical flow that was
lateraly constrained by the walls of the channels. These vortices maintained vorticity
magnitude while traveling through the channels and did not appear to decelerate as a
result of shear forces. The results indicated a significant effect of freestream fledd spe
on vortical flow production and fluidtructure interactions (P < 0.001). The variance in

max vorticity between bighead and silver carp was 0.01 and 0.42 respectively.

Discussion
Silver carp and their sister species, bighead carp, are invasive sifek#an
carp that currently pose a major threat to the upper Mississippi River Basin ecosystem
(Zhou et al2009, Zhang et aR015, Solomon et a016). Both species are effective
filter feeders that consume a wide range of phytoplankton and zoopigidkEmmer &
Smitherman 1980, Solomon et 2016, Sampson et.&009) and have had a prominent
effect on the overall community structure by outcompeting native species for resources

across the trophic hierarchy (Solomon e28ll6, Zhang et aR016). Even though silver
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and bighead carp are sister species and both are effective filter feeders, their filtering
apparatuses are morphologically distinct.

The silver carp filtering apparatus is characterized by rigid filtering plates formed
from individual gll rakers stitching together during early ontogeny. The outer
morphology can be separated into three regions where the first and most dorsal region is
relatively flat and composed of fused gill raker tips. The second region is composed of
various sized chanels filled with pores that open up into the innerliket matrix on the
inside of each filtering plate. The third and final region is composed of channels that are
oriented at an angle to incoming fluid. The stitching together of individual gill rakers
seen in silver carp is not present in the filtering apparatus of any other teleostean fish. In
contrast, the filtering apparatus of bighead cangnsiniscent of a stereotypical
teleostean filter feeder. Two sets of elongated gill rakers extend Hietranchial arches
creating a Vshape. Moreover, every 8th individual raker is further modified with dermal
bone intoa bladelike shape that points away from ingdl raker space. Importantly, the
filtration apparatus of teleostean filter feeders oftemesmonds to not only diet but type
of filtration mechanism (Almeida et.&013, Friedland 1985). As the bighead filtering
morphology is similar to that of other teleostean filter feeders, it is possible that bighead
carp may manipulate flow similar to ethpump filtering teleosts.

Our data suggest that the bighead carp filter method of-iovgdiltration may
haphazardly obstruct efficient filtering as was apparent by vortices indicating particles
tumbling away from the filtering model. Durirayossfl ow filtration particles of food are
tangentially sheared from the incoming streamline of flow (Sanderson?€04!, Bott et

al. 2000, Sibanda et.@001) resulting in said particles being aggregated at the posterior
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end of the pharynx (Sanderson et28l01, Bott et al2000, Sibanda et.@&001). In the
bighead model as fluid interacts with the filter, particles rebound away from the filtering
model as described for other teleosts (Figu®eA, B). As bighead carp possess a similar
filtration apparata to other teleostean filterers it is not unreasonable that the filtration
modeled here may be extrapolated to how other pump filter feeding fishes manipulate
flow. Alternatively, the novel filtering anatomy of silver carp presents an opportunity to
studya potentially novel or specialized filtration mechanism.

Results from this study suggest that the outer morphology of the filtering plates in
silver carp initiates strong, organized vortical flow and that this organization is best
developed and maintaidat 0.75BLs at slower and faster speeds strong vortical flow is
neither developed nor maintaindeure3.8). We suspect that at slower speeds
(0.25BLs) the change in depth from the first region of the model to the second region
does not create arehg enough pressure change to induce strong vortical #ik®saa
result, vortices that develop across region two are slow moving and do not accelerate
across the model. As flow speed increased to 0.5Bhare was an increase in the
number and strengtif vortices generated at the shelf break between regions one and
two. Additionally, some vortices undergo a directional change concomitant with the
underlying anatomy in region three. At slower freestream speeds such as 0.25 and 0.5
BLs, vortical flow deelerates as it moves downstream along the filtering model.
Conversely, at faster speeds (1.0Bltkiid is moving too quickly to be entrained by the
underlying morphology of the filter, resulting in fluid shearing quickly past regions one

and two withoubuilding organized vortical flow. Therefore as fluid encounters the third
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region of the filtering plate vortices aggregate and rebound before reaching the posterior
region of the filtering plate.

Only at 0.75 BLsdid we find that vortical flow was tiglt organized and highly
correlated with the morphology of the filtering plate (Kig3.8). Upstream, fluid
initially crossed the fused dorsal gill raker tips that create a relatively flat leading edge of
the model. At this stage (region one) flow is laarirhowever, as fluid moves from
region one to region two there is a change in depth of the filtering model when the flat
shelf ends abruptly above the deeper channelsi@gy1D). It is at this interface
between region one and two that we see the dpaednt of strong vortical flow as a
consequence of fluid moving across a relatively flat surface and falling into a trough that
is larger in constrained volume and more topographically complex. Vortical flow
developed as fluid rolled from the shelf breakl anto the channels, where the narrow
channel walls act to increase the velocity of the fluid. We hypothesizaréla®) that
the channels on the outer face of the filtering plates constrain the fluid and produce a
decrease in pressure within the chasinthereby increasing the velocity of flowks
vortices interact with the bottom surface of the channels, they are subject to deceleration
as a result of friction and shearing forces. We hypothesize that in this moment the
velocity-reduced particles obbd may be released from the vortical flow and drop into
the different pores found within the channels (FigiBE). Finally, at the interface of
region two and three we find a stark directional change in the vortical flow concomitant
with a change in thenderlying anatomy. Importantly, this directional change is in the

direction of food transport, towards the epibranchial organ (F§aF9.
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The epibranchial organ is a secondary food aggregating organ that takes particles
captured by the filtering appatus and aggregates said particles into a bolus for transport
to the esophagus (Bertmar etE069, Nelson 1967). The filtering plates of silver carp
and the gill raker sets of bighead carp terminate into epibranchial organs. Additionally,
particles of bod are consistently found along the food transport groove (where the two
filtering plates attach to the branchial arches) and inside the epibranchial organ,
supporting the hypothesis that food captured by the filtration plates is somehow
transported dordlg into the epibranchial organs. We hypothesize that the dramatic
directional change in flow observed at the interface of regions two and three of the silver
carp filtration model aid in the movement of particles along the filtering plates dorsally
towards the epibranchial organ. This could potentially increase filtration efficiency by
increasing bulk transport of particles to the pharynx.

Results presented herein suggest that the filtering plates of silver carp directly
manipulate fluid to maximize pcle transport, while the morphology of the filtering gill
raker sets in bighead carp result in haphazard cross flow filtrationré3¢). Silver
carp consume a greater diversity of particle sizes than their sister species bighead carp
(Battonyaiet d. 2015, Cremmer and Smitherman 1980), including particles as small as 4
€ mMoreover, absolute vorticity magnitude for silver carp was an entire order of
magnitude greater than that in bighead carp (0.35 to 0.035 respecthalying that the
silver carp ilter creates much greater vortical flow than observed in a typical teleostean
model Despite having lower vorticity than silver carp, the most organized vortical flow
was also at bighead carp 0.75Bkaggesting that this speed may be an optimal speed fo

efficient filtering in Asian carp in general. Current literature suggests that the differences
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seen in the bighead and silver carp filtration apparatuses does not account for the
difference in diet composition or filtration efficiendgdttonyai et al2015). However,

our results suggest that the direct manipulation of flow by the filtering plates in silver
carp may increase filtration efficiency through the development of strong, organized
vortical flow and potentially accounts for why silver carp arearedficient feeders and
consume smaller particles of food than bighead carp (Cremmer & Smitherman 1980,

Battonyai et al2015).
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Conclusion

The trophic apparatus of the silver carp is composed of a large and modified
paldal organ, paired epibranchial organs that function to aggregate particles of food, and
serially arranged filtration plates that filter out a broad range of particle sizes. In silver
carp the palatal organ is composed of nine large muscular folds theigitéte with the
filtering apparatus. The intimate relationship between the palatal organ and both the
filtration plates and epibranchial organs suggests that the palatalli&edamplays an
important role in food manipulation.

The epibranchial orgardf silver carp are formed from five involutions of the five
sequential infraphgngeobranchials into pharyngeal tissue creating four distinct tubes.
Sequential gill rakers spiral into these tubes and complete a set number of rotations
before terminating ito a mucus sac deep within the organ proper. Particles of food
retained by the filtering plates are brought into the epibranchial organ for aggregation and
food is only ever found adhering by mucus to the food transport groove of the filtration
plates. Imprtantly, the terminating sacs in the first two tubes are larger than the last two
tubes and there is consistently more food found on the modified gill rakers inside of the
last two tubesThis suggestthat there may be a division of labor within the eaitchial
organ where the first tubes are primarily in charge of mucus production (key to effective
aggregation of particles) while the last two tubes perform the bulk of particle aggregation.
Inserting onto the anterior face of the epibranchial organsuaye opercular muscles.

These muscles attach the epibranchial organ to a hypertrophied hyomandibula. We

hypothesize that during buccal pumping (used to bring in water during filtering) the
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hyomandibula compresses the epibranchial organ in the anterogoditexction. This
would support the movement of food laterally throughout the epibranchial organ.
The third structure of the trophic apparatus in silver carp is the fused filtration
plates that develop from individual gill rakers being stitched togétineughout
ontogeny. Early in ontogeny (2Z5mm SL) the filtration apparatus is reminiscent of
what is seen in other teleostean filter feeders, including their sister species bighead carp
and is formed of individual cornlike gill rakers. At 30mm SL indidual rakers begin to
stitch together via bone and epithelium and by late juvenile stages the entire filtering
plate is stitched together with bone and covered in a porous epithelium. The adult
anatomy of the filtration plates can be separated into ths#iact regions. Flow studies,
using particle image velocimetry, indicated that the regionalization in anatomy has a
direct effect on the flow regime. The fused and topographically complex filtration plates
initiate strong and organized vortical flow tlmabves particles across the entire plate and
redirects particles in the direction of food transport, towards the epibranchial organs.
Silver carp are effective filter feeders that are able to outcompete native species
across the trophic hierarchy by fiéeg on a broad range of particle sizes. Bighead carp,
the sister species to silver carp, are another invasive filter feeder however they are unable
to consume the same broad range of particle sizes as silver carp. Importantly, the filtering
apparatus ofighead carp is distinct from that seen in silver carp and is more reminiscent
of other teleostean filter feeders, suggesting that filtering anatomy may account for the
difference in particle size diversity that silver carp can consume. By studying the
devdopment of the filtration plates in silver carp we may better understand how this

modified anatomy evolved. Moreover, the epibranchial organ of silver carp is distinct
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from that of any other epibranchial organ. It is most notably different in the faetlthat

five infraphayngeobranchials are involved in the structure rather than the
infraphagyngeobranchials from only the last two arches. Other types of epibranchial
organs are solely supported by the fourth and fifth epibranchial and are one continuous
tube. Finally, by investigating the trophic apparatus of silver carp we can model the
mechanism that makes this species such a successful filter feeder. Understanding the
distinct differences between bighead and silver carp filtering morphology and the way
that they can manipulate flow may help to create more targeted mitigation efforts for the

silver carp invasion.
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Figure Legends

Figure 1.1 Morphology of the modified palatal folds and their relationship to the solid
filtering plates in silver carpA: Schematic of the relationship between the filtering

plates and the palatal folds. Each palatal fold slots into thegiltraker space (adjacent

the inner netike matrix) of the filtering plates. B: Ventral view of palatal organ (located
on the poof of the mouth) with branchial arches and cleithrum removed. The palatal organ
(composed of nine muscular folds) extends from the anterior portion of the buccal cavity
to the end of the pharynx where it abuts the pharyngeal jaws (arrow). Eight ofdlasse f
(1-8) slot into the intragill raker space of the filtering plates extending from the first four
branchial arches. The final triangular fold slots in between the fifth set of filtering plates
laterally and the pharyngeal jaws caudally. The main bédysopalatal organ covers the
ventral side of the epibranchial organs. Modified gill rakers continue from the branchial
arches and spiral into the epibranchial organ along dateml face of the palatal organ
(arrowheads). C: Histological section showboth the inner muscular structure and
thickened epithelium that characterize these palatal folds. Inset refers to D & E. D:
Orientation of muscle fibers within the palatal folds. Solid box shows longitudinal fibers,
while dashed box highlights transveiysoriented muscle fibers. E: Arrow points to

kinked muscle fibers adjacent to a thickened outer stratified epithelium.

Figurel.2: Incorporation of the modified gill rakers (i.e filtering plates) into the
epibranchial organ. A: Modified gill raker platen the epibranchials (EB) enter the
epibranchial organ (EBO). As the gill raker plates enter the EBO they change in shape

from a \-shaped structure (B) to an-8haped structure (C). During this transition the

72



food transport groove (FTG) is brought upwsar@he outer epithelium changes in overall
topography as the filtering plates move from the branchial arches into the epibranchial
organ. D: SEM of small adult (190mm SL) showing the morphology of the modified
filtering plate. E: SEM of adult (350mm SL) mpiology of the modified filtering plate

once inside the epibranchial organ.

Figurel.3: Anatomy of the adult epibranchial organ (EBO) in silver carp. A: Modified
cartilaginous infrapharyngeobranchials (IFB) in purple create the outer cartilaginous shell
of the EBO by wrapping around the muscular body of the epibranchial organ. B: the first
IFB is further modified into the anterior cap of the epibranchial organ (arrow). C:

Coronal slice through the epibranchial organ. Outlined in purple is cartilage stgmmi

from the infrapharyngeobranchials, in blue is the modified gill raker plate fully embedded
in the epibranchial tube, and in red is muscle oriented circumferentially around the
individual tubes. The box highlights a strip of estlh cartilage separatinadjacent

tubes. Dark grey in center of the scan is less dense fatty muscle that is a continuation with
the palatal organ. The black space filling the individual tubes (asterisk) is where mucus is

found.

Figure 1.4: Histological structure of the entirdBB. A: parasagittal section of adult
(190mm) epibranchial organ (EBO) displaying three of the five tubes that make up the
EBO. Based on dissection and histology we do not expect the morphology of a 190mm
fish to differ from that of an 800mm fish. B: Hisbgly of the infrapharnygeobranchials

that create the outer cartilaginous support of the entire organ from a 350mm SL specimen
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show that the IFBs are composed of hyaline cartilage. C: Inset of connective tissue (CT)
between sheets of cartilage. D: coronatiea of the epibranchial organ shows the
morphology of a singular tube. Skeletal muscle is oriented circumferentially around the
individual tubes of the EBO. E: inset of the skeletal muscle surrounding the tubes of the
EBO. F: the epithelium of the ep#drchial organ tubes are lined with abundant goblet

cells (GC) G: coronal section of the bilateral epibranchial organs in a juvenile (21mm SL)
silver carp. Although this is a juvenile specimen the anatomical connections between the
tubes of the epibranchiatgan do not change throughout ontogeny. Juvenile image
shown for ease of imaging. Box highlights the merged fourth and fifth tube that create a
continuous exit out of the epibranchial organ, arrows point to the outlet of the

epibranchial organs onto tipharyngeal jaws.

Figurel.5: Relationship between the qill raker plates, internal tubes of the epibranchial
organ, and palatal organ. A: CT scan shows the modified gill rakers (blue) spiraling into
the tubes of the epibranchial organ. Each set of gilreaterminates at a mucus secreting
center deep within the epibranchial organ. The first two terminal mucus centers (box in
B) are much larger than the rest of the sacs in the epibranchial organ (C ), moreover the
last three tubes complete more rotatidrantthe first two tubes. D: the palatal organ
surrounds the ventral face of the epibranchial organs like a sling. Extending ventrally are
the palatal folds (PF), these folds continue into the entrances of the epibranchial organ

tubes.
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Figurel.6: Relationship between musculoskeletal elements and the epibranchial organ.
Silver carp have a large opercle (OP) and hyomandibula which are tied together via
taught ligaments. A: Inserting on the lateral face of the hyomandibula is an enlarged
levator arcus palati (LAP). This robust muscle originates from the neurocranium and
inserts along the entire lateral face of the hyomandibula. B: Inserting along the medial
face of the hyomandibula is the adductor arcus palatini (AAP). C: CT scan (dorsal view)
highlightingthe tight muscular connection (AAP, represented by the double headed
arrows) between the hyomandibula and anterior cap of the epibranchial organ. D: CT
scan showing coronal slice through the skull of the silver carp skull. The bilateral
epibranchial organare tightly connected to the opercular series on both sides of the skull

(see dotted line running through EBO)

Figurel.7: Cladogram showing the distribution of epibranchial organs across teleostean
fishes. Numbers refer to type of epibranchial orgameRnant, Type 1: primitive

expanded sac, Type 2: Continuous tube with rakers, Type 3: Continuous tube with
several loops/spiral type, Type 4: Vestigial tube, Type 5:-debeloped blineended sac,
Type 6: Large sac type, Type 7: well developed sac wifiike lobuli. Epibranchial

organs are morphologically diverse and have independently evolved at least six times
with the greatest diversity appearing within Clupeiformes. Silver carp and bighead carp
are the only cypriniforms documented to have an epdimal organ. Distribution data

gathered from Bertmar et al. 1967.
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Figurel.8: Functional model for aggregation of particles within the epibranchial organ
(EBO) in silver carp. A: an enlarged levator arcus palatini inserts along the entire lateral
face d the hyomandibula (HM). When this muscle contracts it abducts the

hyomandibula. Inserting on the medial face of the hyomandibula is an enlarged adductor
arcus palatini (dashed semircle) that connects the HM to the anterior face of the EBO,
suggestinghat when the HM is moved, motion is transferred to the epibranchial organ
compressing and expanding the EBO. During the compressive cycles the adjacent
overlapping cartilage allows for food in parallel whorls to be moved laterally. B: CT
scan, note overnping cartilaginous shell and gill rakers. During compression these
sheets further overlap, allowing for particles to be moved laterally across the epibranchial
organ. C: CT section highlighting a singular tube and functional schematic. Blue:
modified gill raker, Red: muscle surrounds individual tubes, Green: particles of food.
Lower schematic shows aggregation of particle into a bolus before said bolus exits the

epibranchial organ.

Figure2.1: Gross morphology of the modified gill raker plates of sibamp. A) On the

left, stereotypical (simple) teleostean gill rakers attached to the ceratobranchial (CB). On
the righ®, paired gill raker plates attach to the ceratobranchial creatingreaped

structure into which fits the muscular palatal organ. Iamer outer faces of each gill

raker plate are morphologically distinct. B) MicroCT scan shows the anatomy and
relative positioning of the gill rakers and epibranchial organ (EBO, in box) within the
head of silver carp. C) Silver carp with the first foul giker plates dissected illustrating

how the EBO is located on the ventral face of the neurocranium. D) Muscular palatal
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folds on the roof of the mouth interdigitate with gill raker plates.

Figure2.2: Cleared & stained and SEM of early juvenile gakers of silver carp. A)
Branchial arch (ceratobranchial and epibranchial) of 15mmSL silver carp showing two
sets of gill rakers creating an offsetstiape. B) Closep showing lanceolatehaped,

individual gill rakers. C) SEM showing individual gill ralsecovered by epithelium.

Figure2.3 Early ontogenetic formation of gill raker plates by epithelial and bony
stitching in Silver carp. A) Branchial arch 1 of 30mm SL with B) inset showing bony
extensions that initiated stitching of the inner-liled matix ultimately seen in adult
specimens. C) SEM showing a thin strip of epithelium (arrowhead) fusing together

multiple individual rakers.

Figure2.4.: Continuation of ontogenetic formation of gill raker plates. A) 69mm SL
cleared and stained specimenwhkdhe completion of the inner Aédte matrix. B)

Closeup of the secondary bone stitching together individual gill rakers, box surrounds
the lateral bony extensions inserting on a small bridge of connective tissue. C)
Histological section from (B) showgnsecondary bone inserting on connective tissue
bridge. D) SEM shows increasing epithelial topography on the outer face of the filtering
plates. E) SEM of the inner face of the filtering plate comprised of small epithelial papilla

(arrowhead).
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Figure2.5: Later ontogenetic elaboration of epithelial and bony stitching in 80mmSL

silver carpA) More robust ossification with longitudinal dermal bone modifying every

8" individual gill raker (doubléheaded arrow). Inset shows general area of arch

examined inhis figure. B) Closaip of box in (A) showing longitudinal dermal bone

(arrow) and transverse dermal bone (arrowhead). G)keetatrix of the inner face at

this stage. D) SEM showing increased epithelial topography as underlying dermal bone

pushes oute epithelium, creating obliquely oriented openings. E) Histological section

reveal s many gobl et cells (arrows) and MC/ EC

plates.

Figure2.6: Inner face of the adult filtering plates in silver carp. A) SEM showing
epthelium covering inner face of the filtering plate reflecting bony scaffolding, no longer
containing papillae. B) Clear and stain of innerlilet matrix. C) Closeup of netlike

matrix, double headed arrow points to what were previously individuabggks, box
indicates the integill raker stitching inserting on a bridge of connective tissue. D)
Histological sectiorof box in (C) shows bone (asterisk) and a thin layer of connective

tissue (arrow).

Figure2.7: Anatomy of the outer face of the adfiltering plates in silver carp. A, C, E)
Cleared and stained gill raker plates from 850mm SL individjdD, F) SEM
displaying epithelial topography at similar dorsoventral levels shown in A, &), E.
Dorsal tips (asterisk) show modified and fanneddastnal bone. B) SEM showing

epithelium covering underlying fanned out dermal bone (astebBstdctly underneath
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these fused tips are long colusike openings (arrow) created by the addition of
longitudinal dermal bone&C) Along the middle of the filteng plate longitudinal

(asterisk) and transverse (box) dermal ossification modifies the outer face of the filtering
plate fusing it to the inner néke matrix and providing a scaffold for the overlying
epithelium. D) SEM showing idle portion of the outeface of the filtering plate with
complex topography formed from variously sized openings nested within eachE)ther.
Gill rakers attach to the food transport groove (dorsal to the ceratobranchial) at the
ventral end of the filtering plat€&) Ventral mat portion of the outer face shows how the

filtering plate attaches to the ceratobranchial.

Figure2.8: Gill rakers of bighead carp. A) Cleared and stained gill rakers extending from
the branchial arch, note the biserial arrangement that creatsta@d filtering

apparatus. B) Cleared and stained gill rakers, double headed arrow points to every 8th gill
raker modified by dermal bone. This pattern is conserved between bighead and silver
carp. C) Histological section showing composition of epitheliunmedayg individual gill

rakers. D) Closelp histological section of the MC/EGCs located near the ventral end of
the gill raker in Bighead carp. E) Clege of epithelial histology revealing mucus

secreting cells.

Figure3.1: Experimental setip of 3D partite image velocimetry (PIV). A: Camera
(arrow) is pointed towards the flow tank
Gill raker model situated within the flow tank during experiments. The model is oriented

as the gill rakers exist 1situ.
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Figure3.2: PIV results from bighead carp gill raker model. A: Bighead carp represent the
stereotypical teleostean filter feeder as the filtering apparatus is composed of individual
comblike rakers extending from the branchial arches (clear and stained arch from
200mm SL Bighead carp). In addition to the individual rakers, during ontogeny
outgrowth of dermal bone modifies the outer edge of eveiryd8/idual raker. umCT

scans of 1153mm SL bighead carp. B: PIV results indicate that the bony modifications of
thebighead gill raker set create turbulence as fluid moves across the structure. Vortices

roll away and are rebounded from the filtering

Figure 3.3 Anatomy of the filtering plates in silver carp: CT scan of juvenile silver

carp (100mm SL), there is n@sificant change in the morphology of the filtering plates
from 100900mm SL. The gill raker plates extend from the most anterior portion of the
buccal cavity ad curve upwards as they approach the pharynx. B: CT scan of adult
(860mm SL) silver carp filtering plate. Two filtering plates attach to a food transport
grove (asterisk) dorsal to the branchial arches and form an aaltapé. C & D: CT and
SEM (respectiely) of adult filtering plate (860mm SL) showing the outer dermal
topography. The outer topography can be separated into three morphologically distinct
regions. Region 1: fused dorsal tips (blue box), region 2: significant increase of
topography createdylchannels and various sized openings (white box), and region 3:

channels oriented at an angle to the incoming streamline of flow.
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Figure3.4: Particle volumetric data from flow speed of 0.25BO$reedimensional

capture of vortices moving across tiieefing model at the slowest speed of 0.25BLs
Lateral view of model, isosurface value of 0.83%%ortices were slow moving and flow
became disorganized as particles came into contact with the third region of the filtering

plates.

Figure3.5: Particlevolumetric data from flow speed of 0.5BL&ateral view of model
showing three dimensional snapshot of fluid interaction with the filtering model
isosurfaced at 0.35dncrease in flow speeds is correlated with an increase in vortices
however, theseartices are slow moving and as fluid interacts with the third region flow

becomes disorganized and vortices are shed away from the model.

Figure3.6: Particle image velocimetry from flow speed of 0.75B&rong vortical flow
develops at the transitidrom region one (that is a flat surface composed of fused qill
rakers) to region two where the topography of the filter increases. This vortical flow is
developed and maintained along the entirety of the model and does not decelerate as
indicated by voites of the same proportion. At the interface of regions two and three we
see a stark directional change in the vortices (box). This directional change is
concomitant with a change in the underlying anatomy where the channels are oriented at

an angle witlhrespect to the incoming flow.
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Figure3.7: Particle image velocimetry from flow speed of 1.0Bl3ata set from fastest
speed, isosurfaced at 0.39ateral view. Vortices are aggregated towards the back half
of the model. At this speed fluid is movitap quickly across the model for flow to be

entrained by the filtering model.

Figure3.8: Comparison of flow data across experiments;down view. A: At slower

speeds the pressure drop between region 1 and 2 does not induce strong vortical flow. As
a result vortices do not develop or become as robust across region two and flow becomes
disorganized as it changes direction concomitant with a change in the underlying
anatomy. B: at 0.75 BEstrong vortical flow is developed and maintained across the
entirety of the filter even as there is a stark directional change at the interface between
regions 2 and 3. C: At faster speeds flow is moving too quickly to be entrained and
organized by the underlying anatomy. The topography of the filtering plates acts as

obstruction to flow and as a result, flow rebounds away from the filter.
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Figure3.9: Functional hypothesis of the filtration mechanisms in bighead and silver

carp: A: CT scan of bighead carp showing the filtering apparatus B: proposed filtration
mechanism of bighead carp. PIV results indicate fligittaphazardly rebounded away

from the filter. As fluid moves across the filtering apparatus it can either enter through
the individual rakers and release particles into the intra gill raker spaeetictgs are
rebounded away from the filter. C: CT scan of silver carp. D: strong vortical flow is
initiated at the transition between region 1 and 2 where there is a significant change in the
topographraphy of the filtering plates. Vortices continue telecate across the filtration
plates. We notice slight moments of deceleration as vortices touch the model, however
these vortices quickly accelerate and continue to spin. We hypothesize that during these
moments of deceleration particles may be relefsea the streamline of flow and pass
through the various openings on the other face of the filtering plates. Moreover, as flow
interacts with the third region of the filtering plates there is a dramatic directional change

in vortical structure towards thlepibranchial organ.
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Figure 1.8
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Figure 2.3
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Figure 2.7
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Figure 2.8
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Figure 3.2
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Figure 3.3
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Figure 3.4
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Figure 3.5
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Figure 3.6
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Figqure 3.7
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