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Looking to nature for inspiration has led to many diverse technological
advances. The spiral valve intestine of sharks has provided the opportunity
to observe the efficiency of different valve systems. It is supposed that the
spiral intestine present in sharks, skates and rays slows the transit rate of
digesta through the gut and provides increased surface area for the absorp-
tion of nutrients. In this investigation, we use a novel technique—creating
three-dimensional reconstructions from CT scans of spiral intestines—to
describe the morphology of the spiral intestine of at least one species from
22 different shark families. We discuss the morphological data in an
evolutionary, dietary and functional context. The evolutionary analyses
suggest that the columnar morphology is the ancestral form of the spiral
intestine. Dietary analyses reveal no correlation between diet type and
spiral intestine morphology. Flow rate was slowed significantly more when
the two funnel-shaped spiral intestines were subjected to flow in the posterior
to anterior direction, indicating their success at producing unidirectional flow,
similar to a Tesla valve. These data are available to generate additional three-
dimensional morphometrics, create computational models of the intestine, as
well as to further explore the function of the gastrointestinal tract of sharks in
structural and physiological contexts.

1. Background

Scientists often turn to nature in search of inspiration when developing new
materials and products. This has led to the development of many technological
advances such as non-clogging filters inspired by manta ray feeding apparatus’
[1], adhesives inspired by the northern clingfish [2], robotics inspired by spider
silk [3] and countless more. Sometimes, in order to progress towards the future,
we need to dig into the past, and in this case, we explore the function of the
spiral intestine in elasmobranchs (sharks, skates and rays). Sharks are one of
the oldest and most diverse groups of upper trophic level consumers in the
ocean [4-6]. They are critical to maintaining the biodiversity of lower trophic
levels on which humans rely for food and economic resources [7]. Elasmobranchs
consume a broad range of diets (smaller sharks, marine mammals, teleosts, crus-
taceans, zooplankton, seagrass, etc.; [8]) and are also known for eating large meals
on an infrequent basis, potentially going even weeks without a meal [9-11]. The
spiral intestine (sometimes referred to as spiral valves; figure 1), effectively
expands the surface area and volume of the intestine relative to a straight gut,
allegedly increasing gut residence time and nutrient absorption [12-17]. Yet,
this gut morphology appears to be restricted to elasmobranchs, with a few
exceptions such as Acipenseridae, Dipnoi and Lepisosteidae [8,18-20].

The spiral intestine is located posterior to the stomach and proximal intes-
tine, and anterior to the rectum (figure 1). It consists of a varying number of
intestinal tissue folds (2-50) and has been observed in four main morphological

© 2021 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Digestive anatomy of the bonnethead shark (Sphyrna tiburo). Drawing of scroll intestine by A. Dingeldein. CT scan reconstruction of scroll intestine

by S. Leigh. (Online version in colour.)

forms: columnar, scroll, funnels oriented posteriorly and
funnels oriented anteriorly (figure 2) [12,22]. These
morphologies have been depicted either as splayed out dis-
sections or as representative two-dimensional slices through
the three-dimensional structure (figure 2; originally from
[21], reproduced in [12,22,23]). Neither of these provides an
adequate understanding of the structures as they reside in
the intestine or how they may aid in the control of digesta
flow. A recent reconstruction of three-dimensional data
from histological sections from a species of cat shark offers
a tantalizing glimpse of the anatomy of a scroll-type spiral
intestine [24].

Here, we present the three-dimensional morphology of
the spiral intestine from 22 families of shark species using
X-ray-computed tomography (CT scans; table 1 and figure 3).
We tested the hypothesis that the spiral intestine structures
may passively (i.e. without any muscular contractions)
affect digesta flow, favouring an anterior to posterior flow
axis, and preventing back flow (figure 4). That is, spiral intes-
tines may act as naturally occurring Tesla valves (figure 5),
preventing backflow without flapper or constrictive valving,
and therefore encouraging unidirectional flow. To test this,
we measured flow rate through fixed spiral intestines of
shark species that represent each of the four morphological
forms—columnar, scroll, funnels pointed posteriorly and fun-
nels pointed anteriorly (figure 2). Additionally, because spiral
intestines function with muscular contractions in a live
organism, we quantified the contraction rate of the intestinal
smooth muscle used to transport digesta through in situ
columnar spiral intestine in recently deceased Squalus suckleyi
(Pacific spiny dogfish). We also mapped the spiral intestine

Figure 2. The four spiral intestine structures: (a) columnar, (b) funnels
pointed posteriorly, () funnels pointed anteriorly and (d) scroll. Adapted
from [21].

morphology onto a cladogram to reveal how the diverse
spiral intestine structures have evolved and whether the
structures correlate with diet. Our aims were to (1) evaluate
the movement of material through the spiral intestines
using flow rate and intestinal muscle contraction rate,
and (2) to compare spiral intestine morphology across
shark families and diet types using three-dimensional
reconstructions of CT scans.
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Table 1. Families, species, spiral intestine shape and diet type for all samples CT scanned. Information regarding shark diet is from [25-31].

Alopiidae
Carcharhinidae

Centrophoridae

Chlamydoselachidae
Dalatiidae
Echinorhinidae
Etmopteridae
Ginglymostomatidae
Hemigaleidae
Hemiscyllidae
Heterodontidae
Hexanchidae
Lamnidae
Orectolobidae
Pseudocarchariidae
Scyliorhinidae

Somniosidae
Sphyrnidae
Squalidae
Squatinidae

Stegostomatidaé
Triakidae

species

Alopias vulpinus »
Carcharhinus leucas

Carcharhinus melanopterus

Carcharhinus amblyrhynchos
Carcharinus plumeus
Carcharinus taurus

Centrophorus granulosus®
Deania calcea

Chlamydoselachus anguineus -

Squaliolus laticaudus
Echinorhinus cookei
Centroscyllium nigrum
Ginglymostoma cirratum
Chaenogaleus macrostoma
Hemiscyllium ocellatum
Heterodontus francisci
Notorynchus cepedianus
Isurus oxyrinchus
Orectolobus maculatus

Pseudocarcharias kamoharai

Apristurus brunneus

Cephaloscyllium ventrosun®

Somniosus pacificus
Sphyrna lewini®
Sphyrna tiburo®
Sphyrna zygaena
Squalus acanthias
Squalus suckleyi”®
Squatina dumeril
Stegostoma fasciatum
Mustelus canis’
Triakis semifasciata

*Lyophilized prior to scanning.

2. Material and methods

spiral intestine
shape

column
scroll

scroll
scroll

scroll
scroll

funnels (anterior)

funnels (anterior)

column

column

column

funnels (posterior)
funnels (posterior)
column

column

column

scroll

column

column

scroll

scroll

scroll

funnels (anterior)

scroll

scroll

scroll

column

column

column

column

funnels (posterior)
funnels (posterior)

(a) Specimen collections and (T scanning

Spiral intestines were either dissected from preserved shark
specimens (fixed in formalin and stored in an ethanol solution)
from the Natural History Museum of Los Angeles County (elec-
tronic supplementary material, table S1) or from previously
frozen spiral intestines from donated shark specimens. To dissect
out the spiral intestine, the ventral body cavity was opened using

schooling bony fishes (i.e. menhaden, anchovies)

bony fishes (i.e. skipjack ‘tuna),‘ small elasmobranchs
cephalopods, turtles

small bony fishes (i.e. mullet, groupers)

small bony fishes, small elasmobranchs, cephalopods,
crustaceans

small bony fishes, small elasmobranchs, cephalopods,
crustaceans

small bony fishes, small elasmobranchs, cephalopods,
crustaceans

bony fishes (i.e. mackerels), cephalopods

bony ﬁsbhes (i.e. lanternfishes), cephalopods

small elasmobranchs, cephalopods, bony fishes

cephalopods, shrimp, bohy ﬁshes (i.e. lanternfishes)

small elasmobranchs, bony fishes, cephalopods

bony fishes, variety of invertebrates

molluscs, crustaceans, bony fishes

small bony fishes, cephalopods, crustaceans

polychaete worms, crustaceans

benthic invertebrates, small bony fishes

elasmobranchs, marine mammals, bony fishes

bony fishes (i.e. tuna), elasmobranchs, cephalopods

crustaceans, cephalopods, bony fishes

cephalopods, crustaceans, small bony fishes

bony fishes (i.e. lanternfishes), crustaceans

benthic molluccs, crustacéans, émall bony fishes

bony fishes, cephalopods, crustaceans, carrion

bony fishes (i.e. sardines), variety of invertebrates

cephalopods, crustaceans, seagrass

small elasmobranchs, bony fishes, invertebrates

bony fishes (i.e. jack mackerel), cephalopods

bony fishes (i.e. herring), invertebrates

molluscs, crustaceans, fishes (i.e. flounders/stingrays)

molluscs, small bony fishes

crustaceans, polychaetes, molluscs

variety of benthic invertebrates, small bony fishes

a razor blade (from anus to mouth) and cuts with dissecting scis-
sors were made at the distal end of the proximal intestine and the
anus. The spiral intestines from all specimens were flushed out
with de-ionized water to remove any residual gut contents.
They were put through an ethanol series (30%, 50%, 70% in de-
ionized water) for a minimum of four hours at each concentration
and were stored in 70% ethanol. We stained the intestines in
Lugol’s solution for a minimum of 4 h. After staining, the intes-
tine was tied off at one end with fishing line, filled with 70%
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Figure 3. Cladogram of sharks to the family level based on the tree from Vélez-Zuazo & Agnarsson [32] (adapted from Leigh et al. [8]), depicting which spiral
intestine morphology corresponds to each family. Light grey lines show which families belong to certain orders. (A) Column, (B) scroll, (C) funnels pointed posteriorly
and (D) funnels pointed anteriorly. Most basal categories (prior to Selachimorpha) do not have (T scans. Information about spiral intestine structure came from the

previous literature.

ethanol, then tied off at the other end with fishing line. They were
placed into individually labelled plastic 15 ml or 50 ml vials
(depending on the size of the specimen) to be scanned.

CT scanning was done at two different facilities. One set was
done at Friday Harbor Laboratories (University of Washington,
Friday Harbor, WA, USA). These samples underwent lyophiliza-
tion (table 1). The lyophilizer (SP Scientific: VerTis, Warminster,
PA) was set to —40°C for 2 h prior to use. The caps of the
sample vials were loosened and then the vials were placed into
the vacuum chamber of the lyophilizer. The vacuum pump
was turned on and decreased the pressure in the chamber to
30 millitorr. The samples were left in the vacuum for a minimum
of 12 h to ensure complete freeze-drying. At the end of 12 h, the
samples were removed from the lyophilizer and kept dry in their
individual vials until they could be prepped for CT scanning.

Each sample was removed from its vial and wrapped in dry
cheesecloth. All of the cheesecloth-wrapped specimens were
then wrapped together as a bundle in more dry cheesecloth.
This bundle was placed into a plastic cylinder (size varied
based on size of intestine sample) and packed so that no move-
ment of the specimens could occur during the scan. The
cylinder was wrapped with plastic wrap and then secured tightly
inside the CT scanner (Bruker Skyscan 1173, Kontich, Belgium).
The scanner had a 1 mm aluminium filter, and the detector
resolution was 1120 x 1120 voxels (61.4 pm pixels). NRecon
(Bruker, Belgium) was used to reconstruct slice images from
the projections. After scanning, samples were returned to their
individual vials and kept dry. Slice images were further analysed
with Data Viewer and CT Vox (both Bruker, Belgium). The files
were converted to Dicom format and visualized with Horos

6SELLT0T ‘88T § 05 Y 0id  qdsi/jeunol/bio buiysigndAianosiefos H



Downloaded from https://royalsocietypublishing.org/ on 09 September 2021

(v. 1.1.7). Each of the spiral intestine types (column, funnel
[anterior], funnel [posterior] and scroll) were scanned using
this lyophilization method. The remaining spiral intestines
were scanned filled with 70% ethanol, which produced highly
contrasted images, at University of California (Irvine, CA,
USA) using a Gamma Medica X-SPECT scanner (50 kVp,
1000 uA). The image files created by the scan were reconstructed
using exxim COBRA (2006 version). This latter set of scanned
spiral intestines allowed us to identify the morphological type
of each spiral intestine, but the images were not as high-quality
as those produced at Friday Harbor Laboratories and were
only used for determining spiral shape (either column, scroll,
funnel [posterior], or funnel [anterior]).

(b) Flow rate

A 501 carboy was filled with either 51 of de-ionized water
(dynamic viscosity =8.9 x 107* Pa s), 10% glycerol (dynamic vis-
cosity = 1.3 x 107> Pa s), or 25% glycerol (dynamic viscosity = 3 x
107 Pa s) in order to represent the variability of viscosities (or
resistance to flow) of digesta (depending on the diet type [33]).
As a control, a clear plastic tube (15 cm long, 0.75 cm in diameter)
was attached to the outflow valve of the carboy and a bucket was
placed below the outflow. When the outflow valve was opened,
time was recorded until 11 flowed completely through the clear
plastic tubing. This was repeated five times for each of the three
viscosities tested. The plastic tubing was removed and replaced
with the proximal and spiral intestines (individually) of Squalus
suckleyi (column), Centrophorus squamosus (funnels pointed ante-
riorly), Mustelus canis (funnels pointed posteriorly), and Sphyrna
tiburo (scroll; all previously fixed overnight in 70% ethanol).
These species were chosen to represent each of the four spiral
shapes. They were attached (individually) onto the carboy
outflow (so water would flow from the anterior end to the
posterior end of each intestine), and the process was repeated
five times for each intestinal section and each solution viscosity.
Flow rate was initially recorded as litres per second and was
converted in m®>s™" in order to calculate resistance. Resistance
was calculated as the change in pressure divided by flow rate
(R=AP/Q [34]). P; was calculated as height of the solution
column (0.17m) multiplied by the density of the solution
(water: 1000 kg m™, 10% glycerol: 1023kgm™ and 25%
glycerol: 1062 kg m™) multiplied by the force of gravity
98ms% Py =hpg). P, was determined to be zero since the
height of the solution column at P, was zero, and therefore,
AP =0.00166 MPa. Resistance (MPaxsm™) was calculated for
the plastic control tube, as well as each proximal intestine
and each spiral intestine. Including the length and radius of
the intestines was considered for analyses, but digestive tissue is
inherently distensible, and therefore accurate and constant
measurements of these metrics are difficult to obtain. Further-
more, the existence of the internal spiral intestine structure
within this gut region means that different points along the intes-
tine may have different radius measurements and also will add
additional overall length to the intestine that cannot be observed
from the outside; something that the proximal intestine and the
control tubing does not have. To examine whether flow was
impeded when moving from the posterior to the anterior end of
the intestinal sections, the entire process was repeated with the
posterior ends of both the proximal and spiral intestines attached
to the carboy outflow so that the flow of water was moving from
the posterior end to the anterior end of each intestinal section.

(¢) Intestinal smooth muscle contractions

To visualize the smooth muscle contractions of a spiral intestine,
five S. suckleyi were collected by otter trawl in Friday Harbor,
WA. They were transported in live wells to Friday Harbor labora-
tories on San Juan Island where they were held in two large

round tanks (I m deep and 2 m in diameter) with flow-through
seawater systems (University of Washington IACUC no. 4239-
03 to Adam Summers). Contraction experiments were performed
on Squalus suckleyi. Each shark (n=5) was euthanized using
MS-222 in buffered (NaOH) seawater. The shark remained sub-
merged in the MS-222 for 20 min to ensure death. Immediately
after death, the ventral body cavity was opened and the proximal
and spiral intestines were identified. Corn syrup was mixed with
green food colouring (for visibility) to mimic digesta since the
corn syrup had a known viscosity (20 poise). A 16-gauge
needle attached to a 3 ml syringe was slowly filled to 1 ml with
the green corn syrup. The same step was repeated with corn
syrup mixed with blue food colouring. The corn syrup with
the green food colouring was injected into the lumen of the
anterior proximal intestine. The corn syrup with blue food col-
ouring was injected into the lumen of the anterior spiral
intestine. In total, 3 ml of 1M acetylcholine in saline solution
(containing 102.7 mM NaCl, 1.61 mM KCl, 1.36 mM CaCl, and
1.19 mM NaHCOj;) was injected into the smooth muscle layer
of both the anterior proximal and anterior spiral intestine using
a 21-gauge needle [35,36]. A timer was started upon the injection
of the acetylcholine and a camera (Panasonic Lumix DMC-
FZ200) recorded the contractions of the intestines until the food
colouring previously injected into the spiral intestine lumen
began to emerge from the colon. At this time, the timer was
stopped. Throughout this process, seawater was dripped onto
the exterior of the intestines using a transfer pipette until the
intestines ceased to contract. The video was used to calculate
the average number of contractions that occurred per minute,
the average length of time (s) that a single contraction took to
occur, and to confirm the total time for the dye to pass through
the entire length of the spiral intestine. This information was
then used to determine the average number of contractions
required to move the corn syrup from the anterior of the intestine
to the colon. However, the proximal intestine did not contract in
response to acetylcholine and therefore the material injected into
the proximal intestine never moved through the intestine to the
colon. Only the average number of contractions required to
move corn syrup through the spiral intestine was calculated.

(d) Statistical analyses

A phylogenetic generalized least-squares (PGLS) test was per-
formed using phylogenetic data from GenBank and the
Barcoding of Life Project (as was done by Vélez-Zuazo & Agnars-
son [32]) to determine phylogenetic relationships of shark species
with respect to their spiral intestine morphology. Correlations
between diet and spiral intestine type were determined using a
logistic regression test (diets were reduced to numerical categories:
1= primarily bony fishes; 2 = primarily invertebrates; 3 = marine
mammals, elasmobranchs and bony fishes; 4 =bony fishes and
invertebrates; 5=bony fishes, invertebrates and elasmobranchs).
This was followed up with an ANOVA (p <0.05) to compare diet
type and spiral intestine morphology directly (without considering
phylogeny). Comparisons of flow rate were made between proxi-
mal and spiral intestines (anteriorly to posteriorly only) for each
species using paired t-tests with a Bonferroni-corrected error rate
of p=0.004. Comparisons of flow rate among the proximal intes-
tine, the spiral intestine with flow anteriorly to posteriorly and
the spiral intestine posteriorly to anteriorly were made using an
ANOVA (p <0.05). All statistical analyses were runin R (v. 1.1.383).

3. Results

Volumetric flow rate (m®>s™') measured at two resistances
(MPa x s m™>) was compared across intestine sample type in
all four species (figure 4). The spiral intestines for all species

6SELLT0T ‘88T § 05 Y 0id  qdsi/jeunol/bio buiysigndAianosiefos H



Downloaded from https://royalsocietypublishing.org/ on 09 September 2021

A

+ B proximal intestine
[] spiral intestine (A to P)
[ spiral intestine (P to A)

10%
0.004 -
0.003
Q
£ 0.002
g~ 0.001
=7,
Q
= o 0
25
i 0.0020
o
- 0.0015 —
0.0010 =
0.0005 =
0

|
|
1
|
|
1
I
I
1
|
1
|
|
1
|
I
1
I
I
T
|
I

Figure 4. Average volumetric flow rate in the proximal and spiral intestine both oriented anteriorly to posteriorly (A to P) and posteriorly to anteriorly (P to A) for
Squalus suckleyi, Centrophorus squamosus, Mustelus canis and Sphyrna tiburo using a 10% glycerol solution and 25% glycerol solution. Letters above data points
signify significance among intestine sample type for each species (ANOVA, p < 0.05).

exhibited a significantly higher resistance and slower volu-
metric flow rate than the proximal intestines or control tubing
for the water (p<0.01), 10% glycerol (p<0.05) and 25%
glycerol trials (p < 0.05). The control tubing flow rate and resist-
ance was not significantly different from any of the proximal
intestines for water (p =0.67), 10% glycerol (p=0.43) or 25%
glycerol (p=0.31), showing that the proximal intestine func-
tions as a bore tube. The flow rate of the spiral intestine
compared to the proximal intestine as a ratio is three and a
half times slower in the spiral intestine than the proximal intes-
tine. Flow rate through the spiral intestines oriented anteriorly /
posteriorly was significantly higher than when the intestine
was plumbed in reverse for the spiral intestines with the two
funnel structures; funnels oriented posteriorly (p =0.03 with
water, p =0.02 with 10% glycerol, p =0.03 with 25% glycerol)
and anteriorly (p = 0.01 with water, p = 0.01 with 10% glycerol,
p=0.02 with 25% glycerol), but not significantly so for the
column (p=0.09 with water, p=0.1 with 10% glycerol, p=
0.16 with 25% glycerol) and scroll shapes (p=0.11 with
water, p=0.2 with 10% glycerol; p =0.14 with 25% glycerol;
figure 4). In other words, there was less resistance to flow in
the anterior to posterior direction for the funnel configurations,
showing that the structures of the spiral intestine passively
engender anterior to posterior flow.

The average number of contractions per minute + standard
deviation for S. suckleyi was 0.7 + 0.33. The average amount of
time necessary for dyed corn syrup to move from the anterior
end of the spiral intestine to the posterior end was 35.6 min
(+13). This was used to calculate the average number of con-
tractions necessary to transport the dyed corn syrup through
the spiral intestine, which was 48.2 contractions (+3.9). The
proximal intestine never contracted upon injection of acetyl-
choline, and never moved the dyed corn syrup through to
the spiral intestine.

A full list of the shark species analysed, their spiral intes-
tine morphology types, and their diets can be found in

table 1. There is no significant correlation between diet type
and spiral intestine morphology according to the PGLS analy-
sis (p =0.4) and ANOVA (p = 0.09). For families with multiple
species included in the analyses, different species in a single
family tended to have the same spiral intestine morphology;
however, different families within a single order can have
differing spiral intestine morphologies (figure 3). Generally
speaking, the columnar spiral intestine morphology appears
ancestral, but other morphologies do not follow a sequence
of one morphology (e.g. column) to another (figure 3).

4. Discussion and conclusion

This investigation produced the first three-dimensional ren-
derings of spiral intestines using CT scanning technology,
advancing our ability to investigate these structures beyond
the two-dimensional histological images and sketches that
have been used for the past 130 years (e.g. [14,16,21,22]) and
evaluate their effectiveness as valves that generate uni-
directional flow. The three-dimensional renderings let us
visualize the structure of the tissue folds in the spiral intestine
and compare the morphology between species without dissec-
tion that disturbs morphology. Additionally, they can be
used to quantify the number of intestinal folds, the volume
of the lumen and the surface area of gut tissue that may
lead to increased levels of nutrient absorption. These three-
dimensional renderings let us to visualize flow through the
spiral intestine and explore the potential uses of these struc-
tures when developing mechanical valve systems for
industrial purposes. For instance, the spiral intestine of S. suck-
leyi appears to have a central lumen (separate from the spirals),
meaning that digesta could pass directly through and bypass
the spirals, or travel through the spirals to allow more time
for nutrient absorption. The topic of a central lumen in a
spiral intestine has not been discussed in the literature, likely
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Figure 5. A Tesla valve (a,b) produces unidirectional flow without the use of mechanical parts. A spiral intestine (c) appears to have a similar structure. (Online

version in colour.)

due to the inability to determine the intact shape of a dissected
specimen, further demonstrating that these three-dimensional
renderings can provide new insights.

We found that a slower flow rate along the posterior to
anterior axis is more likely to occur for the two funnel mor-
phologies (figure 4). This suggests that shark families with
these funnel morphologies may have slower digesta transit
through this intestine region, which could relate to water
absorption in the spiral intestine [37]. These observations of
flow, combined with the evidence of a central lumen in the
column shaped spiral intestine, prompted us to test whether
the spiral intestines could function as natural Tesla valves
[38]. ATesla valve allows fluid to move unidirectionally, with-
out any moving parts [39]. Currents flow along different
paths and in different directions. These differences have a
disproportionate effect on the resistance of the tube (figure 5).
The spiral intestine may be working in a similar fashion,
which would allow segmental contractions to better mix
digesta in the spiral intestine without the risk of much back-
flow [33]. Little is known about intestinal motility in sharks.
Typically, overall evacuation rate is used to estimate the
length of time that digesta remains in the gastrointestinal
tract of sharks (i.e. [9]). However, by understanding contrac-
tile capabilities of the different segments (proximal, spiral
and distal intestines) of the shark digestive system separately,
we can begin to establish transit rates at specific points
throughout the gut. We have begun to do this by measuring
the average number of contractions per minute and the aver-
age amount of time necessary to move material of a known
viscosity through the spiral intestine of S. suckleyi.

Spiral intestines evolved approximately 450 Ma (e.g. [40];
before insects, mammals, birds, etc.), suggesting it is a success-
ful structure in the digestive process. Hence, spiral intestine
morphologies should be explored further as mechanisms to
produce one-way flow without the use of mechanical parts.
While we cannot know the exact morphology of spiral intes-
tines from 450 Ma, there is evidence of fossilized columnar
shaped coprolites (e.g. [40]), which provide support for our
PGLS analysis that the columnar shape may be the ancestral
phenotype (figure 3). There are also some non-elasmobranch
fishes that have a spiral intestine such as Acipenseridae (stur-
geon [18]), Dipnoi (lungfish [19]) and Lepisosteidae (gar [20])
providing further support that the spiral intestine is a

characteristic that appeared early in the evolution of ver-
tebrates, but also that it has independently evolved in other
groups [41]. The roles of these structures in the digestive
process should be explored further using in vivo investigations.
We confirmed the spiral intestine morphology for species
in the majority of shark families. Families within an order do
have different spiral structures, though it is common for other
morphological features to vary greatly within shark families
[42-45]. There is no clear correlation between shark diet
types and spiral intestine morphology. For example, Sphyrna
tiburo has a scroll intestine and consumes a diet consisting of
up to 62% (by gut content mass) of seagrass material, along
with crustaceans, cephalopods, and small bony fishes
[46,47]. However, the closely related Sphyrna zygaena also
has a scroll intestine, and consumes smaller elasmobranchs,
a variety of bony fishes and various invertebrates (e.g. [48];
table 1). There were similar counter-examples to a diet-gut
morphology link in other families of sharks where we
sampled multiple species (figure 3). The most basal groups
(those that arose prior to Selachimorpha) all have columnar
spiral intestines, but we see no phylogenetic pattern to the
different spiral intestines (figure 3). So, there may well be
an underlying functional reason for the different shapes
that is not connected to diet. Mapping the spiral intestine
onto a cladogram (adapted from [32]) reveals the evolution-
ary history—with the columnar morphology as ancestral.
The scroll intestine is found in the six-gills (Hexanchidae),
funnels pointed posteriorly in Etmopteridae and funnels
pointed anteriorly in Somniosidae. However, the columnar
and scroll intestine morphologies are found in some of the
most derived orders, such as the Carcharhiniformes, indicating
the structure may play an important functional role.
Investigating the genes involved in spiral intestine devel-
opment may be crucial in understanding how the different
morphologies evolved. For example, roles in gut patterning
and subsequent intestinal epithelial and smooth muscle differ-
entiation have been identified for Hox genes in Danio rerio
(zebrafish [49]). Interestingly, genes Hoxa13 and Hoxd13 impli-
cate posterior Hox gene function during development of the
skate spiral intestine [37,50,51]. Furthermore, peptl mRNA
expression was restricted to the spiral intestine as develop-
ment progressed for Scyliorhinus torazame (cloudy catshark
[24]) indicating a possible correlation between an increase in
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mRNA expression of pept] and the development of the spiral
intestine in an oviparous shark in ovo. Future investigations
should focus on determining if mutations to these genes
(Hoxa13 and Hoxd13) or shifts in expression patterns of peptl
during the developmental process can lead to changes in the
morphological development of the spiral intestine in sharks.

In conclusion, our flow rate data suggest that the spiral
intestine is acting as a flapper-less Tesla valve, which would
promote unidirectional flow without any parts that are suscep-
tible to blockage. We have established, quantitatively, that flow
rate is slowed in the spiral intestine. Additionally, the flow rate
was slowed significantly more when the two funnel-shaped
spiral intestines (anterior and posterior funnels) were subjected
to flow in the posterior to anterior direction. This indicates
that at least funnel-shaped spiral intestines are capable of pro-
ducing unidirectional flow, although the spiral and scroll do to
alesser extent. This could explain why digesta transit rates vary
among species and among different spiral intestine structures
[52-55]. Further investigation of these unique intestinal struc-
tures as a component of the digestive success of sharks is
necessary to understanding their function and evolution. The
new techniques produced by this project lay the groundwork
for future investigations involving the spiral intestine, and
for understanding the functional role of the digestive tract in
sharks, fishes and vertebrates in general.
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