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Summary

The large intact prey ingested by Burmese pythons
require considerable processing by the stomach before
passage into the small intestine. To investigate the function
and cost of gastric digestion and its contribution to
postprandial metabolic response for the Burmese python,
I examined the rate of gastric digestion, the postprandial
profile of gastric pH and the effects of decreasing gastric
workload on the metabolic cost of digestion, referred to as
specific dynamic action (SDA). Ingested meal mass
(equivalent to 25% of snake body mass) was reduced by
18% within 1 day postfeeding, by which time intragastric

liquid diet or ground rat directly infused into the small

intestine. The production of HCI and enzymes and other
gastric functions represent an estimated 55% of the
python’s SDA generated from the digestion of an intact
rodent meal. Additional contributors to SDA include

protein synthesis (estimated 26%), gastrointestinal
upregulation (estimated 5%) and the activities of the
pancreas, gallbladder, liver, kidneys and intestines during
digestion (estimated 14%). Operating on a ‘pay before
pumping’ principle, pythons must expend endogenous
energy in order to initiate acid production and other

pH had decreased from 7.5 to 2. Gastric pH was
maintained at 1.5 for the next 5-#ays, after which it

returned to 7.5. The SDA generated by digesting an intact
rat meal was reduced by 9.1%, 26.0%, 56.5% and 66.8%,
respectively, when pythons were fed steak, ground rat,

digestive processes before ingested nutrients can be
absorbed and channeled into metabolic pathways.

Key words: reptile, snakePython molurus digestion, stomach,
gastric pH, specific dynamic action.

Introduction

A physiological response to feeding is an increase in It has therefore been suggested that the python's large
metabolic rate, a phenomenon commonly referred to as specifiostprandial metabolic response is attributed to the digestion
dynamic action (SDA). SDA represents the summed energyf large intact meals (up to 100% of body mass), their
expended on the ingestion, digestion, absorption antklatively low standard metabolic rate (SMR) above which
assimilation of a meal (Brody, 1945; Kleiber, 1975). TheSDA is quantified, and the added cost of upregulating their
magnitude of SDA varies dramatically among organismsguiescent guts immediately following feeding (Secor and
largely due to the individual or combined effects of meal siz®iamond, 1995). Understandably, the digestion of large intact
(Tandler and Beamish, 1981; Janes and Chappell, 1995; Seeneals would significantly contribute to the python’s large SDA
and Diamond, 1997a), meal composition (Tandler andesponse. The digesta exiting the stomach consists of a soup-
Beamish, 1980; Hailey, 1998; Secor and Faulkner, 2002), bodike chyme for practically all vertebrates, whereas the physical
size (Tandler and Beamish, 1981; Secor and Diamond, 1997&tate of food entering the stomach differs dramatically among
Secor and Faulkner, 2002), body temperature (Soofiani argpecies. Humans swallow small macerated pieces of highly
Hawkins, 1982; Secor and Faulkner, 2002; Wang et al., 2008ligestible food, most carnivores swallow small intact prey that
and feeding habits (Secor, 2001). Several of these factoh@ve been crushed or pieces of meat torn from larger prey, and
contribute to the large SDA response (5-44-fold increases imany reptiles (lizards, turtles, and crocodilians) commonly
metabolism) characteristic of the Burmese pytHeython ingest crushed or fragmented animal or plant material. In stark
molurus (Benedict, 1932; Secor and Diamond, 1997acontrast, snakes swallow only intact prey and must delegate to
Overgaard et al., 1999). Burmese pythons feed in the wild aie stomach the whole job of breaking down that prey before
large intact prey at relatively infrequent intervals and upregulatiés passage into the small intestine. Therefore, for snakes, the
and downregulate gastrointestinal (Gl) performancedigestion of a meal requires a relatively larger effort by their
respectively, with the initiation and completion of eachstomachs. Given that gastric function (i.e. acid and enzyme
digestive bout (Pope, 1961; Secor and Diamond, 1995, 1997tsecretion) is energetically demanding (Reenstra and Forte,
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1981; Helander and Keeling, 1993), the gastric breakdowwisualize the breakdown of the skeleton of the ingested rat(s)
of the python’s meal may occur at a relatively high coswithin the python’s stomach. Second, 36 pythons (88237
(compared with that of other carnivores) and thus explain theiwere fed rat meals (1-3 rats) equaling 25.7+0.6% of their body
comparatively larger SDA. mass. Following feeding, snakes were maintained at 27-30°C
Studies that have attempted to elucidate the relativand sacrificed at 12 and at 1, 2, 3, 4, 6 and ddys
contribution of the various components of digestion to SDApostfeeding (3-8 snakes per time). For each snake, stomach
have divided SDA into ‘mechanical SDA’' and ‘biochemical contents were weighed and compared with the original wet
SDA'’ (Tandler and Beamish, 1979, 1980; Jobling and Daviespass of the ingested meal in order to quantify the percentage
1980; Carefoot, 1990). Mechanical SDA represents the cost of the ingested meal still remaining within the stomach.
physically processing the food (i.e. chewing, swallowing and
peristalsis), whereas biochemical SDA is the postabsorptive Gastric pH
cost of assimilation (including nutrient transport and protein | monitored gastric pH of seven pythons (1250430
and tissue synthesis). Finding that meal passage represeftowing their ingestion of a single intact rat equaling
only 8-12% of SDA, whereas protein synthesis contributes &4.7+1.7% of the snake’s body mass. Stomach pH was
much as 44% to SDA, researchers have concluded thateasured using an infant gastric pH electrode (model 91-0011;
postabsorptive costs (biochemical SDA) dominate SDASynectics Medical Inc., Irving, TX, USA) sutured to the head
(Jobling, 1981; Brown and Cameron, 1991; Lyndon et al.of the ingested rat. The electrode cable extended from the
1992). Contrary to this conclusion, python SDA may be largelgnake’s mouth and was sutured to the side of the snake
dominated by preabsorptive costs. immediately posterior to its head. A reference electrode (model
The goal of the present study was to ascertain informatio#011; Synectics Medical Inc.) was attached to the dorsum of
on gastric digestion and its energetic cost for the Burmessach snake, and both electrodes were connected to a pH
python. | hypothesized that gastric breakdown of the largenonitor (Digitrapper Mk I, Synectics Medical Inc.). Soon
intact meals consumed by Burmese pythons would incur after feeding and for the remainder of the measurements,
substantial energetic expense and thus be an importasiakes exhibited no observable discomfort to the cable
contributor to their SDA. The aims of this study were to: (1)extending from their mouth or to the electrode attached to their
document the gastric breakdown of an intact meal; (2) profilback. Position of each pH electrode was checked by x-ray.
the postprandial pattern of intragastric pH; (3) assess changesor to use, each pH electrode was calibrated using
in the postprandial metabolic response to decreasing gastéommercial pH buffers of pH 1.07 and 7.01 (Synectics Medical
workloads and (4) estimate the relative contributions ofnc.). Following feeding, pH was recorded sporadically at
gastric performance, protein synthesis and gastrointestin@k4h intervals for up to 1days while snakes were maintained
upregulation to the python’s SDA. As shall be shown, pythonat 23-28°C. Measurements ended when either the snake was
maintain a highly acidic environment within their stomachable to dislodge the probe from its mouth (one case) or when
during digestion, the cost of which may dominate their SDA.stomach pH returned to its initial level (approximately 7.5).
Data from all snakes were grouped inth Bitervals (5.6+0.2

) shakes per interval) beginning at the time of feeding.
Materials and methods

Animals and their maintenance Feeding treatments to assess gastric workload

The 62 Burmese python®ython molurud..) used in this | assessed the effects of different gastric workloads on SDA
project were purchased as hatchlings (Bob Clark Captive Breay feeding pythons one of five meal treatments (4—6 snakes per
Reptiles, Oklahoma City, OK, USA) and maintained on a bitreatment) and measuring their postprandial metabolic
weekly diet of rodents and chickens. Prior to study, snakes weresponses. Meal treatments included normal intact rats and the
fasted for one month to ensure that they were postabsorptif@lowing four meals designed to reduce the workload of the
(Secor and Diamond, 1995). Snakes ranged in mass frogn 34&tomach while still inducing full postgastric responses: steak,
to 6280g (mean = 1sEe.Mm., 1510+£18@) and in age from ground rat, liquid meal and ground rat infused directly into the
0.5years to 6/ears (2.1+0.3ears). Python care and study wereproximal small intestine. Five snakes (2390+8}@onsumed
conducted under UCLA Animal Research Committee protoca?—3 intact rats whose combined mass equaled 25.0+0.1% of
number 93-204 and the University of Alabama Institutionatheir body mass. Steak meals (25.3+£0.2% of body mass) were

Animal Care and Use Committee protocol number 168. made from slabs of lean sirloin steak (3.8% fat) rolled into a
o _ tube with either a rat or chicken head attached to one end to
Rate of gastric digestion entice pythons (2320+43f) N=6) to consume them. Six

| used two methods to examine the rate at which ingesteshakes (2430+19¢) were fed meals (25% of body mass) of
rat meals were broken down within the python’s stomach anfinely ground pre-killed rats by forcing the meal through a tube
passed into the small intestine. First, four pythons (449360 inserted into the snake’s esophagus. The liquid meal (25% of
were fed one or two intact rats equaling 28.6+0.7% of theibody mass) was formulated to match the nutrient composition
body mass. These snakes were maintained at 27-30°C amidan intact rat and consisted (by mass) of 70% mammalian
were x-rayed each day ford@ys following feeding in order to Ringer’s solution (composition of mammalian Ringer's
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solution in mmoltl: NaCl 128, KCI 4.7, CaGI2.5, KHbPQy  Pittsburgh, PA, USA). | calculated whole-animal ¢m}) and
1.2, MgSQ 1.2, NaHCQ 20, pH7.4, 290mosmat}), mass-specific (mg~1 h1) rates of @ consumption corrected
15% casein (C-7078; Sigma, St Louis, MO, USA), 12%for standard temperature and pressure.
homogenized chicken fat and 3%glucose (G-8270; Sigma). Each SDA trial began by measuring s of fasted snakes
The liquid meal was similarly gavaged into the esophagus afnce or twice a day for @ays. For each snake, | assigned the
four pythons (5240£518). lowest measure of itSo, during those days as its standard
Ground rat was infused through rubber catheters surgicallypetabolic rate (SMR). In this and previous studies (Secor and
inserted into the proximal end of the small intestine of fouDiamond, 1997a), the lowest measure¥®fwere commonly
pythons (1670+28@). To implant catheters, snakes wererecorded during the morning (06.00-08H)Q a time when
anesthetized with halothane (Halocarbon Laboratories, Rivgrythons were least active. Following SMR measurements,
Edge, NJ, USA), their ventral midsection scrubbed with a&nakes were fed (or infused) and metabolic measurements were
topical antiseptic (Betadine solution; Purdue Frederick Cogontinued at 12-h intervals fordays and thereafter at 1-day
Norwalk, CT, USA), and a 6-cm incision was made betweeintervals for up to days. For each trial, | quantified the
the ventral scales and the first set of lateral scales at a sftdlowing six variables as described and illustrated by Secor
approximately 65% of the distance from the snout to thend Diamond (1997a): ‘SMR’, as described above; ‘Pegk
cloaca. The incision was retracted open and a small hole wése highest recordedo, during digestion; ‘factorial scope of
made in the proximal end of the small intestine just distapeakVo,’, calculated as pea¥o, divided by SMR; ‘duration’,
to the pyloric sphincter and the junction with the time from feeding wheNo, was no longer significantly greater
pancreaticobiliary duct. A 10-cm rubber catheter (8 mnthan SMR; ‘SDA’, the total energy expended above SMR
diameter) was inserted through the hole, extend®in 2 during the duration of significantly elevated,, quantified as
downstream into the intestinal lumen and attached to thikeJ and kkgL;, and ‘SDA coefficient’, SDA quantified as a
intestinal wall by a series of ‘purse-string’ 4-0 silk sutures. Theercentage of the energy content of the meal. | calculated SDA
other end of the catheter was exteriorized through a smgkJ) from the extra oxygen consumed above SMR over the
incision in the snake’s body wall and sutured to lateral scaleduration of significantly elevatéd,, assuming that 19.Bare
The incision through the body wall was closed with an inneexpended per ml of £zonsumed (Gessaman and Nagy, 1988).
(muscular layer) and outer (scales) set of interrupted sutur&nergy content of each meal was calculated as the product of
(3-0 Vicryl; Ethicon Inc., Somerville, NJ, USA), followed by meal wet mass and the energy equivalent of that meal
an application of New-Ski (Medtech Laboratories Inc., (kJg!wet mass). Energy equivalent of the intact rat, steak and
Jackson, WY, USA). Immediately following surgery, eachground rat meals were 8k0 g~ wetmass, 6.XJ g1 wet mass
snake was given a single injection of antibioticm(kkg=l  and 8.0kJ g~ wetmass, respectively, as determined by bomb
enrofloxacin; Baytril, Bayer Co., Shawnee Mission, KS, USA)calorimetry, and 8.8Jglwetmass for the liquid diet,
and analgesic (0Mmgkg flunixin meglamine; Phoenix assuming 17.&J g of casein (protein), 39181 g1 of fat and
Pharmaceutical Inc., St Joseph, MO, USA). Snakes recoverdd.6kJ g of glucose (Schmidt-Nielsen, 1997).
from anesthesia within 1 and were allowed one month of
recovery before the start of the experiment. The ground rat Statistical analyses
meal was infused at 6-h intervals over a period @égs, such Postfeeding changes in stomach content (analyzed as
that the combined mass of the infusate was equivalent to 25@alculated percentages and actual mass of stomach content)
of the snake’s body mass. were evaluated using analysis of covariance (ANCOVA) with
body mass as a covariate. A repeated-design analysis of
Measurements of oxygen consumption and quantification olvariance (ANOVA) was applied to test for significant effects
SDA of sampling time on gastric pH ando, for each meal
| measured rates of oxygen consumptivp,) of pythons treatment. To test the effects of meal treatment on metabolic
using closed-system respirometry as described by Vleckariables, | used ANCOVA (body mass as a covariate) for
(1987) and Secor and Diamond (1997a). Snakes were placetiole-animal measures and ANOVA for mass-specific
into individual respirometry chambers (9-188rs) and measures. Because of the significant variation in body mass
maintained within an environmental chamber at 30°C. Eachmong the five meal treatments, | recalculated whole-animal
respirometry chamber was constructed with an incurrent aneasures of SMR, peak, and SDA of each snake assuming
excurrent air port, each attached to a three-way stopcock. Farbody mass of 240f) Adjusted values were calculated from
each metabolic trial, a 50-ml gas sample was withdrawn frorallometric equations presented in tabldrom Secor and
each chamber, the chambers were then sealed (closing tBe@mond (1997a), assuming mass exponents of 0.7, 0.9 and
incurrent and excurrent stopcocks), and a second gas samflé1, respectively, for SMR, pe&l, and SDA. In conjunction
withdrawn 0.5-1h later from the reopened excurrent air port.with  ANOVA and ANCOVA, post-hoc pairwise mean
Gas samples were pumped through a columrp@f &bsorbent comparisons (Tukey—Kramer procedure) were used to compare
(Drierite; W. A. Hammond Drierite Co., Xenia, OH, USA) and treatments (sampling times or meal type). | preser® tredue
COz absorbent (Ascarite II; Thomas Scientific, Swedesboraresults of ANOVA and ANCOVA and significant pairwise
NJ, USA) into an @ analyzer (S-3A/ll; AEI Technologies, mean comparisons. The level of statistical significance is
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designated aB<0.05 and mean values are reported as means Gastric pH
+1seMm. Feeding triggered a rapid decrease in gastric pH 8Fig.
During the first 12 after feeding, gastric pH dropped
(P<0.0001) from 7.5 to 2.9, representing, on average, more than
a 10-fold increase in intragastric {Hevery 2h. By 24h
Rate of gastric digestion postfeeding, gastric pH had declined to approximately 2, and

At 12 h after feeding, ingested rat meals had not experiencddr the next 5-days held steady between 1.1 and 1.8 (mean
any significant loss in mass (Fi). Rat meals had been pH during that time was 1.52+0.05). After the meal had passed
significantly <0.01) reduced to 81.6+3.4% of their original from the stomach (usually 6-eys after feeding), gastric pH
mass within stomachs by 24 As all rats were swallowed head increased at a rate that mirrored the rapid postfeeding decrease,
first, degradation began at the head and proceeded distaflyich that over a span of only 18-f2gastric pH had returned
(Fig. 2). Within the first day, the head and shoulders oto 7.5. The individual variation in the time it took gastric pH to
ingested rats were in varying states of digestion, ranging frometurn to initial levels (7—18ays postfeeding) is explained by
being partly digested with the skull remaining intact (ashe differences among snakes in relative meal size (19.7-32.9%
illustrated in Fig2) to being completely digested and absenf body mass), as larger meals took more time to digest and
from the stomach. Up to this time, the ingested rats werthus induced longer episodes of acid production @ig.
decomposing and becoming bloated with gases @@ H)
produced by the still-living resident gut microflora. This was Varying gastric workload and SDA
clearly evident for snakes that had consumed several rats, afor each meal typeVo, (mlgih? or mh?) varied
their girth had increased an additional 30—40%. By day 2, mostignificantly (all P<0.0001) among pre- and postfeeding
of the anterior half of the rat had passed into the small intestinsamples (Fig5). Whereas mass-specific SMR @nt h1)
leaving 56.7+1.8% of the original meal within the stomach. Ifvaried significantly P=0.008) among meals, whole-animal
two rats had been consumed, the head of the second rat wasasures of SMR (nfit%; recorded or adjusted to a body mass
now showing signs of digestion. By day 3, gastric distentiomf 240Cg) did not differ (Tabld). Pythons reached peaks in
was significantly reduced as 29.6+4.5% of the original meaVo, at 12h (infused ground rat), 36 (intact rat, steak and
mass remained in the stomach. In cases where two rats wegmund rat) or 4% (liquid meal) postfeeding. Pedk, varied
consumed, the first rat and the anterior half of the second r~*
had completely passed, and only the distal half of the secol
rat was present within the stomach. By day 4, only 23.0+2.7¢
of the meal remained within the stomach and was largel
composed of portions of distal vertebrae and musculatur
along with the hindlimbs and tail. Only parts of the hindlimbs
and mats of hair (10.5+2.8% of ingested mass) were present
the stomach by day 6; by day 14, the stomachs were empty

10014 _— |
50:

Time postfeeding (days)

Results

% of meal in stomach

Fig. 1. Percentage of ingested meal remaining in the stomach as
function of time postfeeding (days) fBython molurusAll pythons
had consumed meals equaling approximately 25% of their bod
mass. Mass of stomach contents was measured from 3-8 pythons ...

sampling period. In this and all following figures, error barsFig.2. X-rays of the midsection of Rython molurugsaken at (A)
represent +Is.e.M. and are omitted if the.e.m. is smaller than the 1day, (B) 2days, (C) 3ays, (D) 4days and (E) @lays following
width of the symbol for mean value. consumption of a rat weighing 25% of the snake’s body mass.
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significantly (allP<0.0001) among meal treatments as pealsignificantly £<0.013) with the digestion of ground rat and
values during the digestion of intact rats were significantly (allecreased even further (bd@k0.003) during the digestion of
P<0.007) greater than during the digestion of ground rat, whicthe liquid meal and intestinal-infused ground rat. By infusing
was greater (alP<0.004) than that during the digestion of theground rat directly into the small intestine, thereby bypassing
infused ground rat (Table). The factorial scope of pedk, the workload of the stomach, SDA was reduced to one-third of
(peak Vo,/SMR) was highest for the digestion of intact rats,

significantly £=0.005) lower for the digestion of the ground A

rat and even lower (botP<0.05) for the digestion of the liquid 041

meal and intestinal-infused ground rat (TableThe duration 0.3

of significantly elevatedlo, was 8days for the digestion of the

intact rat meals and days for the other four meal treatments 0.2 1

(Tablel). 0.1 -
SDA differed significantly (allP<0.0001) among meal

treatments (Tabl&). Although not differing between the intact 0

rat and steak meals, SDA (adjusted to 2gp@lecreased sl B

Reference electrode 031

0.2 1

6 w T —— o]

=1
o) pH electrode 0
2 4
g __o04{C
= 1
21 F'cb 0.3 -
E 021
O T T T T T T 1 é\‘
0o 1 2 3 4 5 638 = 0.1
Time postfeedng (days) 0 v r . . . .
Fig. 3. Intragastric pH oPython molurugN=7) as a function of time 1D
postfeeding (days). The insert illustrates the position of the pt 04
electrode (attached to the rat's head) within the python’s stomac 03 1
Note the decline in gastric pH following feeding and subsequer
return after 7-@lays of digestion. The dotted portion of tkaxis 0.2 1
signifies that the initial increase in pH upon completion of gastric
digestion began 6-@ays postfeeding. 0.11
0 . - : . . .
15 - ]
Y= 4 04 T E
SR .
= C i
,3 é 12j ° 0.3_
es 0.2 1
—~ 0 . [ ) T
22 9] ° 011
<5 L4 ]
9 . o0
ol 6 0 -
EQ 0 2 4 6 8 10
o ) .
1 Time postfeeding (days)
15 20 25 30 35 Fig. 5. MeanVo, at 30°C ofPython molurusprior to (day 0) and up
Meal size (% of body mass) to 10days following the ingestion of (A) intact rats, (B) steak, (C),

ground rat, (D) liquid diet and (E) ground rat directly infused into the
Fig.4. The time (days) it took after feeding for stomach pH ofproximal small intestine. All meals were equal in mass to
Python molurus(N=6) to return to prefeeding levels plotted as aapproximately 25% of snake body mass. Note the decrease in the
function of meal size (% of snake body mass). Note that as relatimagnitude of the postfeeding metabolic response as the workload on
meal size increases so does the duration of maintaining an acicthe stomach is reduced from digesting intact rat to intestinally
stomach. infused ground rat meals.
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Table 1.Body mass, meal size, standard metabolic rate (SMR), and postfeeding metabolic measures of peak oxygen consumptic

(Mo,), scope of pealo,, duration, specific dynamic action (SDA) and SDA coefficient of Burmese py@lytimen(molurukin
response to five meal treatments

Meal treatment

Infused
Variable Intact rat Steak Ground rat Liquid meal ground rat P
Body mass (g) 23941341 2316+434 2429+192 5240+509 16731275 <0.0001
N 5 6 6 4 4
Meal size (% of body mass) 25.0+0.1 25.3+0.02 25.0+£0.0 25.0+£0.0 25.0+£0.0 0.41
SMR (mlh1) 56.6+7.8 56.8+8.5 57.5+4.4 111.6+7.1 49.4+4.5 0.53
SMR (mlh-1) adjusted to 24CQ 56.6+7.8 58.4+1.8 57.242.5 66.0+1.4 64.2+2.6 0.052
SMR (mlg1h1) 0.024+0.00% 0.025+0.00%b  0.024+0.00% 0.022+0.002  0.031+0.008 0.008
PeakVo, (ml h™Y) 963+145% 781+16G-P 681+68 867168 229424 <0.0001
PeakVo, (ml h-1) adjusted to 2400 g 96548 797+7RD 672434 433+2% 32829 <0.0001
PeakV02 (mglh?d 0.402+0.022 0.330+0.03%b  0.278+0.018 0.166+0.010 0.139+0.01% <0.0001
Scope of peaf(/o2 16.8+0.8 13.2+1.% 11.7+0.7 7.7+0.58 4.5+0.2 <0.0001
Duration (days) 8 6 6 6 6
SDA (kJ) 1259+174 1111+203:b 94387 119692 289+38 <0.0001
SDA (kJ) adjusted to 24009 1269447 1154+48 938+54 549+2% 422+18 <0.0001
SDA (kJkg™) 528+1% 48023 391+22 231+1Z 175+F <0.0001
SDA coefficient 26.5+1.9 30.5+£1.2 19.5+1.p 14.4+0.8 8.8+1.2 <0.0001

Variables are defined in the text. Values are presented as measm: 1
For each metabolic measure, superscript letters that differ denote signiic@ri5) differences between means as determined fiastt
hocpairwise comparisons.

that generated by the intact rat meals. Whereas SDfeeding, secreted HCI and the protease pepsin begin to digest
coefficients (SDA expressed as a percentage of the ingestadiay the rat's head and anterior thorax. Concurrently, gas
meal energy) likewise did not differ between the intact rat antegins to build up within the body cavity of the ingested rats,
steak meals, values were significantly (bB#0.001) lower a phenomenon that was also observed by Blain and Campbell
with the ground rat meal, decreasing ag&n(Q.022) with the  (1942) in digesting boa constrictoBda constrictoy and
liquid meal and declining even furtheP=0.021) with the indigo snake Drymarchon corais coupéeri Once HCIl and
intestinal-infused ground rat meal (Talle pepsin have breached the rat’'s body cavity, the gas is released
and gastric distention is relaxed. Breakdown of each rat
proceeded from its head to its tail (rats were all swallowed head
Discussion first), as it was continuously pushed towards the more distal
Digestion of large and intact meals is an expensive endeavportion of the stomach. The last materials to exit the stomachs
for the Burmese python (Benedict, 1932; Secor and Diamongyere mats of hair, suggesting that the indigestible hair is either
1997a; Overgaard et al., 1999). Mandatory for this process &electively held back, giving priority to the passage of more
the gastric breakdown of the ingested intact meal to a souputritional and digestible material, or is simply more difficult
like chyme that can then be passed to the small intestine. Tke pass through the pylorus.
highly acidic environment within the stomach when food In an x-ray study evaluating body temperature effects
is present indicates that gastric digestion by pythons ien gastric digestion, Skoczylas (1970a) observed rapid
accomplished, in part, by a high production of hydrochloricddecomposition of ingested frogs within the stomachs of grass
acid (HCI). The reduction in the magnitude of the python'ssnakes Natrix natrix) maintained at 25°C. Following their
postprandial metabolic response when food bypasses tleensumption of frog meals equaling 20% of body mass,
stomach provides evidence that the cost of HCI productionatrix had cleared their stomachs withind&ys, which is
and overall gastric performance is a substantial component obnsiderably faster than the 5ddys it took pythons to empty
their SDA. In the following discussion, | shall address thetheir stomachs. Plausible explanations for these differences are
breakdown of the rodent meal within the python’s stomach, thinatN. natrixhad consumed relatively smaller meals, their frog
postprandial profile of intragastric pH, the cost of gastrianeals were digested more rapidly compared with rat meals due
performance and the components of SDA and shall commetd a thinner integument, they had consumed a single frog
on the outlook for further studies of python gastric physiologywhereas two-thirds of the pythons had consumed at least two
rats (a single large prey item may pass faster than multiple
smaller prey items) and, as a frequent feddenatrixare able
to initiate gastric digestion faster than the infrequently feeding

Gastric breakdown
Following gastric upregulation during the first A 2after
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P. moluruswhich must first upregulate gastric function beforeis a direct relationship between body temperature and rates of
digestion can commence. In support of this last pointy 24 chemical reactions; therefore, decreasing body temperature
following consumption of a common meal size (25% of bodydecreases rates of acid and enzyme secretions and thus
mass), frequently feeding snake species pass twice tlmcreases the duration of digestion (Skoczylas, 1970a;
percentage of ingested prey (30%) from their stomachs than &tevenson et al., 1985). The snakes used to monitor gastric pH
infrequently feeding species (15%; Secor and Diamond, 2000)ere maintained at a lower body temperature (23-28°C) than
those used to evaluate gastric digestion (27-30°C) and

Gastric pH consequently experienced longer bouts of digestion.
During fasting, the quiescent stomach of pythons apparently o _
does not secrete acid, as is evident by the slight alkalinty of Cost of gastric digestion

the gastric lumen immediately after swallowing the rat meal. The results of this study suggest that as the workload of the
The presence of the meal within the stomach (if not soonepython’s stomach is reduced, so is the cost of digestiongfig.
triggers the secretion of HCI- and enzymes from the oxyntic Tablel). One means to reduce gastric workload is to reduce
cells of the gastric epithelium. This causes a rapid decreasenmeal size; for pythons, smaller meals are digested faster and
luminal pH to a stable level of approximately 1.5. Once théncur a lower SDA and SDA coefficient (Secor and Diamond,
meal passes from the stomach, acid production ceases atfiB7a). Another means (employed in this study) is to reduce
luminal pH returns to around 7.5. Similarly, following the structural integrity of the meal while maintaining a constant
ingestion of a frog meal, gastric pHMf natrixdecreases from meal size, thereby accelerating its passage into the small
7.2 to 3.3 within 4, a response noticeably faster than that ofntestine. The rolled steaks lacked the outer integument and
P. molurus(Skoczylas, 1970b). For turtles, lizards, alligatorsbones of an intact rat. The ground rat was finely pureed,
and other snake species, gastric pH of fasting individualhereby greatly increasing its surface area for acid and
ranges between 7 and 8 and declines to a range of 1.5-4 duregmgzymatic degradation, and the liquid diet was already
digestion (Blain and Campbell, 1942; Coulson et al., 1950equivalent to or beyond the state of particle reduction
Wright et al., 1957; Fox and Musacchia, 1959). characteristic of the chyme exiting the stomach. Whereas the
The pre- and postprandial profile of gastric pH of pythonsteak meal passed from the stomach faster than intact rats but
(and other reptiles) is markedly different from that ofdid not produce a lower SDA, both the ground rat and liquid
mammals. In contrast to the slight alkalinity of the fastingdiet reduced gastric resident time and SDA. In bypassing the
python’s stomach, mammals maintain a highly acidicstomach and infusing ground rat directly into the small
environment (pH 1.1-3) within their stomachs between boutitestine, the generated SDA was 33% of that resulting from
of digestion (Youngberg et al., 1985; Evans et al., 1988he digestion of intact rat meals.
Cilluffo et al., 1990; Viani et al.,, 2002). Whereas pythons The large reduction in SDA when the functions of the
experience a dramatic postprandial decrease in gastric pH, temach are bypassed suggests that gastric digestion is
luminal pH of mammal stomachs increases rapidly afteapparently an expensive component of the python's SDA.
feeding to range between 3 and 6, presumably as the ingestédntributing to this cost are three well-cited activities of the
meal buffers the gastric acid (Savarino et al., 1988stomach; motility, enzyme production and acid secretion.
McLauchlan et al., 1989; Cilluffo et al., 1990). Within a few Contractions of the stomach’s smooth muscles serve to churn
hours after feeding, intragastric pH of mammals drops as aci&hd grind the ingested meal, thereby facilitating contact of the
production, which has increased 20-fold, overwhelms théood with enzymes and HCI, and to drive chyme through the
buffering capacity of the food, which is then being passegyloric sphincter. For non-mammalian species, a single cell
through the pyloric sphincter into the small intestine (Fordtratype, the oxyntic cell, is responsible for the secretion of
and Walsh, 1973). pepsinogen and HCI (handled by the chief and parietal cells,
The duration of gastric acid and enzyme production is @aespectively, in mammals; Helander and Keeling, 1993).
function of meal size, meal composition and body temperatur&ecreted pepsinogen, when exposed to a luminal pH of 2-3.5,
For pythons, increasing meal size by 65% (from 19.7% tis cleaved to the active proteolytic enzyme pepsin. Pepsin
32.9% of body mass) resulted in a 50% increase in the duratidmegins the process of protein digestion by acting on collagen
that gastric pH was maintained at 1.5 (®ipg. Decreasing and hydrolyzing proteins. HCI is formed front@hd H; CI-
the structural composition of the python’s meal results in aims passively released from oxyntic cells whereéasstactively
apparent decrease in gastric workload and acid and enzympamped from cells by the ATP-driven *#*-exchanger
secretion (Fig. 5; Tabl&). Intuitively, intact meals possessing (H/K*-ATPase or proton pump; Forte et al., 1980).
a hard exo- or endoskeleton would require more time and effort While motility and pepsinogen production undoubtedly both
to digest and pass than fragmented and/or soft-bodied foawntribute to the cost of gastric digestion, at least five lines of
items. The turtleKinixys spekiiand the toadBufo marinus evidence emphasize the cost of acid production: (1) pythons
required more time and energy, respectively, to digesthaintain an intragastric pH of 1.5 in spite of the large buffering
millipedes and superworm&dgphobadarva), both possessing capacity of the rat meals for 5days; (2) the production of
a chitinous exoskeleton, than to digest soft fungi anduch a quantity of HCI requires the proton pumps of the oxyntic
earthworms (Hailey, 1998; Secor and Faulkner, 2002). Therells to move Hifrom the cytosol into the gastric lumen against
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a concentration gradient in excess of a million-fold (Helande
and Keeling, 1993); (3) the proton pumps opendtethe

hydrolysis of ATP with a stoichiometry of one' Humped per

ATP hydrolyzed (Reenstra and Forte, 1981; Norberg an
Mardh, 1990); (4) the gastric parietal cells of mammals
contain the highest concentration of mitochondria (34-449%
by volume) compared with any other mammalian cell type
(Helander and Hirschowitz, 1972; Helander et al., 1986), anc
in a preliminary study, | found python oxyntic cells to be 40%
mitochondria by volume; and (5) acid secretion is absolutel
dependent upon oxygen delivery (Forte et al., 1975; Berglindt
1984). Collectively, these findings indicate that pythons
expend considerable amounts of cellular enerigyaerobic

metabolic pathways to generate the vast quantity of HC

Protein synthesis
158 kJ, 26.3%

Gastric
performance
330 kJ, 55%
Gl upregulation
29.5kJ, 4.9%

Other activities
82.5kJ, 13.8%

necessary to digest their large intact meals. Fig. 6. Total specific dynamic action (SDA; €R0) of a 1kg Python
molurusresulting from the digestion of a rat meal equal in mass to
Components of SDA 25% of the snake’s body mass, partitioned among the components of

One goal of this project was to ascertain the relativdastric performance, prot_ei_q synthesi_s, gastrointestinal (e]))
contribution of pre- and postabsorptive activities to theupregulatlon and other a_ct|V|t|es. Note in this example that the
python's SDA. To begin, | calculated that ad. python grE)eArgy expended on gastric performance is the largest component of
digesting a 259 rat (25% of snake body mass) would '
experience an SDA of 600 based on the published
regression equation: log SDA = log body mask01 — 0.25 (mass gained/mass consumed) of 41.2% (S. M. Secor, personal
(table2 in Secor and Diamond, 1997a). | next estimated thebservations; based on 40 pythons each consuming 10 meals,
cost of gastric performance as 380(55% of SDA) based on each equaling 25% of body mass). Assuming that@»fhe
the differences between the SDA resulting from digestingnass gained is protein (the rest being water, bone and fat), with
intact rat meals (52B1kg™) and that generated by the an energy value of 39d (17.5kJg1protein), the cost of
intestinally infused ground rat meals (K®kg?l) and protein synthesis is therefore 168 (0.4kJg! protein),
considering that the infused ground rat meals may not hawsguivalent to 26.3% of SDA (Fi§). The combined cost of
fully generated all postgastric activities (therefore decreasingastric performance, Gl upregulation and protein synthesis
the assumed cost of gastric function). Lacking, at least frons 517.5kJ, 86.2% of the projected SDA. The remaining
the infused ground rat response, is the production and secretiocomponent, 82.5J, 13.8% of SDA, would include the activity
of bicarbonate solution by the pancreas and small intestine oosts of the pancreas, gallbladder, liver, kidneys and small
response to the introduction of the acidic chyme from amand large intestines (Fig). Also included are the costs
ingested meal. stemming from the postprandial increase in pulmonary and

Following feeding, pythons upregulate the performance o€ardiovascular performance (Secor et al., 2000).
their dormant guts in order to digest their meals (Secor A universal phenomenon following feeding is activation of
and Diamond, 1995, 1997b). To quantify the cost oftissues of the Gl tract to propel food through the oesophagus,
gastrointestinal (GI) upregulation, | first estimated that thestomach and intestines, to secrete ehzymes, bicarbonate
difference in SMR over a 24-h period (time taken to upregulateolution and bile, and to hydrolyze and transport nutrients.
the gut) between aKg python with a quiescent gut (from Given that these activities are energy consuming and are
table2 in Secor and Diamond, 1997a) andlegIpython with initiated prior to assimilating the meal, all digesting organisms
an upregulated gut (calculated from the SMR of frequentlynust first expend energy before harvesting and metabolizing
feeding snakes that maintain an upregulated gut; Secor aady of the ingested nutrients. Secor and Diamond (1995) in
Diamond, 2000) was equivalent to K2 Next, | calculated discussing this physiological phenomenon used the analogy
that the cost of the postprandial increase in stomach anpay before pumping’ in reference to self-service fuel stations.
intestinal mass for a Kg python was 17.8J. | assumed that Burmese pythons, like other organisms, must expend energy
these organs gained &y5n protein with an energetic value of (pay) to generate the HCI and pepsin necessary to initiate
44kJ (17.5kJ g1 protein) and that the cost of protein synthesisgastric digestion, propel food into the small intestine, produce
is 0.4kJ expended per kJ of protein synthesized (Aoyagi et aland release bile, enzymes and bicarbonate, upregulate and
1988). Combining metabolic and growth costs, the estimatedperate intestinal hydrolases and nutrient transporters, and
cost of Gl upregulation is 22K, which is 4.9% of SDA lengthen intestinal microvilli before they can use any of the
(Fig. 6). ingested nutrients in metabolic pathways (pump). Assuming

To calculate the cost of post-absorptive protein synthesis,that none of the ingested nutrients has crossed the intestinal
estimated that a Hg python would gain 108 in body mass wall by 18h after consuming an intact rat (25% of body mass;
from the digestion of a 25@rat, assuming a growth efficiency Fig.5), the minimal cost that is paid upfront isl6R which is
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5.5% of SDA. This start-up cost must be met by endogenous suggested from the effort they expend to generate the HCI
energy stores, most likely by lipids mobilized from fat bodiesthat can maintain an intragastric pH of 1.5 for a week against
Support for this response is the rapid postprandial 50-folthe constant buffering actions of their large meal, to constantly
increase in plasma triglycerides observed for Burmese pythompsoduce pepsin and perhaps other enzymes during that interval,
(Secor and Nagy, 2000). to propel a large amount of material through the pyloric
The Burmese python’s impressive upregulation of their Gkphincter, and to produce new mucosal cells. Thus, the
tract following feeding was earlier suggested as one of seversiomach’s capacity for high aerobic performance may be
important contributors to their relatively large SDA (Secor anchecessary for pythons to digest their large intact meals.
Diamond, 1995). The combination of 5- to 20-fold increases
in small intestinal nutrient transport rates, up to a 3-fold | wish to thank L. Barcliff, J. Barton, L. Bivens, M. Boehm,
increase in pancreatic and intestinal enzyme activities, A. Cox, M. Dalal and J. Sutton for technical assistance with
doubling of small intestinal mass, and a 5-fold increase ithis project, J. Diamond for support during measurements of
microvillus length was reasoned to have an impact on thegastric digestion and pH, and R. Buddington, G. Ultsch and
SDA (Secor and Diamond, 1995, 1998). As previousltwo anonymous reviewers for their helpful comments on
calculated, the cost of GI upregulation may represengarlier drafts of this manuscript.
approximately 5% of the python’s SDA. Similarly it was
concluded from metabolic measurements taken during
overlapping digestive bouts (thereby the gut was not allowed References
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