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ABSTRACT

The effect of metabolic rate (MR) on organisms’ ltiteanaintenance is a long-
standing puzzle and empirical data on this isswemgradictory. A theoretical model was
developed for understanding animal’'s energy budgeter the food condition ofAd
libitum (AL) and food restriction. This model offers arfrawork for understanding the
role of MR and health maintenance mechanism frompirspective of energy tradeoff
between food assimilation, growth, metabolism araintenance. HornwornmManduca
sextalarva) has been selected as an model to testnrgetic tradeoff under different
food supply and ambient temperatures. The changemnérgy budget can reveal its
health maintenance mechanism during growth. Theeraxents’ results show that (1)
under food restriction, high temperature can slownlthe growth rate to compensate for
the high metabolism; (2) the free-feeding larvaghtly decrease the energy allocated to
growth as body mass increases, and increase thgyeaocated to metabolism, while
the food restricted larvae prioritize growth at tepense of metabolism; (3) during
growth, the mainly reason of the accumulated dasagecaused by the changes in

biosynthesis instead of the changes in metabobeggn
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SECTION

1. GENERAL INTRODUCTION

The role of metabolic rate (MR) in animals healtaimenance and longevity is
unclear and empirical data on this issue is comdtay (Speakman et al. 2004). In
general, inter-specific data from wild animals withthe same taxon (McCoy and
Gillooly 2008) show that, with a few exceptionsg thnes with higher mass-specific MR
have shorter lifespan. Under laboratory conditidogiering body temperature and MR
also have been shown to extend lifespan of botttlemtms (Klass 1977, Partridge, Piper
and Mair 2005, Van Voorhies and Ward 1999) and #retms (Conti et al. 2006) that
were fed freely.

Based on the data froAd libitum (AL) fed animals and the oxidative stress
theory, it has been hypothesized (Rikke and Johr&ifi¥, Weindruch and Walford
1988) that lowering body temperature and metalralie (MR) is also one of the major
mechanisms of food restriction (FR), which extettds lifespan of a broad diversity of
organisms, while keeping them in a relatively Healstate (Masoro 2005, Weindruch
and Walford 1988). However, numerous studies hakews that FR does not
substantially decrease the mass-specific MR of malsfsee review in (Hou, Bolt and
Bergman 2011d, Mccarter, Masoro and Yu 1985)). i8tudn ectothermic species also
found that while extending the lifespan, FR doeslower MR in them after body mass

is corrected (Partridge et al. 2005, Houthoofd,eBkanan and Vanfleteren 2003, Mair et



al. 2003, Hulbert et al. 2004, Walker et al. 200H)ese findings indicate that lowering
MR is not crucial for FR to extend lifespan. Moreava few studies on mice (Liao et al.
2011b), houseflies (Cooper et al. 2004), parthenmete insects (Roark and Bjorndal
2009), nematodes (Houthoofd et al. 2003), and ggash et al. 2002) have shown that
under FR, MR seems to be positively correlatedetalth maintenance and lifespan.

The controversial correlation between metabolice rgfMR) and health
maintenance has been a long-standing puzzle (Mgcattal. 1985, Brys, Vanfleteren
and Braeckman 2007, Speakman et al. 2004, StudrBaown 2006, Promislow and
Haselkorn 2002, Hughes and Reynolds 2005). A #imad model was developed
grounded on empirical data for understanding arsmahergy budget under the
conditions ofAd libitum (AL) fed and food restriction (FR), as well as tinederlying
mechanisms of FR’s effects (Hou et al. 2011d, HBnlt and Bergman 2011c, Hou et al.
2008, Hou, Bolt and Bergman 2011b). The model sstggthat the detailed energy
tradeoff between growth, metabolism, and mainte@anay be the key for understanding
the role of MR and how FR enhances heath mainteng@hau et al. 2011b).

The goal of this thesis is to unravel the relatitopshetween food assimilation,
growth rate, metabolic rate and health maintenainoe the energetic perspective.
Hornworm,Manduca sextagrows from 1mg at the®linstar stage to 15 grams at the fifth
instar stage in 20 some days making it an idealehtdstudy animal’s energetics during
growth under laboratory condition. This thesis c¢stss of three related projects to
investigate that how hornworm adjusts its energgdet to adapt different food supply
and environmental temperatures, and how the changasergy budget affect its health

maintenance.



In the first project, the energy tradeoffs waredstd in hornworms under food
restriction. It has been well know that when fedliadum (AL), ectothermic animals
usually grow faster and have higher metabolic ratehigher ambient temperature.
However, food restriction (FR) condition, may impoan energy tradeoff between
growth and metabolism. We measured the rates @ftgrand metabolism of four cohorts
of 5th instar hornworms (Manduca sexta larvae)a@at two levels of food supply (AL
and FR) and two temperatures (#Dand 3(°C). Our results show that, compared to the
cohorts reared at 2IT, the ones reared at 30 have high metabolic rates under both AL
and FR conditions, but a high growth rate underaf\d a low growth rate under FR were
observed. Our results indicate that for ectotheramenals under food restriction (FR),
high temperature can lead to a high metabolic rate, growth can slow down to
compensate for the high metabolism.

Second, a simple theoretical model was developaded on conservation of
energy and allometric scaling laws, for understagdihe dynamic energy budget of
growing hornworms under food restriction. We tebe tmodel by manipulative
experiments on 5th instar hornworms at three teaipers (20C, 25°C and 30°C). At
each temperature, food restriction increases tladingc power of growth rate, but
decreases that of metabolic rate, as predictechéyntodel. During the 5th instar, the
energy budgets of larvae change dynamically. The-feeding larvae slightly decrease
the energy allocated to growth as body mass inesgad increase the energy allocated
to metabolism. The opposite trends were observedad restricted larvae, indicating

that insect larvae prioritize growth at the expeoisemetabolism.



Third, experiments have been conducted to invdstigaw the energy tradeoffs
between growth, metabolism, and maintenance affentworm’s health maintenance.
Oxidative metabolism causes various forms of mdécand cellular damages that are
associated with the health maintenance. During tiroavfraction of metabolic energy is
allocated to new biomass synthesis. It has beewrshioat changes in biosynthesis also
induce damage accumulation. However, all the eagsstudies only investigated the
collective effects of metabolism and biosynthesis @amage accumulation during
growth. It remains unclear how each of these bickigrocesses plays a role in causing
damage. A model was developed based on the firstiple of energy conservation to
disentangle the effects of changes in biosynthatid metabolic rate on the total
accumulated damage from an energetic perspectie. model predicts that during
growth, the changes in damage are mainly causedhéychanges in biosynthesis,
whereas the consequences of the changes in metapeligy are insignificant. We then
test the model by experiments on thd mstar hornworms. We manipulated the
biosynthesis and metabolism of hornworms by reathgm at different food supply
levels, and assayed the phospholipid oxidative d@mahe empirical results strongly

support the predictions of the model.



PAPER

I. HIGH TEMPERATURE SLOWS DOWN GROWTH IN TOBACCO
HORNWORMS (MANDUCA SEXTA LARVAE) UNDER FOOD RESTRIC TION

Abstract

When fedad libitum (AL), ectothermic animals usually grow faster aravé
higher metabolic rate at higher ambient temperatdoavever, if food supply is limited,
there is an energy tradeoff between growth and Imoéitan. Here we hypothesize that for
ectothermic animals under food restriction (FRghhtemperature will lead to a high
metabolic rate, but growth will slow down to compate for the high metabolism. We
measure the rates of growth and metabolism of tmiorts of &' instar hornworms
(Manduca sextdarvae) reared at two levels of food supply (AL aRR) and two
temperatures (20 and 3G). Our results show that, compared to the coheedsed at 20
°C, the ones reared at 30 have high metabolic rates under both AL and Ftitions,
but a high growth rate under AL and a low growtkerander FR, supporting this

hypothesis.

INTRODUCTION

Ontogenetic growth, an energetically costly processfueled by metabolism
(Wieser 1994). Understanding the relationship betwgrowth and metabolism has been
a central theme in ecological physiology (Sibly aalow 1986, Karasov and del Rio

2007), and it requires a framework of animals’ ggeallocation strategy. During growth,



the energy assimilated from fodd, is partitioned between the energy deposited m ne
biomass,S which is proportional to growth rate, and metabanergy,B, which is
dissipated as heat (Brody 1945, Hou et al. 200&ijk@an 2000, van der Meer 2006) ,
ie.,

F=S+B (1)

For ectothermic animals, food availability and aembitemperature are two major
environmental factors that largely influence theirergy budget (Lee and Roh 2010,
Atkinson 1994, Zuo et al. 2012, Miller et al. 2008hen ectothermic animals are fed
with unlimited food &d libitum AL), high temperature induces an increased méitabo
rate, B (Gillooly et al. 2001). Along with metabolism, tlgrowth rate increases with
temperatures (Gillooly et al. 2002, Zuo et al. 20A%kinson 1994). Thus, under AL
condition the rates of metabolism and growth argtpely correlated. The temperature-
induced increase in the rates of metabolism andvtpras known as the Q10 effect,
referring to the increase in the growth and meiaboite for a 18C increase in
temperature, and usually takes on values betweand23 (Gillooly et al. 2001), but
sometime below 2 (Hack 1997, Chappell 1983). Theemsed energy requirements are
met by the increased food uptake rate until theacidyp of an animal’s digestive system
reaches its limit (Hammond and Diamond 1997). Havewthe correlation between
metabolism and growth may not always be positiveerwhemperature increases
(Diamond and Kingsolver 2010, Clissold, Coggan &mpson 2013). When the food
availability is limited and lower than AL level, Eq (F =S+ B) suggests an energy
tradeoff between growth§, and metabolismB (Hou et al. 2011d). For a given body

mass, ifF is limited, then any change in eith®or B, due to environmental factors such



as temperature, must cause a change in the othiaeimpposite direction. Since the
metabolic rate of ectothermic species increasesh vdtnbient temperature, we
hypothesize that in ectothermic animals fed witlixad food supply lower than the AL
level, high temperature will lead to a reduced gtovate. We use thé"Snstar tobacco

hornworms landuca sextdarvae) as a model to test this hypothesis. Thénstar

hornworm grows from 1~2 grams to 7~15 grams in 6~1¢s ddepending on the
temperature and food level, making it an ideal nhadestudy growth (Kingsolver and

Woods 1997, Reynolds and Nottingham 1985).

MATERIAL AND METHODS

Animal Rearing. In the summer of 2012, we raised approximafi€Q tobacco
hornworms(Manduca sextdarvae) from eggs obtained from Carolina Biolog®apply
(NC) ad libitumon a long day cycle (17 hours light:7 hours dakP5C until the &"
instar. On the first day of theMSinstar, we randomly separated the larvae into two
incubators, which were set at temperaturesC2@&nd 30C respectively. At each
temperature, we fed the larvae at two food supeiels, ad libitum (AL) and food
restriction (FR) (see below). We therefore had foatnorts of larvae (2 temperature®
food level), which were labeled as°ZDBAL, 20°C-FR, 30C-AL, and 30C-FR. Each
cohort consisted of ~ 25 larvae. Each larva wastear an individual plastic clear vial
(diameter: 5 cm; length: 12 cm).

Growth Rate. We measured the body mass of each larva in evenprt at

approximately the same time every day from the fiesy of the ¥ instar to the nearest



0.1 mg, using a digital microbalance (Perkin-EIrA&6). We define the growth rate, in
unit of gram/day, as the increment of body massifome day to the next.

Food Supply Levels After weighing the larval body mass, we fed thwda with
a wheat germ-based diet (hornworm medium bulk datplina Biological supply, NC).
The AL cohorts fed freely, and we measured the fopthke rate of every larva every
day. During the experiment, no larva in the AL adlaan out of food. For both FR

cohorts at 20C and 30°C, we fed each larva with the amount of food caltad from

the equatior =0.5xn?™, whereF is the amount of food am is the body mass, both in
units of grams. Food supply was weighted to theesd mg. Our previous data on food
uptake rate of AL larvae suggest that this foodrie®n level is well below AL for

larvae reared at both 2G@ and 3(°C. The data from this study also confirm this.Hist
study, the food uptake rate of AL-fed cohorts seéta body mass a§ =1.313«<n"™(R?
= 0.76) at 36C and F=0.622nf"® (R? = 0.71) at 26C. We used the same equation,

F=0.51"", to feed both 20C-FR and 30C-FR cohort, because the food restriction level
needs to be the same at both temperatures tdheebiypothesis. During the experiments,
every larva in the FR cohorts completely finishisdfood every day.

The higher temperature causes higher water lo$sonh. Although FR larvae at
both temperatures obtain the same amount calovey elay, the water content in diet
affects the growth and metabolic rate of hornworMartin and Van't Hof (1988) have
shown that the growth efficiency (body mass gain fped intake) is 12% lower, and
metabolic rate is 16% higher, in the hornworms ¢éeda diet containing 65% water
compared to the ones on an 82% water diet. To medbka water evaporation, at each

temperature we prepared five food samples withsthmlar mass and shape as the food



given to the larvae, and placed the samples iwvitlle that the larvae were reared in. We
then calculate the percentage of water loss inaliet 12 hours and 24 hours.

Metabolic Rate. We used equipment from Sable Systems Internati@fl, Las
Vegas, Nevada, USA) to perform the flow-throughpnesnetry with an incurrent flow
measurement (Lighton 2008). Before all trials, \abbrated a CA-10 Coanalyzer (SSI)
with air run through an ascarite column and theanspd it with a gas of known GO
concentration (1,000 p.p.m. GGn N, = 1). We then calibrated an FA-10 Oxygen
analyzer (SSI) with water and GQcrubbed air at 20.95% (Lighton 2008). A baseline
measurement was taken before, between, and afteres@erimental trial by running air
scrubbed of water and G@hrough an empty chamber and then into the reswty
system. We set flow rate at 60 ml Minsing an SS-4 subsampler (SSI). This air was
then sent to the larva or baseline chamber. BetwikenCQ and Q analyzers, we
scrubbed the COproduced by the larvae by a column of ascaritermasigm perchlorate
so that the C@concentration will not affect the measurement ef Gemperature was
controlled using a pelt-5 temperature controllegljShat houses the respirometry and
baseline chambers. Respirometry chambers for itdali larvae were 60-cc syringe
barrels fitted with rubber stoppers. We randomlgsghsix larvae from each cohort on the
first day of the & instar, and used the same individuals for theiresyetry measurement

every day until the wandering stage. The rates pE€@sumption and CQOproduction,

\./oz andVco,, Oof each larva were measured for 7-10 minutes tntezval every day after

their body mass was measured.

We used SSI ExpeData software (SSI) to correctdigits in CG, and Q

concentration. The rate\s}oz and Vco,were calculated aS./coz =FRx[CO,]/10C, and
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\702 =FRx (20.95- [Q 1)/ (10G- [Q ], where FR is the flow rate, and [gGnd [Q)] are

the concentration of CQand Q in the respirometry chamber (Lighton 2008). Eaatad

point represents the average of the measuremeen tdkring the time interval. The

larval metabolic rate (in unit of watts) was calted asB=(43.25- 22.5% RER x .\koz / 6(

, where RER= i/coz/ .Voz is the respiratory exchange ratio (Blaxter 198%héfis 1992).

Data Analysis and Statistics.Data on metabolic rateB] was collected and
analyzed every day for the same six larvae in eattort from the first day of the™
instar to the wandering stage. The data on foaaken§) and growth § was collected
from all the larvae in each cohort that were ahteéhe end of the experiment. Mortality
rate was between 10~20% among cohorts, so the daka and S were from 20~23
individuals in each cohort every day. Larvae deseetheir food intake and growth rate
considerably as they approach the peak mass (8eals 2012, Esperk and Tammaru
2004). Thus we followed Sears et al. (2012) antrictsd our analysis of the rates of
food intake F) and growth ) to the “free growth period”, during which the rease in
growth rate is positive. All three ratds,S andB, are expressed as scaling power laws of
body mass (Sears et al. 2012, Greenlee and Har2i865), in the form ofR=ax nf,
whereR is the rate of interesd, is the scaling coefficiend is the scaling power, amd is
the body mass. The scaling equation was logarithmanstormed,
Log(R = Lod a+ ok Lo@ i, and the ordinary least square linear regressias wsed to
estimate the scaling coefficients and powers. Steal analyses were performed using
SPSS 20. We performed a full model ANCOVA with badgss as a covariate to test if

there is significant interaction of two factors fnaturefood on the rates of growth and
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metabolism. We then conducted separate ANCOVA ugngperature as a single factor
to test if within the same diet regime temperatrage significant effects on growth and

metabolism.

RESULTS

Metabolic Rate. For AL cohorts, the metabolic rate scales with bodyss as

B, 0., =0-00568nt"" (R* = 0.80) at 30C, andB,

30°C-AL

=0.0030% n?* (R? = 0.82) at 20

0°C-AL
°C (Fig. 1A). For food restricted (FR) cohorts, thetabolic rate scales with body mass

as B =0.00775nf** (R? = 0.39) at 30C and B, ,=0.0046&nt* (R* = 0.43) at

30°C-FR 0°C-FR

20°C (Fig. 1B).

T A. Metabolic rate of AL cohorts at 20 °C and 30 °C B. Metaboalic rate of FR cohorts at 20 °C and 30 °C

o
L

[

Log (Metabolic rate [watts])

Log (Metabolic rate [watts])
8 .

&
I
\
=}
=}

’7 o * 30°C-AL * 30°C-FR
2 o 20°C-AL = awm o o 20°C-FR

0!0 0‘2 014 DIS nre 1‘0 ||2 1!4 N 30 2 ola 015 0?8 xfo
Log (Body mass [grams]) Log (Body mass [grams])

Figure 1. The Effects of Temperature on Metabokte’ in Ad Libitum(AL) and Food
Restricted (FR) M. Sexta Larvae. Within the sanmet degime, the slopes of metabolic
rate are the same at different temperatures (ANCOR A 0.05), but the intercept is
higher at the higher temperature (ANCOVA, P < 0.0Obhere is no interaction of
temperaturexfood (ANCOVA, k10= 2.507, P = 0.115).
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The full model ANCOVA shows that there is no sigraht interaction of
temperaturgfood on metabolic rate (10 = 0.135, P = 0.714). Within the same diet
regime, different temperatures have no significeffeect on the slopes of the metabolic
rates (ANCOVA, k131 = 1.574 and P = 0.212 for AL cohortsj gz = 0.009 and P =

0.598 for FR cohorts). But within the same dietmesy the intercept of the metabolic rate

significantly increases at high temperature. In édhorts, B, _, is about 1.70-fold

higher thanB, .., (Q10 =1.70, ANCOVA, Fis = 126.31, P < 0.001); and in FR

cohorts, B is 1.50-fold higher thari,

' Byyocrr vocer (QL0 = 1.5, ANCOVA, £g=69.39, P <
0.001).

Growth Rate. For growth rate, there was a significant interactiof
temperaturefood (ANCOVA, R 255=122.042, P < 0.001). Within the same diet regime
(AL or FR), temperature has no significant effecttbe slope of growth rate (ANCOVA,
F1117=0.556 and P = 0.457 for AL cohorts;iz= 1.824 and P = 0.179 for FR cohorts).

For AL-fed animals, Fig. 2A shows that the growdterof the cohort 30C-AL scales

with body mass a$ =0.90%« M* (R? = 0.51), 2.43-fold higher than the cohort 20

30°C-AL

°C-AL S =0.386x i (R? = 0.71) (ANCOVA, F.,7118.063, P < 0.001).

20°C-AL
However, opposite to what is observed in the AL-bethorts, Fig. 2B shows that the

growth rate of the 26C-FR cohort, scaling a§ =0.323% ni® (R* = 0.87), is 1.07-

20°C-FR
fold higher than the 38C-FR cohort (ANCOVA, ANCOVA, F14510.61, P < 0.001),

which scales asS, .

=0.265< """ (R? = 0.80).

The percentages of water loss after 12 hours d&38.+ 0.66% and 6.55% =+

2.10% at 20°C and 30°C, respectively. After 24 hours, the water losses443% +
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0.42% and 9.81% * 2.41% at 20 and 30°C respectively. The sample size is five at

each temperature.

A. Growth rate of AL cohorts at 20 °C and 30 °C 1 B. Growth rate of FR cohorts at 20 °C and 30 °C
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Figure 2. The Effects of Temperature on Growth RateAd Libitum (AL) and Food
Restricted (FR) M. Sextiaarvae. With the same regime, the slopes of groatih are the
same at different temperatures (ANCOVA, P > 0.0%)e intercept is higher at higher
temperature under AL (Panel A), whereas it is loaehigher temperature under FR
(ANCOVA, P < 0.05) (Panel B). There is a significameraction of temperatuxéood
(ANCOVA, Fi258= 122.042, P < 0001)

DISCUSSION

In this study we are interested in how increasemgperature affects the rates of
growth and metabolism of food restricted hornworied with the same food supply
level. Inad libitume (AL) larvae, 10°C increase in temperature leads to a 1.7-fold
increase in metabolic rate (Fig. 1), in agreemaittt the general Q10 effect (Gillooly et
al. 2001, Chappell 1983, Hack 1997). With the iasieg temperature, the larvae
increase food uptake by 2-fold, obtaining more gndéo meet the increased metabolic

requirement. The similar temperature-induced irsgeaa the food uptake rate in Al.
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sextalarvae has been observed previously (Kingsolver \Woods 1997, Reynolds and
Nottingham 1985). In AL larvae, the higher temperatalso leads to a higher growth
rate (Fig.1b) as expected (Gillooly et al. 200XiAson 1994).

In food restricted (FR) larvae, the 2Q increase in temperature also causes an
increase in metabolic rate to a lower degree—1db-tdowever, under FR condition, the
high temperature induces a 1.08-fold lower grovatie.r Statistically, there is a significant
temperaturediet interaction for growth rate (ANCOVA 1 kss= 122.042, P = 0.000), so
that rising temperature increases growth under éhddion, but decreases it under FR
condition. The interaction of temperature and dgtinsignificant for metabolism
(ANCOVA, Fi210= 2.507, P = 0.115), and rising temperature irsgeanetabolic rate
regardless of diet regimes. Our hypothesis prediosinsignificant temperatuxdiet
interaction for metabolism, as well as, the sigaifit interaction for growth. The
metabolic rate of ectotherms always increases thighambient temperature (Gillooly et
al. 2001). The higher metabolic rate comes withgh ltost in terms of resources and
energy from food. With a fixed food supply, it reevitable that less resource and energy
is available for growth. Thus, this tradeoff resuibh a slower growth rate at higher
temperature (Fig. 2).

The tradeoff between growth and metabolism apdctinsequential suppression
of growth at high temperature may also be enhabgeithe prolonged starvation time at
high temperature. The higher metabolism leads $tefafood intake. We do not have
accurate data on feeding behavior to conduct aaugostatistical comparison on the
feeding times between FR cohorts at different teatpees. But, FR larvae at 3C

finished their food less than 8~10 hours on averatjeyeas the ones at 20 spent more



15

than 17~18 hours. So, FR larvae at°80experienced a longer starvation time than the
ones at 20C during every 24-hour period. Prolonged starvatitay cause mobilization
of reserves accumulated in fat bodies, and mass T¢mis, the retarded net growth in the
FR larvae at 30C (body mass gain — body mass loss during the 24-period) is
aggravated by the longer starvation. In this cdke, tradeoff between growth and
metabolism reach an extreme degree, i.e., larvaemlyp allocate less energy to growth,
but also have to mobilize bio-tissue (negative ghjwo provide energy to match the
increased metabolism when the energy from foounigdd.

The differences in the growth rate between the éfdds at two temperatures are
not likely caused by the difference in water lossefood at the different temperatures.
Our results show that the FR larvae at’@0finished food less than 8~10 hours, and the
water loss in 12 hours at 3Q is 6.55% + 2.10%; the FR larvae at ZDspent 17~18
hours on feeding, and the water loss af@0n 24 hours is 4.43% + 0.42% . Thus, the
difference between the water losses in the footwas consumed by the larvae at both
temperatures is about 6% — 4862 %. In Martin and Van't Hof's study on hornworms
(1988),17% difference in water contents in dietsemu12% and 16% differences in
growth and metabolism, respectively. So, we beliat the 2% difference in our study
is negligible.

The energy tradeoff between growth and metaboliasibdeen observed in other
insect species. Lee and Roh (2010) analysed tleantive effects of temperature and
nutrition on growth rate in the final instar beemgworm (caterpillar ofSpodoptera
exigug, which were reared at one of three temperatir@s26, and 34 °C), and received

one of six diets differing in their ratio of prateand carbohydrate (P:C). They found that
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for rates of food intake and growth there was aiS@ant temperature diet interaction,
so that the difference in these rates between tanpes was greatest on moderate P:C
diets and least on the most extreme diets (extrerhiglhh and low P:C), which are
considered severe deficiencies of energy and proésipectively. The authors stated “the
mechanisms remains to be elucidated but severgynaed protein deficiency resulting
from eating these diets seem likely.” We belielvat tthe tradeoff between growth and
metabolism revealed by our study can explain Lek Roh’s results. At balanced diet
(moderate P:C diet), the food intake rates of arorymv are relatively high at all
temperatures, which is similar to free-feeding ur study. Thus, growth increases with
temperature, as also seen in our study, and tHem@ubbserved large differences in
growth rate between temperatures. When diet hasielefy of either energy or protein
(imbalanced P:C ratio), the food intake of armywasrtow at all temperatures, similar to
the food restriction in this study. Because of kingh metabolism at high temperature,
relatively less resources and energy was allocadedrowth in armyworms at high
temperature, so that growth is suppressed at leigiperature, and authors observed the
smallest difference in growth rate between tempeeat The authors proposed: “this
situation is expected to be aggravated when metabate increases as a function of
temperature,” but they did not measure the metabaie of the caterpillars. By
measuring rates of growth and metabolism, our stexilicitly reveals the tradeoff
between them, and therefore supports Lee and Rpkculation.

With a different purpose, a study of Miller et &009) indirectly showed the
tradeoff in locusts fedd libitum (AL). The authors measured thermal preferences in

migratory locust (Locusta migratoria) and investighgrowth efficiency (conversion of
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ingesta to body mass) at different temperature dietdregimes. Locusts were fed with
diets of high-protein, high-carbohydrate, or a ckobetween both. The authors found
that locusts placed in a thermal gradient selet@egperatures near 38°C, maximizing
rates of weight gain. But at this temperature pnotend carbohydrate were poorly
converted to body mass, compared to the intermeedémhperature (32°C). The authors
concluded “body temperature preference thus yieldekimal growth rates at the
expense of efficient nutrient utilization.” Withthe framework developed in our study,
the growth efficiency (or nutrient utilization effency) is equivalent t&F, the ratio of
growth to food intake, which is equal(fo—B)/F by the virtue of Eq. 1. The observation
that growth is higher, but the efficiency is lowar higher temperature in free-feeding
locust indicates that as temperature increasegdhmentage increase in metabolic rate,

B, is faster than the percentage increases in fu@éteé rateF, so that the ratig- —B)/F

is lower at the high temperature. The temperatuleded mismatches between the rates
of metabolism and food intake (faster increaseBirbut slower increase i as
temperature increases) have been seen in manyekdexg ectotherms (Lemoine and
Burkepile 2012, Kearney and White 2012). Analysthg mechanisms underlying the
mismatch is beyond the scope of this paper, andefex to the recent publication of
Lemoine and Burkepile (2012) for detailed discussio our study, the growth rate and
growth efficiency in free-feeding larvae both ingse as temperature. Using our data on
the rates of growth and food intake of free-feedargae at 20 and 3T, we found that
the growth efficiency§F) is about 57% at 28C on average, and increases to 61% at 30
°C, opposite to Miller et al's study on locusts. Tieason that we did not observe the

mismatch between the rates of metabolism and fotade is because it usually occurs at
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extremely high temperatures. In a study on hornvgpringsolver and Woods (1997)
investigated the thermal sensitivity of growth dedding with a temperature range from
14 to 42°C. When temperature is above 32 (higher than that in our study), the
mismatch was observedIn Miller et al's study (2009), the temperature, vahich
mismatch was seen, was %8, also higher than that in our study.
In conclusion, through a simple experiment we shbat due to the tradeoff

between growth and metabolism, when food suppfixesd and belowad libitumlevel,
growth rate is negatively correlated to ambientgerature in hornworm, opposite of

what has been observed in free fed insect larvae.
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I1. FOOD RESTRICTION-INDUCED ALTERNATION OF ENERGY
ALLOCATION STRATEGY DURING ONTOGENY: A CASE STUDY O F
TOBACCO HORNWORMS (MANDUCA SEXTA LARVAE)

Abstract

Growing animals must alter their energy budgetha face of environmental
changes, and prioritize the energy allocation téatmaism and growth. We hypothesize
that when food availability is low, larvae of holetabolic insects with a short
development stage prioritize growth at the expeotanetabolism. Driven by this
hypothesis, we develop a simple theoretical mdekeded on conservation of energy and
allometric scaling laws, for understanding the agitaenergy budget of growing larvae
under food restriction. We test the hypothesis anipulative experiments orf"8nstar
hornworms at three temperatures. At each temperatood restriction increases the
scaling power of growth rate, but decreases thahefabolic rate, as predicted by the
hypothesis. During the'5instar, the energy budgets of larvae change dycaiyi The
free-feeding larvae slightly decrease the enerdgcaled to growth as body mass
increases, and increase the energy allocated tabwietm. The opposite trends were
observed in food restricted larvae, indicating gnedicted prioritization in the energy
budget under food restriction. This is the firgtdst that uses the allometric scaling laws
to reveal the dynamic changes of growing animalgrgy budget under food restriction.
We compare the energy budgets of a few endotheamdit ectothermic species, and
discuss how different life histories lead to th#fedences in the energy budgets under

food restriction.
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INTRODUCTION

Growing animals uptake food from the environmeng partition the assimilated
energy from food between two compartments, theggndeposited in the new biomass
growth and the energy spent on metabolism for difstaining requirement, such as
maintenance of existing biomass, biosynthesis, ndefeand forage (Brody 1945,
Kooijman 2010, Hou et al. 2008). The former is twenbustion energy stored in bio-
tissues, and the latter is dissipated as heat.efikregy allocation strategy often exhibits
phenotypic plasticity. In the face of environmémaanges, such as fluctuating quantity
and quality of diet, animals are able to adjusirteaergy budgets and prioritize the
energy allocation to growth and metabolism (Schod®¥1, Hou et al. 2011d, Roff
2001). Generally an animal’s body mass is poskivelrrelated to its fecundity (Charnov
1993, Hork 1993), so, when all else kept equal (such as ¢emtpre, predation risk),
maximizing growth and body mass would maximize alisfitness. However, here we
argue that when the food supply is low, allocatielgtively more energy to growth may
not be favored by selection in some animals. Weothgsize that animals with different
life histories take three different strategies:plijoritizing metabolism at the expense of
growth, (ii) prioritizing growth at the expense ohetabolism, and (iii) equally
suppressing both metabolism and growth.

Endotherms may take strategy (i) for three reasbinst, they need to invest a
certain amount of energy to metabolism to keep libdy temperature homeostasis.
Empirical data show that even under severe footticeen (FR), body temperature is
only lowered by 2-3C in mice, and ~0.%C in larger mammals (see review in (Hou et al.

2011d). Second, the non-hibernating species need to afloma¢rgy to foraging when
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facing food scarcity. In fact, mammals under FRpkdee same activity level as theid
libitum (AL) fed counterparts (see review in (Hou et &12d)). Third and perhaps the
more important, the low food availability periodrslatively temporary to endotherms.
This is because their lifespans are usually lotigen the season of low food availability,
and they are able to search for new food sources/ely ending the food scarcity.
Taking all these reason into account, if endotheunrder FR retard growth, and allocate
more energy to metabolism to maintain the exishimgmnass and keep good health, they
can resume growth after thtemporary food scarcity is over (compensatory growth
(Mangel and Munch 2005, Broekhuizen et al. 1994 itbeav 2011)). This way their
reproduction is delayed, but due to the high inwesit in maintenance, they have low
mortality and high-quality offspring, and therefotbe overall fithess will not be
undermined.

A hypothesize is that ectotherms with a short dgwelent period, such as
holometabolic insects with short larval stage, ntake strategy (ii). Larvae of
holometabolic insects must grow and reach a thids$ime to successfully pupate, and
then eclose, mate and reproduce (Davidowitz, D'Anaied Nijhout 2003, Nijhout 1975).
Moreover, most insect larvae are not able to leheepoor environment (such as a host
plant), searching for new sources. With short lastages and inability to leave the poor
environment, food scarcity for them is almost parerd, instead of temporary. If these
species suppress growth and allocate more energpatatenance, they may still not be
able to survive through the low-food period as @ynbe longer than their larval stage and
can not be ended by active foraging. In contrasgpkng fast growth under FR at the cost

of low maintenance would be favored by selecti@tause this way the animals will not
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only reach the size to pupate before the low-foedsen is over, but also will have
relatively large size for high fecundity (H&01993).

Strategy (iii) may be taken by ectotherms withrglalevelopment period, such as
hemimetabolic insects whose larval stage lastsrabweonths. This is because, unlike
endotherms they do not need to keep a high metabatie in order to maintain body
temperature homeostasis, but unlike ectotherms shitint development, they can resume
growth after the low-food supply period, and therefdo not have to keep a high growth
rate under FR.

Note, some species can enter diapause stage, dwhiup the rates of food
uptake and growth are nearly zero (Hahn and Deatir®p11l, Kostal 2006). In this
paper, we only focus on the cases where animdlsaliticate energy to grow under a
limited but non-zero food supply, so the energy daidof diapausing species is not
discussed.

Numerous efforts have been made to study how eaduothadjust their energy
budgets under food restriction (FR). But as fawasknow, no study has been conducted
on the larvae of holometabolic insects, which maketstrategy (ii). In this paper, a
simple theoretical model was first developed, basadconservation of energy and
allometric scaling laws, for understanding the dgitaenergy budget of growing animals
under FR. Then the prediction derived from the higpsis by manipulative experiments
of FR was tested on thd"5nstar tobacco hornworms (the last instaMafnduca sexta
larvae). Depending on the ambient temperature aod supply level, the "5 instar

hornworms grow from ~1 gram to ~12 grams in 5~10 dasfere pupation. Its short
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larval stage and incapability of leaving the poarvieonment make hornworm a good

model to test the hypothesis.

ALLOMETRIC SCALING MODEL OF ENERGY BUDGET IN GROWIN G
INSECT LARVAE

Many empirical and theoretical studies have beergoted for understanding the
energy allocation strategy of growing animals. Bhasic energy budgets described in the
studies are similar (Brody 1945, Hou et al. 2008piman 2000, Kearney and White
2012). During growth, in a unit time the energyimdsted from food,F, is partitioned
between the energy deposited in new biom&ssyhich is proportional to growth rate,
and metabolic energ{, which is dissipated as heat, i.€.= S+ B. For growing insect

larvae, the rates of assimilatidh, metabolic energyB, and energy deposited in biomass,

S can be approximately expressed as scaling fursiid body massn, i.e., F = F,m',

B=B,nP, and S= §m°, whereFo, By, andS, are normalization constants, afd, ands
are scaling powers (Sears et al. 2012, GreenleeHardson 2005). The rigorously
mathematic form of equatiofr = S+ B requires thafF, B, andS have the same scaling
powers, i.e.,f =s=Db. If the scaling powers of two of them are diffarethen the third
one cannot be expressed as a scaling law. Howeavdiiological studies, all of the
allometric scaling powers are obtained from staastfitting of empirical data. The
numerical simulations show that if the scaling psaend the normalization coefficients
of B andSvary, the numerical values Bfgenerated by the equatidh=B,nf + S nican
be well fitted as a scaling function with high values (Fig. S1 in Appendix A). So,

although the powers may be different, these thaéesrcan still be expressed as scaling
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functions of body mass approximatelyFas' ~ Sm° + B,m”. The same approximation

also holds for the endotherms, if only a shortqukf growth is considered, instead of a

whole sigmoidal growth trajectory (Brody 1945, Hetual. 2008).
Now both sides of this equation are divided by dissimilation ratef = Fm',

and have

1=S/F+ B/ F 1
(/RN (B B @
whereSF andB/F are proportions of the energy assimilated frondftwat are allocated
to growth and metabolism respectively. In Eq. 1s#f =b, we havel=§/F,+B,/F,,

which means the energy allocation proportions arestants, not varying with body mass

during growth. If s« f b, then the proportion of energy allocated to growtid

metabolism changes as body mass increases. Equatimposes a constraint on the
scaling powers: as increases, the proportior8F andB/F, cannot both increase or both

decrease, because the sum of them should be 1heSsign ofs—- f andb- f in Eq. 1

must be opposite, i.e.,sf< f, thenb > f, and vice versa.
Now food restriction (FR) is applied to animalsdicreasing the coefficierfy,

but keeping the scaling powdr, the same. When FR starts, rates of both growth a
metabolism must decrease as a response to thendytlmigered food supply. This means
that both coefficients (the intercept§),andB,, decrease (Fig. 1A). If animals prioritize
one rate over the other under FR (strategy i andhen the only way to increase the
energy allocation to the prioritized rate is torgase its scaling powé€Fig. 1A). With a
fixed scaling powerf, and an increased power of the prioritized ratg, Epredicts that

the scaling power of the non-prioritized rate mustdecreased in FR animals, compared
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to thead libitum (AL) controls (Fig. 1A). In animals that do notigmitize either rate

(strategy iii), the scaling powers of them will kegenchanged under FR (Fig. 1A).

1004 1.0 7
A —— ad libitum
= = FR; Strategyiorii
— — FR: Strategy iii

w
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Rate 1 g

Log rates

Log proportion of energy
allocated to the prioritized rate
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e ---FR
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0 10 20 30 40 50 80 0 10 20 30 40 50 80
Log body mass Log body mass

Figure 1. Schematics of Predictions by Eq.1. (A)eRa&f interest as scaling laws of body
mass under AL and FR condition. When FR initiatesth rates drop to lower values
(dots on the left ends of the curves). For straiegyd ii takers, if Rate 1 is prioritized
under FR, then the slope of Rate 1 will becomepsteéhe red dashed line of Rate 1 in
the figure). Consequently, Eqg. 1 predicts thatdlope of the other rate (the red dashed
line of Rate 2 in the figure) will become shallowEpr strategy iii takers (blue dashed
lines in the figure), the slopes of the rates rentae same under FR. (B) Proportion of
assimilated energy allocated to the prioritize@ ratnder FR, the slope of the proportion
for the prioritized rate increases. But, as showifrig. 1A, the intercepts of both rates
decrease. The degree of decreasing in the prexditiate & or By) may be larger or
smaller than that in food supplld). Thus, the value of the proportic®k or

B/F) under FR may be lower or higher than that undecaéndition.

The hypothesis predicts that FR increases thengcpbwer of the prioritized rate,
and decreases the other one. Since the scaling mdvfieod supplyf, is fixed, Eq. 1 also
predicts that the scaling power of the energy aliot proportion in the prioritized rate,

either s— f or b- f , will increase. However, Eq. 1 does not make ptezhs on the
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values of the energy allocation proportiol® and B/F. This is because while the
intercept of food supplyko, decreases under food restriction, the intercepthe rates,
S andBy, may decrease at different degrees in differemhals. So, the intercepts of the
proportions under food restrictioBy/Fo, andBy/Fo, can be either larger or smaller than
those undead libitum (AL, Fig. 1B). This means that even if the allonetrend of the
proportion, i.e., the scaling power, in food reted animals may be higher or lower than
that in the free feeding animals, the overall valtithe proportion may still be smaller or
larger in the food restricted animals (Fig. 1B).

To test the predictions, six cohorts &t Bistar hornworms were reared with two
levels of food supplyad libitum (AL) and food restriction (FR), at three temperas,) 20
°C, 25°C, and 30C (see Method). At each temperature, we kept thiéngcpower of the
food supply the same in the AL and FR cohorts, &wlered the normalization
coefficients of it by approximately 60% (see Methddnder these conditions, we predict
that the growth scaling powes, will be larger, and the metabolic scaling powserwill
be smaller in FR larvae, compared to the AL costigrediction based on Fig. 1A),
which indicate that under FR, hornworms allocataer@and more energy to growth as
body mass increases during tH& iBstar period. We also predict that, comparecht t
AL controls, the proportion of the assimilated @yeallocated to growth/F, increases
faster, and the proportion of metaboliddif-, increases slower (shallower slope) or even
decreases (negative slope) during the ontogenyeofFR larvae (prediction based on Fig.

1B).
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METHODS

Animal Rearing. In the summer of 2012 and 2013, approximat&éhO
hornworms Manduca sextdarvae) were raised from eggs (Carolina Biologmabply)
on a long day cycle (17 hours light: 7 hours datk®?3C. Animals were fe@d libitum
and checked for molting each day unfil istar. On the first day of thé"Snstar, larvae
were randomly separated into three incubators af@025 °C and 30C. At each
temperature, larvae were randomly separated inboctvinorts with different food supply
levels (see below). There were six cohorts of larfa food levelsx 3 temperatures),
each consisting of ~25 larvae. Each larva was reiarash individual transparent vial, 5
cm in diameter and 12 cm in length. At each tentpeea cohorts with two food
treatments were reared during the same period ensdime incubator. This way the
environmental induced differences in growth and abelism between two food
treatments within a temperature are eliminated.

Food Supply Levels and Assimilation RateAt approximately the same time
each day, the larvae were fed a wheat germ-basgd(ltbrnworm medium bulk diet,
Carolina Biological supply, NC). The dry and wetssaatio of the diet is about 20%.
The energy content in the dry fodglgog, is 20160 Joules/gram. At each temperature, the
cohorts with two food treatments were fed with ¢het from the same batch, so that the
potential slight variation in nutrient componentsiaang batches is eliminated for
comparisons within one temperature. After larvaermg the § instar, two cohorts at
each temperature were fed with two levels of foadpdy: ad libitum (AL) and food
restriction (FR). The AL cohorts fed freely, and weeasured the food intake of each

larva daily to the nearest 1 mg on a digital miedabce (Perkin-Elmer ADG6). During the
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experiment, no larva in the AL cohorts ran outadd. For FR cohorts, we measured the
body mass of each individual to the nearest 0.1 Baged on the body mass, we fed
individual larva with the amount of food calculatiedm the equatiof = 0.3xm’"at 20
°C, F =0.4xm*™at 25°C, andr =0.5xm’”®at 30°C, whereF andm are the mass of food
amount and body, both in unit of grams. These foestriction levels were designed
based on previous results of food uptake ratesadflibitum (AL) larvae at each
temperature. This way, the food uptake rate ofRRecohort at each temperature has
roughly the same scaling power of the AL cohortttee same temperature, but the
normalization coefficientfo, is approximately 40% of the AL cohort. So, FR/&e were
fed 40% of AL larvae with the same body mass atdhmme temperature. During the
experiment, every larva in the FR cohorts finistiezlfood every day, so the food intake
is equal to the food supply.

: e . F E; .4 — Dryfeces< E
The digestibility is definedD, as D =~y —fod ~Z1Y feces

x100% ,
I:dry x Efood

whereFgy is the mass of dry food consumed by each larvangw@4-hr periodFgry =
Fuwetx20%, andEqog andEwcesare energy contents in dry food and dry feceseasgely,

in unit of Joules/gram. To estimate digestibilitgces of five larvae from each cohort
were collected each day and oven-dried &tC6%or 72 hours. In each cohort, feces
samples were separated into two groups: feces peddin the first half period of'5
instar, and feces in the second half period. Therggncontent of the dry feces was
measured by the oxygen bomb calorimeter (Grodzjriskikowski and Duncan 1975)
(Parr 1108 combustion bomb). All samples were castdnl to completion and the
temperature change of the water (2 liters) was oredsto the tenth of a degree.

Assimilation rate (watts) was then estimated by
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F = Fyyy x Egy x D/8640C )

foo

where the factor, 86400, converts the unit of dagecond.

Growth Rate. Body mass of 25 larvae in each cohort were medsatréhe same
time every day from the first day of th& Bistar to the wandering stage to the nearest 0.1
mg on a digital microbalance (Perkin-Elmer AD6)heTgrowth rate, in unit of watts, is
defined as the increment of dry body mass from a@ee to the next multiplied by the

energy content of the dry body tissue, BesAmx E_ ./8640C, whereAm, in unit of

grams, is the increment of dry body mass during2éhar period, anét;ssyeiS the energy
content of dry tissue in unit of Joules/gram. Tdedmine the dry and wet body mass
ratio and the energy content of dry mass, 10 lawere reared at 2C-AL, 30°C-AL,
20°C-FR, and 3€C-FR in the fall of 2012. Two larvae from each cdhweere killed
every other day and were oven-dried &®%or 72 hours. The energy content of the dry
body tissue was measured by the oxygen bomb catemiGrodzinski et al. 1975) (Parr
1108 combustion bomb). We assumed that the drybedy mass ratio and the energy
content of the dry mass in larvae that were rearetifferent seasons do not vary. Based
on this assumption, the growth rate was calculaisohg the data of the energy content
and dry/wet mass ratio obtained from the killedda;, and the data of the daily wet mass
increment obtained from the larvae reared untilgbiam.

Metabolic Rate. The same method described in our previous pulditavas
used to measure the metabolic rate of hornwornataHayes et al. 2014). The details

are available in the Appendix B. The larval metabohte, B in unit of watts, was

calculated asB=(43.25- 22.5 RER X .\koz / 6(, where RER= i/coz/ .Voz is the respiratory

exchange ratio (Blaxter 1989, Withers 1992).
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Data Analysis and Statistics.Data on growth, food uptake, feces production,
growth and metabolism were collected and analyzedldrvae that survived to the
wandering stage. The rates of food intake, fecexlymtion, and growth decrease
considerably as the larvae approach times of pupaiihus, we followed Sears et al.
(2012) and restricted our analysis of these ratekd “free growth period” during which
the increases in growth rate is positive (Espeik Bammaru 2004). The growth rate of
hornworms slows down and levels off towards the ehdhe %' instar, making the
growth trajectory a sigmoidal shape (Nijhout, Dawigtz and Roff 2006). But during the
free growth period, the growth rate increases mamoally and scales with body mass
allometrically (Sears et al. 2012).

The rates of growtts, assimilationf, and metabolisnB, all in unit of watts, are
expressed as scaling laws of dry body massn the form of R= ax nf, whereR is the
rate of interesta is the scaling coefficien§, Fo, andByp, andd is the scaling exponents,
s, f, and b, as in Eq. 1. The scaling equation was logarithrangformed,
Log(R = Log 8+ dx Log m, and the ordinary least square linear regressias wged to
estimate the scaling coefficients and exponentsa D the rates of growth and
metabolism of three cohorts, 20-AL, 30°C-AL, 30°C-FR, are taken from our previous
publication for analysis and comparison (Hayed.e2@l4).A full model ANCOVA was
performed with body mass as a covariate to tefteife is significant interaction of two
factors temperaturdood on the rates of growth and metabolism, anadrsee ANCOVA
using food supply level as a single factor to te&tod restriction has significant effects
on growth and metabolism within the same tempegatuince multiple measurements

were made on the same individuals repeatedly, iddal larvae were treated as random
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factors to control for repeated measurements whegfoqming ANCOVA. The random

factors were excluded from the model if their effesre insignificant (P > 0.05).

RESULTS

Assimilation Rate. The digestibility of each cohort is listed in Talbl in the
Appendix C. Using the digestibility and Eq. 2, wstimate the assimilation rates as
scaling laws of dry body mass of six cohorts (R@nd Table 1). The scaling power of
the assimilation rate varies in a narrow range betwcohorts reared at different food
supply level and temperatures, from 0.63 for coR&rfC-AL to 0.83 for cohort 30C-
AL. For the FR cohorts at each temperature, thengcpowers of the assimilation rates
are the same as the powers of the food supply lbetsguse the digestibilities in these
cohorts do not scale with body mass, and everyvim finished supplied food every
day, thus the food intake rate equals the food Igugpe. The assimilation rates of FR
larvae are 43%, 44%, and 37% of the ones of thdefillarvae at 20C, 25°C, at 30°C,
respectively.

Growth Rates. The combustion energy content of dry m&Sssue(=23693 + 656
Joules/gram dry mass), of each cohort is analyaebpendix C. Multiplying the daily
dry body mass increment Iissue We estimated the growth rates in unit of watts as
scaling laws of dry body mass in six cohorts (Feg@rand Table 1). Both temperature
and food supply have positive effect on growth rateagreement with previous studies

(Reynolds and Nottingham 1985, Kingsolver and Wab@is7, Timmins et al. 1988).
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Figure 2. Food Assimilation Rate in Unit of Wattsé Ad Libitum (AL) and Food
Restricted (FR) Cohorts of Hornworms at DiffereminIperatures. The assimilation rate
is calculated from Eg.2. In FR cohorts, every ldingshed supplied food every day, so
the food intake rate is exactly equal to the supatg, which was designed to be scaling
power laws of body mass. Thus, in FR cohorts thesrare plotted as straight lines. The
fitted scaling laws of the AL cohorts are listedTiable 1.

Table 1. Scaling Laws of Food Assimilation, Metaswl and Growth of Ad Libitum
(AL) and Food Restricted (FR) Hornworms Reared ifeient Temperatures.

Cohort Metabolic rate (watts)| Assimilation rate (watts) Growth rate (watts)
B = Byxn? F =Foxm' S=SxnT
2 PC- 0.0159%« m># 0.109x m** 0.0737xm*®
AL (95% CI: 0.73,0.93) | (95% CI: 0.70, 0.95) | (95% CI: 0.69, 0.95)
R>=0.82 R*>=0.73 R?=0.71
0.19 0.86
ZOOC‘ OO.OOQ]X m 0.0483< m0.75 00-0315< m
FR | (95% CI: 0.010, 0.37) (95% ClI: 0.77, 0.94)
R?>=0.05 R?>=0.80
o5C- 0.0246<m*™ 0.139%m** 0.0861x m***
AL (95% ClI: 0.66, 0.85) | (95% CI: 0.54, 0.73) | (95% CI: 0.40, 0.61)
R?>=0.80 R?>=0.58 R?>=0.43
0.42 0.86
250C_ 0(;0169( m 0.059]X m0.70 0-0399< m
FR (95% CI: 0.27, 0.57) (95% CI: 0.74, 0.98)
R?>=0.32 R?>=0.62
30C- 0.0257m°"’ 0.203«m™™ 0.126xm>®
AL (95% CI: 0.67,0.86) | (95% ClI: 0.62, 0.81) | (95% CI: 0.51, 0.83)
R>=0.80 R*>=0.75 R?>=0.55
0.39 0.77
FR (95% ClI: 0.21, 0.57) (95% CI: 0.66, 0.89)
R?>=0.39 R?=0.80
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Within the same temperatures, food restriction (F8&gnificantly reduces the
normalization coefficient of growth rat&; (Fig. 3. and Table 1; ANCOVA, P < 0.001 at
all temperatures). FR increases the scaling power of growth rate eh éeamperature,
although the increases are insignificant: from @@®.86 at 20C (ANCOVA, Fy 158 =
0.14, P = 0.709), from 0.51 to 0.86 at®5(F; 23,= 0.125, P = 0.724), and from 0.67 to

0.77 at 30°C (FLos= 2.275, P = 0.137).

1 (A) 20°C
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—FR —FR

Log (Growth rate [Watts])
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Figure 3. Growth Rate in Unit of Watts of Ad Libmtu(AL) and Food Restricted (FR)
Cohorts of Hornworms at Different Temperatures. fitted scaling law of each cohort is
listed in Table 1. (Data of cohorts 2G-AL, 30 °C-AL, and 30°C-FR are from our

previous publication (Hayes et al. 2014).)

Metabolic Rates.Figure 4 and Table 1 show the metabolic rate aléngclaws of
dry body mass in six cohorts. As predicted, witta same temperatures food restriction
causes a significant decrease in metabolic scalingers: at 2€C, b decreases from 0.83
to 0.19 (ANCOVA, k132 = 38.654, P < 0.001); at 2%, it decreases from 0.75 to 0.42
(ANCOVA, Fi106 = 4.228, P = 0.042), and at 3@, it decrease from 0.77 to 0.39

(ANCOVA, Fi197 = 4.222, P = 0.044). Food restriction also redubesnormalization
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coefficients of metabolic rate (ANCOVA, 3= 10.227, P < 0.002 at 2C; F 103 =
1.277, P =0.261 at Z&, and k ¢5= 17.707, P < 0.001 at 3Q).

Proportion of Energy Allocation. Now we use the scaling laws obtained in the
previous sections (Table 1) to calculate the prijgorof assimilated energy allocated to
growth and metabolisn§/F and B/F, under bothad libitum (AL) and food restriction

(FR) conditions at three temperatures. In Eghé sum of these two proportions must be

" ) 2% ® ™ () 25°C 1 () 30°%C

i
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Figure 4. Metabolic Rate in Unit of Watts of Ad ltiom (AL) and Food Restricted (FR)
Cohorts of Hornworms at Different Temperatures. fitted scaling law of each cohort is
listed in Table 1. (Data of cohorts 2G-AL, 30 °C-AL, and 30°C-FR are from our
previous publication (Hayes et al. 2014).)

one, i.e.,(S,/ K)ni ' +(B/ F) ni "=1. However, Eq. 1 requires all three ratEs,S
andB to be measured over the same time interval, pey.day. But in this study, both
rates of food assimilation and growth are measaretiaveraged over the period of one
day, whereas metabolic rates were measured andgaceover a 7~10-minute interval.
So, one must assume that the average value of ¢tebolic rate over the 7~10-minute
interval, as well as the rates of food assimilagod growth, are constants during the day

in which they were measured, so that the “watt'ueal—energy per second—can be
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estimated. Nonetheless, fibot. sextalarvae, such a fast growing animal, this assumption
is invalid. Another way to accurately carry out Bqgs to measure these rates of the same
larvae multiple times every day, so that the changethe rates during one day can be
estimated. However, it was not practical for a gted more than 100 larvae. This
methodological problem introduces a systematicremranetabolic rate. When compared
to growth and food assimilation rate, we assumettieavalue of metabolic rate, which is
averaged over a 7-10 minutes period at the begynafna day, is a constant over the
whole day. However, since larvae keep growing dyrthe rest of the day, their
metabolic rate keeps increasing as body mass seseduring the day. So, the value
averaged over 7-10 minutes, which is used in Egg dmaller than the assumed constant.
For this reason, the sum §fF andB/F is smaller than 1. Nonetheless, this problem will
not affect the scaling power of metabolic rate. li@gapower reflects the allometric
relationship between the rate and body mass. Ag las the body mass and the
corresponding metabolic rate are measured at tine siane, the scaling power will be
accurate. In other words, if we had measured bodgsnand metabolic rate at multiple
time points during a day, these points would alktér closely around the same metabolic
rate-body mass curve.

Although the accurate quantitative analysis ofghmportion of energy allocation
is impossible, we can still conduct a qualitativelgsis, which will illustrate the salient
feature of the larval energy budget, and more itgooly how food restriction alters the
budget. In Fig. 5 we plot the proportio®F andB/F, as a function of body mass during
the 8" instar for both AL and FR cohorts. Under AL coiatis, at each temperature the

allocation to metabolism is about 15% of the adsit®d energy at the beginning of the
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5" instar, and increases slightly throughout tfertar until the wandering stage. The
energy allocation to growth at 2Q is about 70% at the beginning, and decreasdslglig
throughout the 8 instar. At 25°C and 30°C, the allocation to growth decreases from
70~80% to ~60% throughout the" Gnstar. Note, the sum of the proportions of
metabolism and growth is close to, but not equabrte, due to the reason discussed
above.

Food restriction (FR) alters the energy allocatgirategy of hornworms. The
altered strategies under FR have the similar pettat each temperature. When the FR
starts, about 40% assimilated energy is allocatesnétabolism, and about 55% is
allocated to growth (Fig. 5). These proportions dit keep constants during th& 5
instar. The allocation to growth increases as bodgs at each temperature, and finally
reaches above 60% before the end of free-growinggeclose to the value under AL. In
contrast, the allocation to metabolism decreasdsetow 20%, also close to the value

under AL (Fig. 5).
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Figure 5. Energy Allocation of Ad LibitunfAL) and Food Restricted (FR) Cohorts of
Hornworms at Different Temperatures. The black dirsege proportion of assimilated
energy allocated to growth (solid: AL; dash: FR)dahe red lines are proportions of
metabolism (solid: AL, dash: FR). The allocatiorogortions are calculated from the
scaling laws listed in Table 1.
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DISCUSSION

Growing Machine has Space for Adaptive Shift in Eergy Budget. Although
lepidopteran larvae allocate most of the assintl&eergy to deposition in new biomass
(S), still a significant amount is allocated to meikdm B), which can serve as “spared
resource” for adaptive shift in energy budget. Hexe conduct a detailed analysis to
illustrate it. The metabolic energyB, can be further partitioned between three
compartments, namely, energy for synthesizing nelmass, Bsy,, energy for
maintaining existing biomasBnain, and energy for locomotion and other activitiBgy

i.e.,.B=B,, + B+ B

maint act

(Hou et al. 2008). The tersy, includes all the indirect costs of

growth, such as assembling macromolecules from mens, and is proportional to the
direct energy deposition in new bioma$§s. (Combining the equation above and Eq. 1,
we arrive at a complete energy budget,

F=S+ B, + B,+ By 3)
The first two terms in Eq.% andBsy,, are energy allocated to growth (direct and iradire
cost), and the last two termBnaint andBag, are non-growth energy expenditures. Within
the framework of EQ.3, we can calculate the franxdiocof assimilated energy that
hornworms allocate to growth and non-growth expeemes.

Sears et al. (2012) have estimated that it tak®3 Joules to synthesize one gram
of dry biotissue in the"sinstar hornworms. Recalling that the combustioergy of dry
biomass in hornworm is 23693 Joules/gram, the ddtiadirect and direct cost of growth
in 5" instar hornwormpBs/S, is 0.051. We have shown that when food restrnc(ieR)
starts, 55% of assimilated energy is allocatedht direct cost of growth§ energy

deposition in biomass), and 45% is to metaboliBjn sing the ratids,/S = 0.051, we
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conclude thad5%x 0.05% 39%0f assimilated energy is allocated to indirect co$t
growth, Bsyn, Which is included irB. Thus, when FR initiates, the energy for maintagni

existing biomass and activity (the non-growth eweBg,  +B,,=B-B,) Iis

45%— 3%= 42Y%, a considerable fraction, of the assimilated epémgm food. Similarly,
for ad libitumfed larvae, which allocate about 70% assimilateergy to the direct cost
of growth, the non-growth energy is ab@®%- 70%x 0.05% 26¢ This analysis shows,
perhaps counter-intuitively, that although the oy has been considered a “growing
machine”, it still has plenty of “space” for chafing non-growth energy to growth,
especially at the beginning of food restriction.

Our results show that food restriction (FR) altidwes energy allocation strategy of
hornworms. At each temperature, FR causes an serneathe scaling power of growth
rate, but a decrease in that of metabolic rate. (Fignd 4, Table 1), agreeing with our
predictions in Fig. 1A. These results suggest thrater FR, the hornworms prioritize
growth over metabolism in their energy budget. pheritization can also be seen from
the FR-induced changes in the proportion of asateul food energy allocated to growth
and metabolism (Fig. 5). At each temperature, dadelibitum (AL) cohorts slightly
decrease the energy allocated to growth as bodg meseases during thd"snstar, and
increase the energy allocated to metabolism (Bigdéwever, in the FR cohorts, as body
mass increases, more and more assimilated enemgiocated to growth, whereas less
and less is allocated to metabolism. These resufiport the predictions in Fig. 1B.

Hornworm is known to have a critical weight abougréms, at which the larvae
no longer needs to feed to pupate at a normal (Davidowitz et al. 2003, D'Amico,

Davidowitz and Nijhout 2001). If larvae no longezenl to feed, would this affect their
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energy allocation strategies? We have two reasobglteve that it would not. First, the
value of critical mass is empirically determined @ymplete starvation, under which
larvae have no choice but stop feeding. However ldhvae in our study did have food
supply, and kept growing. Since insects’ fecundstyositively correlated to body size
(Horek 1993), hornworms need to maximize body size leefarpation as long as they
have food supply, instead of stopping feeding ateaely minimum size for pupation.
Second and quantitatively, we found that the sgapowers of growth and metabolic
rates have no significant differences between Esraaller and larger than the critical
weight, 6 gram (ANCOVA, P = 0.836 for growth, and3®s for metabolic rate),
indicating that there is no shift in allocationas&gy before and after critical weight. This
analysis is based on the data frachlibitumfed larvae. For food restricted (FR) larvae,
most of them were smaller than 6 gram by the enideef growing period, so we do not
have enough data point for the similar analysisweleer, if critical weight would affect
the energy allocation strategy in FR hornworms ttwatetheless still have food supply to
grow, it would also affect the strategy in AL laeven a similar way. Our analysis on Al
larvae rules out such an effect.

Empirical Evidence for Strategies i and iii. In the introduction, we have
hypothesized that animals with different life hrsts take different energy allocation
strategies to maximize their fitness under low f@ailability. Endotherms prioritize
metabolism to maintain the health (strategy i), #rey can resume growth after the low-
food period. The larvae of holometabolic insectthvghort larval stage prioritize growth
so that they can reach a threshold body mass tessitlly pupate before food scarcity

is over (strategy ii). Ectotherms with long devetmnt stage may equally suppress both
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metabolism and growth (strategy iii). In our expents, all the FR larvae pupated,
eclosed, and laid viable eggs. Thus, by takingesggsa(ii), i.e., keeping high growth rate
at the expense of metabolism, hornworms minimieefttod restriction-induced harm to
their fitness.

For the other two strategies, the available dategdly support the hypothesis.
Mammals and birds prioritize metabolism at the eggeof growth under FR. The studies
on rats by McCarter and his workers (McCarter areGele 1989, McCarter and Palmer
1992) have shown that when FR starts, the massfisp@etabolic rate decreases in the
FR animals, but it quickly increases to the sanvellas the AL animals. The trend of
changes in metabolic rate of FR rats is oppositavbat we have observed in FR
hornworms. Studies on “growth efficiency” also sapgpthe hypothesis. This efficiency
is defined as body mass gain per unit of food atand therefore is equivalent to and
can be converted to the proportion of assimilateelgy allocated to growtl§F. Naim
et al. (1980) have found that the growth efficiemtyats decreases at the beginning of
FR, then increases for a short period, but evelytdaicreases, also opposite of what has
been seen in FR hornworms. The similar conclusanbe drawn from a few studies on
birds, although these studies only reported either FR-induced changes in growth
efficiency, or the changes in metabolic scaling ey but not both. It was found that
Japanese quail (Ocak and Erener 2005) and brdileken (Benyi and Habi 1998) lower
their growth efficiency under FR. In alcid chickscluding tufted puffin, horned puffin,
crested auklet, and parakeet auklet, FR increds=dnetabolic scaling power (Kitaysky
1999). The same change has also been observepanet quail (Rgnning et al. 2009).

In sand martin, the metabolic scaling power is shene in FR animals as in the AL
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counterparts (Brk and Konarzewski 2001). In a study of song thrughicks
(Konarzewski and Starck 2000), although the scglimgers were not reported, the mass-
corrected metabolic rate was found to be highéhénFR animal. Among the studies we
have found on how bird chicks respond to food retgtn, only in European shag was the
metabolic scaling power found to be lower in thedfitks (Moe et al. 2004). Due to the
lack of data on food assimilation rates in thesaliss, we cannot estimate the exact
changes in proportion of metabolism in FR animblewever, as discussed above, an
increase in metabolic scaling power in FR animatggssts that the FR animals increase
the energy allocation to metabolism as body maseases, opposite of what has been
shown in hornworms.

Most studies on ectothermic animals’ energy budgeler low food supply focus
on non-growing animals (e.g., (Naya and BozinoW®0&, Trzcionka et al. 2008, Devi,
Prabhakara Rao and Prasada Rao 1986, Marsden, INemel Ahsanullah 1973,
Hagerman 1970, Rossetto et al. , Armitage and \V¥aB2), or the growth and
metabolism of a population, instead of individuésg., (Verity 1985, Bohrer and
Lampert 1988). However, limited data on growingodoérmic animals support our
hypothesis. A non-diapausing nematode speciéaenorhabditis briggsae takes
strategies ii.C. briggsaeés larval stage is about five days, and they do exder dauer
stage when food resource is low (Schiemer 1982)sTthe length of their development
stage is similar to hornworms, and their energydetidunder FR is also similar to
hornworms. Schiemer (1982) found that FR decretisemetabolic scaling power @
briggsae and the growth efficiency in FR. briggsaekeeps increasing during the larval

stage, whereas that of AL. briggsaedecreases near the end of larval stage. The simila
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changes in metabolism and growth were observedinworms here. In contrast, the
Indian stick insect, a hemimetabolic insect spediakes strategy iii. The Indian stick
insect has a long juvenile stage that lasts 3-8thsofiRoark and Bjorndal 2009). With the
long juvenile stage, Indian stick insect can paogdiytresume growth after the low-food
supply period, and therefore do not have to preeigrowth under FR. So, Eq. 1 predicts
that the scaling powers of growth and metabolisthvet change under FR, whereas the
coefficients of the rates will be lowered. IndeBwdark and Bjorndal (2009) have shown
that under FR, the coefficient of the metabolierénhtercept),By, is lowered, but the
scaling powerp, keeps the same as the AL counterparts. The authdrnot report the
proportions of assimilated energy allocated to ghoand metabolism, but the unchanged
metabolic scaling power in FR animals suggeststtieFR Indian stick insect may keep
the trend of energy allocation to metabolism thmesas their AL counterparts as body
mass increases, and the overall propor&handB/F may be the same in AL and FR
individuals.

Consequences of Different Strategies in Life Histgr Tradeoffs. Reaching a
large body size at a certain age is important gamisms’ fithess (Roff 2001, Stearns
1992). But, as discussed above, selection doesalwatys favor fast growth when food
supply is restricted (FR). With the same goal okimézing fitness, the different energy
allocation strategies lead to profound differengedife history traits. Growth rate is
obviously one of the traits being affected. Herefa@is on how different strategies alter
the FR-induced energy tradeoffs, and thereforechffi@imals’ health maintenance and
longevity. FR induces two types of energy tradedffse first tradeoff is between energy

deposition in biomass growtl§ (the direct cost of growth) and metabolisB) {ia
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equationF = S + B. The second one is between biosyntheBig,(the indirect cost of
growth) and non-growth expenditures (maintenar8g.int , and activity, Bye) Vvia

equatiorB=B,, + B, + B,,. When endotherms (strategy i takers) are undertér

metabolism B) keeps relatively high, and deposition in biomsds largely suppressed
(the first tradeoff). Whert is reduced by FR, animals do not need to do ashmuc
biosynthesis work, so the indirect cost of grovBk), is also reduced accordingly. With
a high metabolismB) and reduced biosynthesiBsf,), the energy for maintaining
existing biomassBnainy IS increased (the second tradeoff; Note: theggnéar activity,
Bacs in endotherms is usually unchanged under FRresgew in (Hou et al. 2011d)). In
other words, FR channels energy from biosynthesidkwo health maintenance through
these two tradeoffs. With increasBglins endotherms are able to achieve a better health
under FR. Indeed, we have hypothesized that theeetradeoffs are the underlying
mechanism for the well-known effect of FR on exiegdifespan in mammals, assuming
better health is positively correlated to longe\ifou, Bolt and Bergman 2011a, Hou et
al. 2011c). Empirical data of lifespan extensiamirmore than 100 FR studies on small
rodents strongly support our quantitative predicdiaerived from this hypothesis (Hou
2013).

However, due to the different strategy, the hol@belic insect larvae may not
benefit from FR, in terms of health maintenancemash as endotherms. The strategy ii
takers try to maximize deposition in biomaSs 4t the expense of metabolisB) Under
FR. Consequently, the biosynthesis woms,() is not suppressed as much as in
endotherms. Thus, with suppressBdand not much suppressé&y, the energy for

maintenance Bnain) in strategy ii takers does not increase as mught aoes in
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endotherms. Similarly, in the strategy iii tak@gan does not increase as much as in
endotherms either, because they equally suppres#lgand metabolism. No empirical
study has investigated the effect of FR on healimtenance in strategy ii takers during
their larval development. However, in one of thetstgy iii takers, Indian stick insect,
Roark and Bjorndal (2009) have shown that FR faite@xtend its lifespan, indicating
that FR fails to channel energy from biosynthesmrkwto maintenance due to this
strategy. We call for more comparative studieseestly on strategy ii and iii takers, to
test the hypothesis that with the same level ofl fiastriction, the strategy i takers benefit
more in terms of health maintenance and longewian tthe strategy iii takers, which in

turn benefit more than the strategy ii takers.
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II. ENGERY TRADEOFFS BETWEEN GROWTH, METABOLISM, AND
MAINTENANCE IN HORNWORMS (MANDUCA SEXTA LARVAE)

INTRODUCTION

The deleterious productions of oxidative metabolisuch as reactive oxygen
species (ROS), cause various forms of damages a@nomalecules, cells, and tissues,
which in turn undermine organism’s health maint@eamand longevity (Barja 2004,
Lombard et al. 2005, Hulbert et al. 2007, Balalddemoto and Finkel 2005, Sohal and
Weindruch 1996). To counteract the accumulatiomlarhage, organisms have evolved
highly efficient repairing mechanisms, such as awmidscavenging and damage repair
(Beckman and Ames 1998, Merry 2004, Monaghan, Nfetand Torres 2009). The
repairing mechanisms require energy and resoulfciéee resource and energy that could
be allocated to repairing are otherwise channetedther biological process, then
damage will inevitably accumulate despite the higpairing efficiency (Monaghan et al.
2009, Stearns 1992).

Biosynthesis during growth, one of the most inteelsi investigated biological
processes that tradeoff with repairing, is posiyiveorrelated with oxidative damage
level and other proxies of it, such as declinedgerance and shortened lifespan (Hou
2013, Metcalfe and Monaghan 2001, Rollo 2002, M&tand Monaghan 2003, Mangel
and Stamps 2001). Rapid growth leads to highergitampid peroxidation (Nussey et al.
2009), protein carbonyl content (Forster, Sohal Sohal 2000), decreased antioxidant
defenses in red blood cells (Alonso-Alvarez et24l07), declined locomotion ability

(Mangel and Stamps 2001) and immune function (CeclBlnd Stoks 2008nd higher
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mortality rate and shortened lifespan (Inness ardckife 2008, Mair et al. 2003, Merry
1995, Bartke 2005, Bartke 2003). A special typeragid growth—catch up growth,
referring to infants with low birth weight reachirig or exceeding the normal body
weight later in life, increases the risk of adufiset metabolic syndromes and short
lifespan in human and laboratory rodents (Jennatgd. 1999, Eriksson et al. 1999, Ong
et al. 2000, Ozanne and Hales 2004, Barker 200dad,u~ewtrell and Cole 1999, Hales
and Ozanne 2002, Langleyevans and Sculley 2006kofrirast, suppressed growth,
usually induced by food restriction or genetic rfegeence with growth hormone, keeps
animals in a relatively youthful and healthy stated largely extends lifespan in a broad
diverse of species, indicating the up-regulatiohsamatic damage repairing in these
animals (McCay, Crowell and Maynard 1935, Weindractd Walford 1988, Masoro
2005, Sinclair 2005, Merry 2002, Brown-Borg et 8096, Brown-Borg 2003, Bartke
2005, Holehan and Merry 1986, Yu 1994, Heilbrond Bavussin 2003, Mair and Dillin
2008).

Oxidative metabolism causes somatic damage acctionuldDuring growth, a
fraction of metabolic energy is allocated to bidakgsizing new tissues. Thus, changes in
biosynthetic rate also influences on damage accatmol However, most of the studies
did not disentangle the effects of them on somdéimage. Although biosynthesis is
fueled by metabolism, the relation between themoissimply proportional. When one of
them increases, the other can increase (Rickle®8,20/est, Brown and Enquist 2001,
Wieser 1994), decrease (Hayes et al. 2014, Steykr2@82), or keep roughly the same
(Brown, Nagy and Morafka 2005, Nagy 2000, Alvared &licieza 2005, McCarter and

Palmer 1992). Thus, the changes in damage leveéradd in the studies that
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manipulated biosynthetic rate (growth rate) ardéective results caused by the changes in
both biosynthetic and metabolic rate. The goalhig paper is to unravel the effects of
changes in biosynthetic and metabolic rate on ¢ked thange in damage accumulation
from an energetic viewpoint. A simple theoreticaddal is developed based on the first
principle of energy conservation and real physimalgparameters. The model predicts
that, if the repairing efficiency is high, then tbleanges in damage level caused by the
changes in metabolic rate is negligible comparedhet caused by the changes in
biosynthetic rate. In other words, under the cooditof highly efficient repairing,
damage level is more sensitive to the changesosyhthesis than that in metabolic rate.
Then the model is tested by experiments on thénstar tobacco hornworms (the last
instar of Manduca sextdarvae). The growth of hornworms is manipulatedrésgring
them at different food supply levels. The lipid @adation is measured as an index of
damage accumulation in larvae with different raségrowth and metabolism. In 7~10
days, hornworms grow from ~1 gram at the last mgltm ~12 grams before pupation

with a 10-fold increase in metabolic rate, making good model to test the predictions.

MODEL DEVELOPMENT

A theoretical model has been developed to estinmatesffects of metabolic and
biosynthetic rate on somatic damage (Hou 2014, 28, Hou et al. 2011c, Hou et al.
2011a). The quantitative predictions by the model strongly supported by data from
more than 200 empirical studies on small laboratodents and wild animals across a
broad range of species (Hou 2013, Hou et al. 20He)e we briefly review the model

and make four prediction based on it.
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During growth, the total metabolic ratB, is partitioned between the rates of
energy allocated to maintaining existing biom&gain, energy required to synthesize
new biomass, and energy spent on other activigesh( as foragingBac: (West et al.

2001, Hou et al. 2008, Brody 1945), i.&= B, + B, + B

.~ 1he maintenance term,
Bmains iNcludes the energy spent on the repairing mashe) such as oxidant scavenging
and damage repaifhe rate of energy allocated to biosyntheBig,f can be expressed as

B, = E,dm/ di, wherednvdt is the growth rate (increase in body massper unit time,

t), andEy is the metabolic energy required to synthesize wmtof bio-tissue, such as
the energy for assembling macromolecules from mamnenk,, is also called indirect
cost of growth with the dimension of energy/massytt al. 2008, Brody 1945). The
energy spent on activitieB,¢, is usually a constant fraction of the total metabrate

during growth (Hou et al. 2008, Nagy, Girard an@wn 1999), i.e.,B,, = cx Bwherec

ot
is a dimensionless constant, indicating the agtiletvel of the animal. For free-living
mammals and birds; is about 50%~70%. It is less than 20%~30% in cagechas
(Nagy et al. 1999, Hou et al. 2008utting everything together gives the rate of eperg
allocated to repairing:

Bran =(1-0)B- B,=(1-9B- E,dm ¢ Q)

Two assumptions are made for estimating the acaitiool of oxidative damage.
Assumption 1: Within a species, the rate of somddimage accumulatior, caused by
deleterious products of oxidative metabolism, sasheactive oxygen species (ROS), is
proportional to the rate of oxygen consumption @betic rate,B). The assumption is
based on the observations that metabolic and R@8raton rate are proportional to

each other (see review in (Hou 2013)). Thus, weehthe rate of damage accumulation
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(damaged mass/timel] = 0B, whered is a constant within a species, indicating the
amount of damaged mass associated with one unihetbolic energy. Here the
damaged mass can be cell membrane, protein, DNAther macromolecules (Mangel
and Munch 2005). Assumption 2: Repairing the damaguires metabolic energy. The
rate of repair,R (repaired mass/time), is proportional to the epeayailable for
maintenance (repairing damagémains With a coefficient;, i.e.,R = #Bmains Wherey is
also a constant, indicating the amount of mass that be repaired by one unit of
metabolic energy.

The net damagdi —R, accumulates. The accumulated damage can beatdegr

as a function of time, i.e.ﬁ;(H - R)dr. Using Eg. 1 and Assumptions 1 and 2, we have

the net somatic damage,

D(t) = (6B~ x By dr

=[1-(1-c)x g]j; Bdr + ¢ E,A m; (2)
=[1-(A-c)xe]x ME+¢x SE

wheree = /6 is the effective repairing efficiency, indicatitige ratio of repaired mass

and damaged mass for one unit of enengg;= [ Bdr is the total metabolic energy spent
0

during growth;4m is the increase of body mass during growth, Bpds the energy
required to synthesize one unit of biomassS&G= Em is the synthetic energy spent
during growth. Thus, Eq. 2 decomposes the net danmmagwo terms. The first term,

D; =[1-(1-c)xe]x ME, indicates how damage changes when metaboliccreinges;

the second termpD,,, =& x SE, estimates the effect of biosynthesis on damageh B

syn

terms are proportional to energy factoveandSE with coefficientsl- (1- c)x ¢ ande

respectively.
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Now, we consider caged laboratory animals, whoseigclevel is nearly zero so
that the constant is negligible. In this case, the net somatic dasnagduces to

D=Dg +D,,=(l-¢)xME+¢&x SE. The sensitivities of damage to the changes in

metabolic and biosynthetic rate depend on the mefits of these two terms;- ¢ ande.
For high repairing efficiency, the coefficient ofDg is much smaller than that @fsyn,
i.e., (1-¢)<<¢. This means that the damage accumulation is mensitsrze to the
biosynthetic ternBEthan to the metabolic terME. In other wordsSE will cause more
damage thaME, if they increase the same amount. On the othed,h&(1- ¢) is close

to ¢, then bothME and SE will cause same degree of changes in damage [Eigl.1
illustrates how repairing efficiency influences aamage accumulation when both
metabolic and biosynthetic rates vary. For lardgeiehcy (¢ = 0.96 in Fig. 1A and 1B),
increases in metabolic rate alone without chandiimgynthetic rate will not cause a
significant increase in damage level (Fig. 1A), veas increases in biosynthesis with
metabolic rate keeping the same will lead to atgmerease in damage (Fig. 1B). In
contrast, if repairing efficiency is smakt € 0.5 in Fig 1C and 1D), increases in both
metabolic and biosynthetic rate cause considerabieases in damage.

Based on the first principle of biochemistry antifg of empirical data, the
repairing efficiency has been estimated to be in the neighbourhood98f (Hou 2013,
Hou et al. 2011c). For such a high efficiency, wedgct that during growth, the changes
in damage are mainly caused by the changes in ftiossgis rate (growth rate), whereas
the consequence of the changes in metabolic ratesignificant. We test this prediction
by assaying the lipid peroxidation levels in groops™ instar hornworms with different

growth and metabolic rates. The variation in thases can be induced by varying the
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level of food supply (Hayes et al. 2014, Jiao et@all4) (see details in method section).
We use plasma malondialdehyde (MDA) as a surrogasomatic damage, which is a
specific end-product of phospholipid oxidative dgmaand has been commonly used as
a biomarker of oxidative stress (Hall et al. 20Ml0ssey et al. 2009). We assume that the
level of MDA is proportional to the total somatiardage D) with a factorg, as
MDA= gx D, and therefore Eq. 2 becomes

MDA=gx(1—&)x ME+ gx&x SE (3)
We need to emphasize that damage accumulatesh@ventire growth, so a considerable
fraction of MDA assayed in this study was accunadaduring the first four instars of the
larval lives, whereas the manipulations of growtld anetabolic rate only started when
the larvae entered the fifth instar. Thus, to kest manipulations of these rates influence
the damage accumulation, we must remove the effdchE and SE in the first four
instars from the assayed MDA level. Previous amsl $tudy show that botME andSE
the metabolic and synthetic energy spent duringeso@ of growth, are linearly
proportional to the body mass at the end of thisode(see Fig. 2A, 2B, and (West,
Brown and Enquist 2004)). We measured the body @ end of the™instar of the
larvae, and linearly regressed assayed MDA levethist mass. The residual of MDA
after the removal of this mass is then considenedibmage caused B andME during
the 8" instar period—the manipulated period. The MDA leveE and ME are all
linearly correlated to the final body mass at thd ef the growth periodyl (Fig. 2 and

3). This means that the final body mass has a cmafiog effect on these variables. Mass
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(A) High repairing efficiency (B) High repairing efficiency
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Same metabolic rate, but
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higher metabolic energy

Control

Control Treatment

g oi1anp aSreu.uep |e3oL

g ojanp aﬂlewep |elol

damage

o Tota!metatlJolic rate. B
O Total metabolicrate. B

—

Low repairing efficiency

—_—
~—

Low repairing efficiency

Treatment group: JTreatment

Same biosynthetic rate, but
higher metabolic rate

Treatment group:
Same metabolic rate, but
higher biosynthetic rate

Control

Treatment

Net

damage damage

g oi1anp aSreu.uep |e3oL

goianp aéewep |eyol

Total metatlJolic rate. B
Total metall:ioiic rate. B

Figure 1. Conceptual lllustration of The Effects Bfepairing Efficiency,
Oxidative Metabolism, and Biosynthesis on Somatanage. Two groups of conceptual
animals are compared: control group (left), and tite@tment group (right) in each
pannel. In each group, the solid green and solie lloxes are energy allocated to
maintenance and biosynthesBs.in and Bsyn respectively. The sum of these two is the
metabolic energy,B=B,,, + B, (Eq. 1) under the condiction that activity level i

negligible; The red shangled box represents thaimegh damage, proportional to the
energy for repairingBmainy With efficiency p) as R=px B,,,; and the grey shangled box
represents the net damage, which is the differ&eteeen the total damage caused by
oxidative metabolism K =5B) and repaired damage REpB.,.), as
nB—-pB.x=n—-p)B+pB, (Eq. 2). Pannels (A) and (B) show the cases of high
reparing efficiency £ = p /7 =96% in the figure). When repairing efficiency is higle.,

p is close toy, the metabolic term(s — p)xBin the net damage is close to zero,

regardless how metabolic ratB) (changes. The major contribution to the net damage
comes from the biosynthetic termB,,. So, in pannel (A) the treatment group with

syn *
higher metabolic but same biosynthetic rate contpéwecontrol group has roughly the
same net damage as the control, wherease in péBn#ie treatment group with high
biosynthetic but same metabolic rate has signiflgdngher net damage than the control
group. Pannels (C) and (D) show the cases of Epanng rate £ = p /7 =50%in the

figure). Whenp is smaller thary, then the metabolic terny — p) x B makes signifant

contribution to the net damage. Thus, both treatrgesups in (C) and (D) have higher
net damage than the control group.
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residuals were calculated from the linear regres$tw these variables on final body
mass. Then we regressed the mass residual of BiDive mass residuals ME andSE
as

MDAesiduaI =ax |leresiduaI—i_ ﬂ X SEresidua—Ii_ 7/ (4)

Wherea, 3, andy are regression coefficients.

Comparing the result of regression with Eq. 3, vakenfour specific predictions.
First, the constant term of the regressions nearly zero; Second, the regression
coefficient of the metabolic termy, is smaller than that of the biosynthetic terfn,
Meanwhile, the metabolic term has a large P-valuelicating its insignificant
contribution to the MDA level; Third, the ratio dhe coefficients,a and g, gives
al p=0-¢)le. The repairing efficiencye] estimated from this equation is in the
neighborhood of 0.99, which is the value estimdtedn the biochemistry principles
(Hou et al. 2011c); and fourth, after the insigrafit contribution of the metabolic term is

removed, the MDA level is linearly proportionalttee synthetic energSE

MATEIRALS AND METHODS

Animal Rear and Food Supply Levels.Approximately 80 hornworms were
raised from eggs (Carolina Biological supply) orioag day cycle (17 hours light: 7
hours dark) at 25C. Animals were fed ad libitum and checked for tingl each day
until 5th instar. To prevent the worms becominggmjhey were allowed to survive for
4 days and were collected blood samples on theHalay of %' instar. On the first day
of the 5th instar, larvae were randomly separabelet treated under four different food

restriction strategiesad libitum (AL), long term food restriction (LFR), short terfood
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restriction (SFR), and catch up growth (CUG). Eaohort consisted of 20 larvae. AL
and LFR group larvae were fed libitumand food restricted separately for the first three
days of the B instar. Larvae in SFR group were fed libitum for the first two days and
food restricted on the third day, while CUG groajpvhe were treated in the opposite
way, food restricted on the first two days but &Hlibitumon the third day of Binstar.
Larvae which need to be food restricted were seg@0% ofad libitumfood following

the equationF = 0.27 xm + 0.44, wherd- andm are the mass of food amount and body,
both in unit of grams.

Synthetic Energy Spent During the & Instar. Body mass of each larva in every
cohort was measured approximately at the samediragy day from the first day of the
5" instar to the nearest 0.1 mg tHe diay of the 8 instar using a digital microbalance
(Perkin-Elmer ADG6). We define the growth rate, mtwf gram/day, as the increment of
body mass from 1 day to the next. The energy fosyithesis during 3 days growth, SE,
in unit of Joules, is calculated as the incremédriianly mass from one day to the fourth
day in 8" instar multiplied by the energy required to systee@ne unit tissue, i.eSE =
4Am x Ey, where4m, in unit of grams, is the increment of body massarg) the 3 days
period, andE, = 168 Joules/gram is the energy required to sgitbeone unit of
biomass in the'®instar hornworms (Sears et al. 2012).

Metabolic Energy Spent During the ' Instar. The same method described in

previous publication was used to measure the mitatade of hornworm larvae (Hayes

et al. 2014). The rates of,@onsumption and CgOproduction,\./oz and \./coz, of each

larva were measured for 7-10 minutes time inteevary day after their body mass was

measured. The rateS;’/o2 and \./cozwere calculated as)’/coz:FRx[COZ]/loc, and
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Vo, =FRx (20.95- [Q ])/(106- [Q ], where FR is the flow rate, and [G]@nd [Q)] are

the concentration of C Oand Q in the respirometry chamber (Lighton, 2008). By
assuming that each data point represents the avefdge measurement taken during 24-

hour period, the larval metabolic rate for eack @ia unit of Joules) was calculated as

ME = (10.34-5.38xRQ)xVco, x4.18x24x60 , whereRQ= Vo, /Vo, is the respiratory
exchange ratio (Blaxter, 1989, Withers, 1992). fitabolic energy consumption was
defined as the sum of larval metabolic expendigaeh day from the"2 day to the #
day in 8" instar. Since all treatments began on tHeldy in %" instar, after 24 hours, the
effect of the treatment can be measured. Thus,adéisction of metabolic rate started on
the 29 day instead of the™lday.

MDA Assay.

Chemical and reagents All chemicals and reagents used were HPLC grade or
analytical. Acetonitrile, Tetrhydrofuran (THF), anidichloroacetic Acid (TCA) were
purchased from Fisher Science (Fair Lawn, New Jers&JSA). 1,1,3,3-
Tetraethoxypropane (TEP) butylated hydroxytolu@BET) and 2-Thiobarbituric acid
(TBA) were obtained from Sigma—Aldrich (St. LouMQ, USA); potassium phosphates,
hydrochloric acid, sodium hydroxide, methanol, n&wl and ethanol from Fisher
Science(Fair Lawn, New Jersey, USA); Ultra-purdewvavere used to prepare mobile
phase and other aqueous solutions.

Blood samples preparation.Blood samples were collected in 3mL centrifuge
tubes containing an EDTA solution as anticoagu(&@rbtto et al. 2007, Hermans et al.

2005)by clipping the third proleg of Manduca sdetaae. After centrifugation at 6000 x
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g for 10 min at 2C, the supernatant plasma were transferred to autesvand stored at -
70 C until MDA determination.

MDA standards. The stock MDA solution was prepared by adding SNAIDA
standard (1,1,3,3, tetramethoxypropane) from freagd 5 mL of 1/6N HCI into a screw
cap Pyrex tube. After boiling this stock mixture somin, set the mixture immediately on
ice. The stock standard was further diluted in IDCA, 500 ppm BHT, Saturated TBA
solution to gain the different MDA concentrations d.3, 27, 40.5 67.5 nM . These
standard solutions were processed under the sanuitioo as described in next section
to get the standard calibration curve for the estiiom of total MDA.

Total MDA. A step of alkaline hydrolysis of protein bound MQRilz, Meineke
and Gleiter 2000, Grotto et al. 2007, Hong et &0® Moselhy et al. 2013) was
processed by adding 25 pL of 3N NaOH into 100 plknwvplasma and incubating at 60
°C for 30 min in a water bath system. 100 pL of ppén BHT solution was added into
the mixture to prevent further oxidization. The Hylgized sample was adjusted with
1mL 0.1 N HCl and 1mL 10% TCA. After centrifugatian 3,000 rpm for 10 min, 500
ML of supernatant was removed into a pyrex boiludge which contains 500 pL of TBA.
The mixture solution was boiled for 10 min and thapidly put on ice to cool down.
After this, 500 pL of solution was transferred irdalisposable glass tube containing 1
mL of n-butanol. Then the mixture was vortexed thiture at least 30 seconds and
centrifuged at 1000 rpm for 10 min. The top layaswiltered through a 0.45 pm Syringe
filter into an auto injector vial. Immediately, pQ. of plasma samples or standards were

injected to an Alltima C18 column (5 um, 250 x ) for HPLC analysis.
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The HPLC analysis was performed using an Agilen00l1Series system,
equipped with degasser, pump, autosampler andelfgence detector and system
controller with a PC control grogram. The HPLC systwas eluted with mobile phase
consisting of 69.4% (v/v) Na-Phosphate buffer (5 npW=7), 30% (v/v) Acetonitrile
and 0.6% (v/v) THF at 1 mL/min flow rate . The flescence detector wavelength set as
515 nm ( excitation) and 553 nm (emission). The@amun 7 min and the retention time
of MDA-TBA was around 2.5 min.

MDA data collection. The data on MDA level after HPLC analysis is the
concentration in blood of the hornworm in unit dhmL. We assume that the blood
volume is proportional to the whole body mass afhekarva. Thus we multiplied the
assayed MDA concentration by the larval body masshe 4" day for each larvae to
represent the accumulated damage level during tay8 period.

Data Analysis and Statistics All data on growth were collected for larvae from
the 1 day to the % day at the 8 instar stage, while the metabolism data were medsu
and analyzed starting on th& 2lay instead of the1day. The data of MDA level were
determined by the HPLC system in two weeks afteothlsamples collection. Based on
three days growth, 72 data points were obtainedrowth, metabolism and MDA level
to analyze the reasons of the accumulated damaagtsti8al analyses were performed
using SPSS 21. We did the mean comparisons amang ttohorts on the results of
MDA level and growth rate by ANOVA test. An initiakegression model of MDA
containing M, the energy for body mass increment, SE, and roktagnergy, ME, was
processed by multiple linear regression procedsirece the damage ongwas failed to

be detected by experiment, due to the tiny body sfdarvae, we removed theyMffect
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from the initial model by doing residual analysideanwhile, the body mass on th8 4
day considered as a confounding variable was egdl@icbm terms, growth, metabolism
and MDA, because the body mass on tfeldy is proportional to each of these terms.
Otherwise, the correlation between dependent Variahd independent variables can be

regarded as a spurious relationship due to thitbaoning factor.

RESULTS

Metabolic and Synthetic Energy Spent During the % Instar Period. The
different treatments of food supply induced broadations in both synthetic energy and
metabolic energy spent during thB mstar. SE varies fromca. 200 Joules t@a.1000
Joules (Fig. 2A), antME ranges fronta. 2500 Joules taa. 9000 Joules. Figure 2 also
shows that these two energies are linearly propuatito the body mass at the end of

growth periodM.
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Figure 2. Linear Regressions of Synthetic Energygi#d Metabolic Energy (B) on Final
Body Mass.
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Regression of Mass Residuals of MDA on Mass Residsaof SE and ME.

Figure 3 shows that MDA accumulated in theisstar is linearly proportional to the final

body massiV.
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Figure 3. Linear Regression of MDA Level on Finaldy Mass.

After removing the confounding effects of body madsthe regression of MDA

on SE and ME vyields MDA .= % ME it 8% SE sauat 7 - The statistics of the

regression are given in Table 1.

Table 1. Statistic Results of Linear RegressioNBfA Residual on The Residuals of

Synthetic and Metabolic Energy.

_ o , Partial
Variables Coefficients Sig. )
correlation
Constant y=-2.84x 10" | 1.000
SEesidual B =9.958 0.06 0.225
ME esidual a =0.392 0.519 0.078
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The regression results strongly support the fitsed predictions. First, the
constant term is zero. Second, the coefficieM&fesiquas o = 0.392, is 25-fold smaller
than that ofSEesiqguas B = 9.958. Moreover, the P-value BiEcsiquaris 0.519, suggesting
its insignificant effect on MDA level. Third, thetio o/p = (1-¢)/s=254Qivese =
0.962, close to 0.99.

Figure 4 tests the fourth prediction. After theigm#ficant effect of ME is

removed, the regression of MDAesidual on SEesidual yields

MDAqgua= 891% SE, . qua+ 832x10* (Pearson’s = 0.211, P = 0.0745).

¢ LFR .
+ SFR . . =

T T T T T T T T T T
-150 -100 -50 0 50 100
SE (Joules)

residual

Figure 4. Linear Regression of Mass Residual of MidAMass Residual of Synthetic
Energy.

DISCUSSION
The regression coefficient of the metabolic enéMk) in MDA level, a. = 0.392,

is much smaller than that of the synthetic ene®f),( = 9.958. The ratio of these two
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coefficients give the repairing efficiency, = 0.962. A concern rises regarding the
measurement of metabolic enerddf. In this study, we measured the larval metabolic
rate once a day, and assumed that the measured theeaverage over 24 hours on the
day it was measured. We then multiplied this vdlye24 hours to obtain the metabolic
energy spent during that day. However, for hornwosoch a fasting growing animal,
this assumption is invalid. As body mass increasegabolic rate also increase. So, the
real metabolic energy spent during the day is latigen what we estimated. However,
underestimate oME does not weaken our conclusion. Instead, an atyrastimated
ME, which would be larger than the one we used is #tudy, will lead to an even
smaller regression coefficient;, and therefore supports our prediction even more
strongly.

The role of metabolic rate in animals health maiateee and longevity is unclear
and empirical data on this issue is contradict@ys@akman et al. 2004). In general, inter-
specific data from wild animals within the sameaiaXMcCoy and Gillooly 2008) show
that, with a few exceptions, the ones with highassaspecific metabolic rate have
shorter lifespan. Under laboratory conditions, lang body temperature and metabolic
rate also have been shown to extend lifespan &f éctbtherms (Klass 1977, Partridge et
al. 2005, Van Voorhies and Ward 1999) and endothdfonti et al. 2006) that were fed
freely. These empirical evidence support rate \@h¢j theory (Pearl 1928, Lints 1989),
and the modern version of it, the oxidative strés=ory (Barja 2004, Balaban et al.
2005), which suggests that the oxidative metaboésihits deleterious productions (e.g.,
reactive oxygen species, ROS) cause molecular ellWlar damages that are associated

with the health maintenance and process of aging.
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Based on the data frorAd libitum (AL) fed animals and the oxidative stress
theory, it has been hypothesized (Rikke and Johr#Z@fi¥, Weindruch and Walford
1988) that lowering body temperature and metabdie is also one of the major
mechanisms of food restriction (FR), which extetius lifespan of a broad diversity of
organisms, while keeping them in a relatively Healstate (Masoro 2005, Weindruch
and Walford 1988). However, numerous studies hawews that FR does not
substantially decrease the mass-specific metabatiecof mammals (see review in (Hou
et al. 2011d, Mccarter et al. 1985)). Studies dntbermic species also found that while
extending the lifespan, FR does not lower MR innthafter body mass is corrected
(Partridge et al. 2005, Houthoofd et al. 2003, Matiral. 2003, Hulbert et al. 2004,
Walker et al. 2005). These findings indicate tloatdring metabolic rate is not crucial for
FR to extend lifespan. Moreover, a few studies acenfLiao et al. 2011a), houseflies
(Cooper et al. 2004), parthenogenetic insects (Read Bjorndal 2009), nematodes
(Houthoofd et al. 2003), and yeasts (Lin et al. Z208ave shown that under FR,
metabolic rate seems to be positively correlateldetalth maintenance and lifespan. The
controversial correlation between metabolic raté lmgevity has been a long-standing
puzzle (Mccarter et al. 1985, Brys et al. 2007,d&kp®an et al. 2004, Stuart and Brown
2006, Promislow and Haselkorn 2002, Hughes and &ldgr2005).

The results from our study suggests that duringvtirochanges in metabolic rate
actually do not lead to significant changes in siicr@amage, and therefore will not have
great effects on overall longevity. The key fadtmat influences on damage accumulation
and longevity is biosynthesis rate. However, bitisgais rate and metabolic rate are

associated. As we reviewed in the introductiony tbe@n be positively, negatively, or not
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correlated. Thus, although change in metabolic dates not directly lead to changes in
damage, it can affect damage accumulation indyebtbugh its effects on biosynthesis.
Here, we give an example taken from (Hou 2014). Wheimals are under food
restriction (FR), the food assimilation rate is mor less fixed. Since assimilated energy
from food is partitioned by metabolic energy an@rgy deposited in new-biomass, the
fixed food assimilation imposes a tradeoff betweeetabolism and growth (Derting
1989; Hayes et al. 2014), i.e., high metabolic (&ieher basal or activity) suppresses
growth. Suppressed growth in turn will lead to wéo damage level. So, under FR,
changes in metabolic rate do have an impact on garmecumulation, but this impact is
exerted through its effect on growth.

In conclusion, it has shown that in hornworms tiherease of metabolic rate does
not cause significant increase in the phospholipiddative damage. The major

contributor of the damage is biosynthesis.
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SECTION

2. CONCLUSIONS

This thesis analyzed how hornworm adjusts its gnérgiget to adapt different
food supply and environmental temperatures, and tlmvchanges in energy budget
affect its health maintenance. Three major findingse obtained from the experiments’
results. First, under food restriction conditioghhtempura can lead to high metabolism
but slow down the growth rate; second, the laneeAd libitum decrease the energy
channeled to growth as body mass increases, andas& the energy allocated to
metabolism, while the food restricted larvae showadopposite trend by prioritization
growth at the consumption of metabolism; last bot least, the major reason of the
accumulated damages is due to the changes in biesys instead of the changes in

metabolic energy.
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Figure 1S.An examples of fitting scaling exponentsYof

Y is calculated from equatidh= B X+ § X; Red dotsy =2X°+ X°%; Black

dots:Y =3X>°+0.5X%%: Blue dots:Y =0.1X>°+ X*' . The scaling coefficient8, andS,

and the scaling exponentsands, are randomly chosen and are unitless.
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We used the same method described in one of oulopiepublications (Hayes et
al. 2014) to measure the metabolic rate of hornwiamvae. On the first day of theé"s

instar, six larvae from each cohort were randomhosen for the respirometry

measurement. The rates of, G@nsumption and Cz())roduction,\./oz and Vco, of the

same larvae were measured for seven to ten mieutey day during the'Sinstar until
the wandering stage, using a flow-through respitoyngystem with an incurrent flow
measurement (Lighton 2008). A CA-10 ¢@nalyzer (Sable Systems International (SSI);
Las Vegas, Nevada, USA) was calibrated beforerialstusing air running through a
column of drierite/ascarite (lI)/magnesium perchter The analyzer was then spanned
with a gas of known C@concentration (1,000 p.p.m. G@ air). The FA-10 Oxygen
analyzer (SSI) was calibrated using air free o, @@d water vapor and an assumecO
20.95% (Lighton 2008). Baselines were taken beforéetween, and after each trial by
running air scrubed of water and gtrough the system. Flow rate of the scrubbed air
was set at 60 ml mihusing an SS-4 subsampler (SSI). This air was $eento the larva
or baseline chamber. Between the,@0d Q analyzers, we scrubbed the £and water
vapor produced by the larvae, so that the @@ water concentration will not affect the
measurement of {jLighton 2008). During the trials, temperature wastrolled using a
PELTS5 temperature controller (SSI) that housedréspirometry and baseline chambers.
Respirometry chambers for individual larvae werec60syringe barrels fitted with
rubber stoppers connected to intake and outlengubi

ExpeData software (SSI) was used to correct for dhié in CO, and Q

concentration. The rate\s}oz and Vco, were calculated aS./coz =FRx[CQ,]/10C, and
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\./oz =FRx (20.95- [Q ])/(106- [Q ], where FR is the flow rate, and [glGand [Q)] are

the concentration of CQand Q in the respirometry chamber (Lighton 2008). Eaatad
point represents the average of the measuremeen tdkring the time interval. The

larval metabolic rate, B in unit of watts, was calculated as

B=(43.25- 22.5% RERX .\é:oz / 6(, where RER= Vcozl .Voz is the respiratory exchange ratio

(Blaxter 1989, Withers 1992).
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The energy content of feces between each cohodtisignificantly different (P >
0.05). The average value B&c.s= 14786 £ 616 Joules/gram dry mass. The digesybil
weakly scales with body mass in two cohorts?’@0AL and 25°C-AL (P < 0.05). For
other cohorts (P > 0.05), we calculated the avenzgae of the digestibility over
ontogeny. The scaling laws and average digesidsliare listed in Table S1. The FR
cohorts at each temperature have slightly highgesdibility than the AL cohorts. The
average values of the digestibilities of the AL adbk are in agreement with previous

studies (Reynolds and Nottingham 1985, Timmind.et388).

Table S1. Digestibility of Six Cohorts.

Cohort Digestibility

20°C-AL | 0.744xm**® (RR=0.22; P =0.014

20°C-FR | 0.748 £0.092 (N =35; P =0.74)

25°C-AL | 0.717xm > (R =0.07; P = 0.014

25°C-FR | 0.80 £0.105 (N =23; P =0.21)

30°C-AL | 0.74 £ 0.039 (N = 20; P = 0.28)

30°C-FR | 0.80 £0.053 (N=26; P=0.32)

The dry/wet body mass ratio is approximately 14%ach cohort, similar to the
results from previous study (Sears et al. 2012mn@derature and food supply level do not
make significant difference in the ratio (ANOVA >0.05).

Combustion energy contents of dry body tissue ofae reared at different

temperature and food supply level do not vary $icgmtly (ANOVA, P > 0.4). We
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oven-dried the body tissue, and used oxygen boraiweetry to assess the combustion
energy content of dry tissuB{s.gd. If there was food residing in the larval gutsen the
combustion energy of dried food may be includedhe overallE;ssue AS such, the
measured value diissuemay be different than the real one.

For food restricted larvae, it is not a concern.or experiments, the food
restricted (FR) larvae finished their food lessntba. 9 hours at 36C, andca. 17 hours
at 20°C. Since we killed larvae for dry mass assay 24raifter they were fed in the
previous day, these FR larvae had experiencedasiamtime of 15 and 7 hours at 3D
and 20°C respectively. So, we can safely assume that thaseno residual food in guts
of FR larvae before they were killed and oven-dri€dere was food in the guts afl
libitum (AL) larvae before they were killed. However, theeege value oE;ssyein AL
larvae is 23541+785 Joules/dry gram , slightly lowet very close to the one in FR
larvae, 23845+523 Joules/dry gram. The slightly dowalue in AL larvae may be
attributed to the facts that the energy contenfoofd is 20160 Joules/gram (method
section), close but lower than that of body tisssee,the overall value is lower when
residual food in AL larvae is included. Nonethelabg insignificant difference between
the values of FR and AL larvae (ANOVA, P>0.446) gesfs that the residual food in AL
larval guts has an insignificant effect on the alldE;ssue SO, we group the data and use
the average valudsssye = 23693 = 656 Joules/gram dry mass to calculagegtiowth

rates.
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