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Abstract

The kinematics of the biting and chewing mouthpaft®isects is a complex interaction of various
components forming multiple jointed chains. The4mrasive technique ah vivo cineradiography

by means of synchrotron radiation was employeducidate the motion cycles of the mouthparts in
the cockroactreriplaneta americana. Digital X-ray footage sequences were used inraimealculate
pre-defined angles and distances, each represeatargcteristic aspects of the movement pattern. We
were able to analyze the interactions of the maarthgpmponents and to generate a functional model
of maxillary movement by integrating kinematic rksumorphological dissections, and fluorescence
microscopy. During the opening and closing cydhes take 450-500 ms on average, we found strong
correlations between the measured maxillary anddrbatar angles, indicating a strong neural
coordination of these movements. This is manifebiestrong antiphasic courses of the maxillae and
the mandibles, antiphasic patterns of the rotaticthe cardo about its basic articulation at thedhe

and by the deflection between the cardo and stipesur functional model of the maxilla, its
movement pattern is explained by the antagonistiwity of five adductor / promotor muscles and

one adductor / remotor muscle. However beyond biserwved intersegmental and bilateral stereotypy,
certain amounts of variation across subsequenésyeithin a sequence were observed with respect to
the degree of correlation between the various npauth, the maximum, minimum, and time course of
the angular movements. Although generally corrdlatith the movement pattern of the mandibles
and the maxillary cardo-stipes complex, such pidshaviour was especially observed in the

maxillary palpi and the labium.

Key words: biomechanics, cineradiography, functionarphology, feeding, imaging, Insecta,
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This paper is dedicated to the entomologist Prof Thomas Bauer (University of Kiel, Germany) on

the occasion of his 70th birthday.
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Introduction

Whereas the principal morphology of insect mouttgaas been studied for a number of orders, only
a few observational studies have elucidated theiction during feeding. Studies of the biting and
chewing mouthparts have been conducted, for instartcockroaches (Blattodea) (Popham, 1961),
earwigs (Dermaptera) (Popham, 1959), and caraide¢ptera) (Evans, 1964; Forsythe, 1982;
Forsythe, 1983; Evans and Forsythe, 1985). Howéhesge studies are exclusively based on
gualitative approaches and do not present quabsigfianalyses on the coordination and kinematics of
the various mouthparts over time. The aim of thuslyg was to focus on the kinematics of biting and
chewing mouthparts usiriégriplaneta americana (Linnaeus, 1758) as an examgheevious studies
have shown that the movement of such mouthparts/temic and highly coordinated (Smith, 1985;
Popham, 1959; Popham, 1961). Research on locuesash(SL977a; Seath, 1977b; Rast and Braunig,
2001a; Rast and Braunig, 2001b) has demonstragaahdthoneural correlations of such a stereotyped
pattern at the level of the subesophageal gan¢BQG). The SOG, for its part, is modulated by the
frontal ganglion and the ventral nerve chord (Blaaed Simmonds, 1987; Griss, 1990; Griss et al.,
1991; reviewed in Chapman 1995a). In arthropoasost all the chemo- and mechanoreceptors
associated with ingestion and the motoneuronseofrtAndibular muscles project onto this ganglion
(Altman and Kien, 1979; Kent and Hildebrand, 198HRapman, 1995b).

As in walking, the varying demands of load duriegding must be met by variation in the velocity,
force, and frequency of muscle contractions, themetplying modulation by sensory information
(Smith, 1985). As an example, Seath (1977a, 19@&8yribes a context-sensitive precision control of
the mandibles of locusts via sensory modulated lawstion governed by resistance reflexes.
Despite these neurobiological findings, descriptine experimental studies of mouthpart feeding
coordination and kinematics in insects are scarcésgath 1977a; Seath 1977b, but this study does
not consider the maxillae). This is because thailéet kinematics of all the elements of the
mouthparts cannot be recorded simultaneously & daice their overlapping positions and complex
motion has limited any kind of image analysis.

In this regard, the technique iofvivo high-speed X-ray imaging (Westneat et al., 20@&h& et al.,
2007; Westneat et al., 2008; Betz et al., 2008ntittet al., 2009; Rack et al., 2010) enables the
display of overlapping structures in the interiblicing animals with high temporal resolution and
thus reveals the function of internal organ systdfos X-ray cineradiography, synchrotron light
sources generate a photon beam that (i) propagates-parallel, (i) has fluxes that are by ordafrs
magnitude higher than laboratory sources, andafidws the exploitation of more sophisticated
contrast modalities (Betz et al., 2008). The usgyathrotron radiation is thus the next step it+fas
imaging development, i.e. high-speed hard X-ragm@diography employing phase contrast
mechanisms (Westneat et al., 2003; Westneat &04lg).
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In the present contribution, we use synchrotroretiaéray cineradiography with a temporal
resolution of up to 125 frames per second (fpshescribe and quantify the kinematics of the various
mouthparts and their interactionsRnamericana. The aim of this study is to use this data (togeth
with our investigation of the maxillary muscles)generate a functional model of the maxilla
hypothesizing its complex kinematics. Our hypotlsdsebe tested in this study can be developed as
follows. (1) Due to the common neuronal controtief various mouthpart components by the SOG
and due to the organization of these componentsmat complex functional unit, we expect both a
high degree of rhythmicity and a strong synchrdwpiri the movement of the different mouthpart
components. Whereas the synchronicity serves asagure of the stereotypic coupling of the
mouthpart components, the rhythmicity of the indial movements indicates a continuous and
uniform movement sequence. (2) Within the framewarthe complex motion cycle of the
mouthparts, we expect differences concerning tigeedeof synchronization of certain parts of the
mouthpart complex. We expect a pronounced synctitgrior the movement of corresponding
mouthpart components of both sides of the bodyttieemaxillae and mandibles of the left and right
side, respectively) as well as of the basal elesn@atrdo and stipes) of the maxilla. Their movement
have to be functionally coupled to ensure the igfficmanipulation and subsequent ingestion of food.
In contrast, some mouthpart components (e.g. thélarg palps and the labium) have to be used in a
more flexible manner during food uptake, so thi likely that their movements are modulated to a

higher extent and consequently exhibit a lesseregegf synchronicity.
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94

95  Mouthpart kinematics

96 Our cineradiographic movies revealed a rhythmimregtrical, and synchronous movement pattern of

97 the mouthparts, whereupon the maxillae ran in aasp with respect to the mandibles (cf. movies 1

98 and 2 in supplementary material). Digitizing prehged mouthparts over the course of several

99 movement cycles made it possible to quantify thisgun using different approaches.
100
101 Correlation analyses
102 Mandibles: In almost all analyzed sequences, bathdibles perform regular opening and closing
103 movements about their basic articulation at thelluagosule during feeding on soft food material (cf.
104 Fig. 1). No obvious differences between the timensmeeded for opening and closing of the
105 mandibles were observed. Fig. 1a shows represemfatbtage depicting one motion cycle of the
106 mandibles (approx. 500 ms). The angdesus time diagram (Fig. 1b) shows the sequence of thath
107 opening angle and the gap width of the mandiblethi® movement cycle depicted in this sequence
108 (Fig. 1a). The patterns of both angles (left agtitrmandible) are sinusoidal and correspond ingerm
109 of both their amplitude and duration with each offfég. 1c). There is hardly any variation in the
110 maximum (60-65°) and minimum (42°) values of themipg angle within this sequence.
111 Accordingly, the peaks for the gap width of the diates are similarly invariable during the
112 maximally opened state (approx. 750 pm) and thanmally closed state (approx. -300 um). The
113 obtained negative value is attributable to the ¢ipthe mandibles overlapping, i.e. exceeding #re z
114  line during the closing movement (cf. Fig. 1b-ccazbne denoted in red). The value for the distance
115 between the tips of the mandibles consequentlyases as the tips start to cross each other. Amobt
116 a better overview, these distances are indicatatkhstive values.
117 Overall, both the angle “m” and the “gap width cimdibles” show a high consistency of their

118 kinematics during opening and closing in all thalgred movies (given are maxima (minima in
119 brackets) for N=12) “m” right sideX; = 60.0° (40.8°), standard deviation (SD): 5.8 (5'0); left

120  side:X; =58.5° (43.1°), SD: 4.3 (4.5); "gap width of maneit X; = 741 um (-158 pm), SD:
121 263.6 (148.5). The same applies to the time nepefmathe completion of an entire motion cycle of

122 the mandibles, i.e. the time between two maxinthénangleversus time diagrams (“m” right side:

123 X; =451 ms, SD: 105.3; “m” left sidé; = 498 ms, SD: 123.9).

124

125 Maxillae: Like for the mandibles, our statisticaladyses revealed a uniformly occurring rhythmic
126 movement of the maxillae that appeared bilater@lypled (including the ab- and adduction of the
127 maxillary palpus at its base via angle "e" in Hic). This coordination was indicated by the

128 maxillary angles "a" and "d" (cf. Fig. 10) beingyhly consistent with respect to their kinematics

4
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during opening and closing across all the analyaedies (given are maxima (minima in brackets) for
N=12) “a” right sideX; = 159° (139°), standard deviation (SD): 15.1 (8.4);left side:X; = 163°

(142°), SD: 12.5 (11.3); "d" right sidX; = 106° (83°), SD: 8.1 (10.5); "d" left sidX; = 105°
(81°), SD: 12.6 (12.5). The same applies to the tn@cessary for the completion of an entire motion

cycle of the maxillae, i.e. the time between twoime in the angleersus time diagrams (“a” right
side:X; = 446 ms, SD: 113.7; “a” left sid&; = 447 ms, SD: 128.7; “d” right sid&; = 455 ms,

SD: 119.7; “d” left sideX;== 446 ms, SD: 121.1).

If the maxillary angles are added to the sequeep&ted in Fig. 1, the strong synchronization
between the right and the left side of the bodyiither confirmed (Figs. 2a-b, d and Fig. 3). Tikis
general pattern that applies to all the analyzedeeces. In contrast, the angles describing the
kinematics of the maxillary palps are less syncizemhregarding both sides of the body (Figs. 2c and
3). Almost all the maxillary angles are highly irderrelated with respect to their amplitude and
duration. This also applies to their correlatiothvthe opening angle of the mandibles (Figs. Zamadl
3). In Fig. 3 the correlation tables for all thgsences are summarized to provide an overvieweof th
inter-individual consistence of the correlationshivi the mouthpart system. Strong correlationstexis
between the opening angles of the mandibles (atigi®sand both maxillae (angles “a”). A strong
synchronization between the mandibles and the taaxilan be found for almost all of the 12
analyzed sequences (e.g. mandibular opening anglééft/right) with the maxillary angles “a” in
Fig. 3). The movement of the maxillary palps (asdie' and "f") are, in most cases, correlated omly
a low or medium extent with the general maxillangndibular, and labial movements (Fig. 3).

Labium: During feeding the labium performs regules-and retraction movements (Fig. 2d) (duration

of an entire cycIeX;:z 568 ms (SD: 269.2), N=12). Its maximum protractistance (as measured
relative to its most retracted condition in a spexi) amounts to a grand mean of 334 um (SD: 127.5,
N=12). In many cases, changes in the angles ahtmalibles and the maxillae are only weakly
correlated with the pro- and retraction of the labi(Fig. 3). These correlations can be both negativ

and positive indicating certain flexibility probgldlepending on the current feeding situation.

Coefficients of variation

The coefficients of variation (CV) of the maximhaetminima, and the time spans presented in the
previous section are an additional clue with redartthe variability of the kinematics of the indivial
mouthpart elements, whereby the CVs are only coatgp@mwithin a particular unit, i.e. the angle,
distance, or time measurements. The medians andtérgquartile ranges of the boxplots reveal that
the movement angles of the elements of the marsdéid the maxillae are constant, showing CVs of
about< 10% (medians). In some cases, as indicated bly pamty whiskers in individual boxplots,
single cycles within a specimen might largely devilaom the general pattern, leading to higher CVs

and indicating a certain amount of (context-depatjdéexibility, even in the movements of the
5
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mandibles and the cardo-stipes complex of the maa¥Nith regard to the time span needed for one
motion cycle, the strong coordination between tlaadibles and the maxillae is confirmed by the
similarity of their medians (Fig. 4c). The labiumpp@ars more plastic in both its pro- and retraction

time and its protrusion distance (Fig. 4a-c).

Principal component analyses (PCA)

The high coordination of the individual elementsla mouthparts was also confirmed by the PCA
(Tab. 1). Four and three PCs were extracted in ebtfe five specimens. They covered the range
from 86.7 - 91.0% (four extracted PCs) and 81.8.7% (three extracted PCs) of the total variance,
respectively. In two specimens, only two PCs weteaeted, explaining 81% of the total variance.

Our analyses confirmed that the maxillary anglebetiween cardo and stipes was generally loaded on
PC1 or PC2 in an opposite way from all the othglesof the maxillary body (i.e. "a", "b", and "c")

At the same time, the sign of the loading of thigla on the PCs corresponded consistently with the
mandibular angle "m" and the corresponding manditiigap width" (e.g. Tab. 1b). The loadings of
the variables on the PCs further confirmed theectasrespondence of the mouthpart elements of both
the left and the right side, although in six cagesvhich three or more often four PCs were extdyt

the corresponding left and right elements mightehaeen loaded onto different PCs. Both the angles
of the maxillary body and the mandibles usuallyeveighly loaded on PC1, further supporting the
strong synchronization of these mouthpart eleménsy in three specimens the mandibles were
loaded onto PC2. The loading pattern of the angfiéise maxillary palpus (i.e. angles "e" and "f")
indicated a behaviour that was more independent the maxillary body. Only in five specimens the
angle "e" (basal articulation of the palpus atdtiges) was loaded together with the other maxillar
angles on PC1, and angle "f" did so only oncelllthea other specimens, these angles were loaded on
higher PCs. The movement of the labium did not sbastly load with the other mouthpart elements.
In five sequences, it loaded together with the treyiand mandibular angles on PC1, whereas in five

other sequences, it was separately loaded on ahiyD, explaining less of the total variance.

Autocorrelation analysis

This analysis was exemplarily conducted for oneasgntative individualReriplaneta_4) (cf. Fig.

1A-H in supplementary material). It confirmed thighrhythmicity already demonstrated in our angle
versustime diagrams (Figs. 1-2). There appear signifiearaf alternating positive and negative
autocorrelation coefficients that re-occur on autagbasis with respect to the progressing lag.time
This is indicative of the motion cycles of most rtiqaart elements following a sinusoidal pattern (Fig
1 in supplementary material). Whereas in this segai@lmost all the angles follow this regular
pattern, lower or lacking autocorrelations weresd®ined for the general movement of the maxillary
palpus about its insertion at the palpifer (cf.lar@" in Fig. 10 and Fig. 1F in supplementary

material).
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Functional model of the maxillary kinematics

The observed pro- and retraction of the maxillardpua motion cycle is paralleled by the ad- and
abduction of its tips (i.e. the galea-lacinia coexpl Such a motion cycle involves strong flexiond an
extension movements in the cardo-stipes articulstzompanied by the in- and outward rotation of
the cardo around its articulation with the headsoég(Fig. 6 and movies 1 and 2 in supplementary
material). To generate a functional model of theitiaay kinematics from our footage, we
investigated the maxillary muscle complex (Tab.T2e most important muscles that power the
maxillary movement are shown in Fig. 5 togethehwhiteir functions as presumed from the literature
(Kéler, 1963; Snodgrass, 1993). The insertion gadithese muscles . americana could be
confirmed by our direct dissections of the maxillae

The functional model explaining the observed marjilkinematics consists of four consecutive
phases (Fig. 6):

(1) First phase of the motion cycle ((1) in Fig):@oth the cardo and the stipes are maximally
protracted, and the cardo is kept maximally addueti¢h respect to the medial line. This is reflecte

in the maxillary angle “d”, which describes thedmstipes articulation, assuming its maximum of ca.
110° (Fig. 6a), and the maxillary angle “a” reachits minimum of 135°. The protraction of the
maxilla is effected by the contraction of the MaRRhough we assume that the involved increaseeof th
angle “d” is facilitated by non-muscular preflex vements caused by the protein resilin embedded
into the articulation membrane (see next sectigioyeover, the widening of the angle "d" might be
passively caused by the adduction pressure thhtdimitting maxillary galeae exert on each other.
The continuing adduction of the apical part of tiexilla toward the medial line is caused mainly by
the simultaneous contraction of the M18. During fhiocess, both tips of the maxillae (i.e. the ag)e
are still kept in contact and finally reach theebamally protracted position. At the end of phaséhg
cardo is kept maximally adducted, both the cardbtha stipes are maximally stretched forward, and
the maxillary palp (angle "e") is maximally retredt

(2) Second phase of the motion cycle ((2) in Fm): &he retraction of the maxilla is initiated as
reflected by the maxillary angle “d” starting tocdease, while the maxillary angle “a” increasessTh
is reflected in the tip of the maxilla moving ladraway from the medial line, as caused by themcti
of the M15. The actual retraction of the maxillaigbled by the flexion of the stipes with respect
the cardo. The flexion is made possible by theoaatif the M19. The maxillary palps start re-moving
to the anterior.

(3) Third phase of the motion cycle ((3) in Fig):#6ln this third phase, both the retraction and the
abduction of the maxilla away from the medial lare complete. As a consequence, the cardo and the
stipes are maximally bent against each other, a&athle maxillary angle “d” attains its minimum. In
this way, the resilin-containing arthrodial memledetween the cardo and stipes is compressed and

loaded for its rebound in the next phase (phasd the motion cycle.
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In this phase of the motion cycle, the angle “@pthys its maximum, which is associated with a
maximum abduction of the cardo and a pronouncedatedn of the maxilla. The described
movements can be explained by the complete comract both the M15 and M19, whereas the M17
and M18 are completely relaxed. Both maxillary gadpe maximally stretched forward in relation to
the stipes.

(4) Fourth phase of the motion cycle ((4) in Fig):6T'he re-protraction and re-adduction of the
maxilla is initiated. Although probably initializday the elastic rebound of resilin, the protractdn

the maxilla is increasingly effected by musculantcaction, probably passively supported by the
abutting of both galeae at the medial line of tbdyb At the beginning of this phase, both the M15
and the M19 are relaxing, and the maxilla is ratabevard by the contraction of the M17. At the same
time, the contraction of the M18 causes the adduoaif the stipes toward the midline. As a reshk, t
tips of the maxillae (i.e. the galeae) of both sidedially contact each other, while being further
protracted; they reach their maximum protractiothm subsequent (first) phase of the motion cycle
((2) in Fig. 6b).

Fluorescence microscopy of the maxillae

Intense blueish autofluorescence (indicating tlesgmce of resilin) was found especially on the
membranous, i.e. less sclerotized cuticular susfacel the joint structures (e.g. the joint between
cardo and stipes). Figure 7 depicts the membraimbegument between the insertion of the maxillary
palp and the joint region between cardo and stypése right maxilla as seen from dorsal. There
appears a gradient of the resilin distribution keswthe soft integument (featuring a strong

autofluorescence) and stronger sclerotized are&ei(ss).
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Discussion

Our analysis shows that synchrotiarvivo cineradiography (e.g. Betz et al. 2008; Westneak e

2008) is a useful tool that makes it feasible tdgven analyses of general mouthpart coordination in
insects, including all mouthpart elements, andddraunderstanding the often complex kinematics of
single mouthpart elements (e.g. of the maxillae).

In this study, we investigated how the biting aeeding mouthparts of the cockrodedriplaneta
americana are mutually coordinated. Our hypotheses regartttiaiy movement patterns with respect
to their rhythmicity and stereotypy could be camid, even though it became clear that in certain
mouthpart elements (depending on their functiookd in the entire mouthpart complex) some degree
of modulation is possible. This may help the angrtaladjust to different feeding contexts suchhas t
mechanical properties of the food. Finally, ountessof the movement analyses were used in
combination with the morphological analyses to gateea two dimensional functional model of the

movement cycle of the maxilla.

Kinematics of the mandibles

According to the hinge-like articulation of the nddsles to the head capsule, the opening angleeof th
mandibles (cf. angle "m" in Figs. 1 and 9b) is ¢ty available parameter to describe mandibular
kinematics (Fig. 1). In addition, the distance kedw both the mandibular apices (cf. “gap width of
mandibles” in Figs. 1 and 9b) during a movementehas been measured to elucidate the movement
pattern of both mandibles simultaneously by medmsdistance value. This parameter confines the
maximum manageable size of a food bolus to abdijim (calculated grand mean over all 12
specimens).

The duration of an entire motion cycle of the mateti amounts to 450-500 ms. This is in agreement
with studies of Blaney and Chapman (1970) in tlee$oSchistocerca gregaria, in which time

intervals for motion cycles of the mandibles attan®-550 ms. A strong rhythmicity of the
mandibular movement was confirmed in our autocati@h analysis (Fig. 1A in supplementary
material) supporting our hypothesis 1 Heriplaneta, the maxima and minima of the mandibular
opening angles and the duration of a movement gfo relatively low mean coefficients of
variation (CV) (Fig. 4) across the 12 sequenceggassting a rather stereotyped movement pattern (cf.
hypothesis 1).

The angleversus time diagrams shown in Figs. 1-2 depict similattgras in the values of the rotation
angles of both the left and the right mandible rde their temporal movement and their absolute
values, a pattern that is representative for mbdteoanalyzed sequences. This is further suppdayed
the results of our correlation and principal congrranalyses (Fig. 3 and Tab.1) and indicates a
bilateral coupling of both mandibles (cf. Popha®59; Popham, 1961) (cf. Hypothesis 2).
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As can be seen in Fig. 1, the time needed to dpemandibles is approximately as long as the time
needed to close them, a trend that could be faumdl L2 sequences. These results differ from the
observations of Blaney and Chapman (1970) and $#2fl7a), who have determined,Schistocerca
gregaria, the opening of the mandibles to occur twice asda the closing movement. Chapman
(1995b) assumes that such differences might hewtble to the resistance of the food substrate
during the closing movement of the mandibles. Hetleepasty substrate with which the cockroaches

were fed during our experiments might have enathledbserved fast closing movements.

Kinematics of the maxillae

We have used four angles ("a"-"d" in Fig. 10) tsa&e the movement of the cardo-stipes complex,
and two angles ("e"-"f" in Fig. 10) for the des¢igm of the maxillary palp. In comparison with the
mandibles, the movements of the multi-segmentedli@exexhibit a higher degree of freedom and are
thus more complex. However, similarly to the matetibwe have determined high autocorrelation
values regarding the rhythmicity of the angleshef tnaxillary body (Fig. 1B-E in supplementary
material) strengthening our hypothesis 1. In addjtbnly low overall variation of these angles (as
indicated by CVs 10%) and strong correlations (high correlationficcients (CC) indicate high

levels of synchronicity) among these angles andiden both body sides (Figs. 3-4, Tab. 1) were
determined. The strong correlation among the arffplesc", and "d" (Fig. 3 and Tab. 1) can be
explained, since all three angles are part of dimeestriangle. Our correlation and principal comptne
analyses (Fig. 3 and Tab. 1) suggest that the meweat just one component of the maxillary body
influences the positions of all the other partsnpeonnected according to the principle of a rplgti
articulated chain (e.g. Nachtigall, 2005). Foramste, in agreement with Kél@r963), the protraction

of the stipes is caused by the adduction of theéacéfig. 6: phase 4 to 1). Hence, an explanatidhef
kinematics of the maxillae requires the simultarsemanitoring of all its components, a condition
fulfilled in our study.

As also confirmed by both our analyses (Fig. 3 Bald. 1) and our functional model of the maxillary
movement (Fig. 6), the angles "a" and "d" run iigrase (Figs. 9¢-10). That is, during the backward
rotation of the cardo (causing the opening of tlaitia), the stipes is flexed inward, so that tladeg
and stipes can be held close to the medial headkarping contact with the food bolus. Since neithe
of these movements mechanically implies each othisrcan only be managed by a close
coordination of the activity of the muscles M15, Mand M18 (Tab. 2).

The maxillary palps are regularly moved back amthf¢cf. Figs. 2c and 6a), whereas the maxima and
minima of the oscillation angle "e" about the stifemore variable compared to the other angles of
the maxillary body (cf. Fig. 4a-b and Fig. 1F ippplementary material). This view is further
supported, since both the palpus angles "e" antkiifl to load on higher PCs in our PCA, as in Klein
(1982), who has found only a loose coupling ofghkos of crickets to the rhythmic feeding actidtie

of the other mouthparts. Indeed, neural recordiigkeafferented nerves of the subesophageal

10
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ganglion (SOG) of the locukbcusta migratoria have revealed that the outputs of the motoneufan o
maxillary palpus muscle are only weakly coupleth® mandibular motor pattern (Rast and Braunig
2001a; Rast and Braunig, 2001b). Moreover, theedsed rhythmic movements of the palps might be
explained by their prevailing sensory function dgrfeeding (cf. Hypothesis 2).

According to Snodgrag4993), the movements of the maxillae are effebtethe action of 11

muscles (of which five muscles are exclusively aatad with the maxillary palp). Whereas the
single-segmented mandible can move only aroundsiogge axis of rotation, the maxillary kinematics
result from the interaction of both ab- and addutitoward the median axis and pro- and retractions
directed back and forth (Popham, 1959; Popham,)12&ldepicted in our suggested model of Fig. 6,
one maxillary motion cycle consists of four congeeiphases describing the highly protracted
condition of the maxillae (phase 1), the maximadifracted condition (phase 3), and both transition
states in between (phases 2 and 4). Our functioodkl (Fig. 6) hypothesizes almost all of the
observed maxillary movements by the operation efaibwering muscles. However, the protraction of
the maxillae (Fig. 6: phase 3 to phase 1) canretysbe explained by muscular activity and might be
assisted by the re-mobilization of the energy pmesly stored in the compression of the resilin
containing arthrodial membrane which connects thhda@ with the stipes. In addition, the opening of
the angle "d" between the cardo and stipes enatiimgiaxillary protraction might be passively
assisted by the pressure mutually exerted by Hmitting galeae during the adduction process.
Based on our cineradiographic analyses (and irrastriio Popham (1961), who assumed a
hemolymph driven process), we consider the mechmbehind the protraction of the maxillae (i.e.
the transition between phases 3 and 1 in Fig. Bgta combination of muscle-effected and non-
muscular (preflex) mechanisms caused by the elgsticthe arthrodial maxillary membranes.

Around the joint of cardo and stipes, we have fosigdificant autofluorescence when this joint is
excited with UV light (Fig. 7) indicating the prese of the highly elastic protein resilin in theicle

of this region. Acting in the described manner, gheflex mechanisms caused by the elastic arthrodia
membranes might assist the action of the M17 itngethe process of protraction in motion just

before the M17 starts to contract.

Kinematics of the labium

We have been able to quantify the pro- and retraaif the labium by means of distaneesus time
diagrams (Fig. 2d). As shown in this example, iteekatics can be rhythmic (cf. Fig. 1H of our
autocorrelation analysis in the supplementary najeand consistent over the complete sequences,
whereas in other sequences, these movements siredgdar and might significantly differ in termis o
both their temporal mode and amplitude, as indithtetheir high CVs (Fig. 4) and their inconsistent
pattern in the correlation analyses (Fig. 3) amdRIEAs (cf. Hypothesis 2). In accordance with this

observation, Evans (1964) characterizes the kiriesat the labium in carabid beetles as irregular
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and shows that the labium only retracts providhag & sufficient amount of food is located witHie t

cibarium.

Coordination between mandibles, maxillae, and kabiu

In chewing and biting insects, the food is gengradsumed to be grasped by the maxillae, cut by the
mandibles, and further transported toward the muialthe maxillae, the mandibles, and the labium
(e.g. Chapman, 1995a; Betz et al., 2003). Fronfunational model (Fig. 6), we can deduce that
maxillary food transport is achieved during pha&esd 3, in which the opened position of the
maxillae might laterally grasp the food materiatitaw it backwards and, at the same time, prevent i
lateral loss during mastication by the closing mialed. These functions are probably further
supported by the adductors of the galea and la@hi#19-21 in Fig. 5 and Tab. 2) (cf. Popham,
1961). The labium prevents the food material frattifg out ventrad. Its regular pro- and retraction
movements support the other mouthparts in tranisygattie food toward the mouth and re-circulating
it to the mandibles and maxillae. Popham (1961pests that the final transport of the salivateaifoo
toward the pharynx is effected by suction initialbgthe cibarial and esophageal dilator muscles.
Indeed, such a mechanism is supported by our reatitgshowing that material is rapidly sucked into
the foregut (cf. movie 1 in supplementary material)

As is apparent from the anglersus time diagram in Fig. 2, the mandibular openinglafim" and the
maxillary angles "a" and "d" are, in most of theek@&mined sequences, significantly coordinated,
which is confirmed by our correlation analyses (C€&=ching from -0.38 to -0.75: Fig. 3) and
principal component statistics (Fig. 3 and TabVhen the opening angle of the mandibles increases
(i.e. the mandibles are opening), the maxillaryl@rid" also increases (i.e. the maxillae are
protracting), whereas the value of the maxillarglaria" decreases (i.e. the maxillae are adducting)
Hence, the opening of the mandibles, the protracil adduction of the maxillae are usually
coordinated in an antiphasic manner over the cafrime as previously stated fBeriplaneta
americana by Popham (1961) (cf. Hypotheses 1 and 2) (cb Blgans (1964) and Evans and Forsythe
(1985) for carabid beetles). Such stereotyped @oatidn is generally presumed to be based on
subesophageal pattern generators exhibiting fikede relationships in an intersegmental (i.e.
between different neuromeres) and bilateral (ie¢wben both body sides) coupling pattern
(Rohrbacher, 1994a; Rohrbacher, 1994b; Rast anthigyg2001a; Rast and Braunig, 2001b).
According to Rohrbacher (1994 a, b), the obsergsudination between the various pairs of
mouthparts might be enabled by promotor SOG inteores simultaneously functioning as local and
intersegmental interneurons which project ovemtiigromeral borders of the different mouthparts.
According to their rhythmic activity patterns idaton to the chewing cycle, such modulatory
interneurons are assumed to be associated withrbopa central pattern generator circuit for
chewing (Rohrbacher, 1994b).

12



406 If the mean time needed for a motion cycle (graméumover all sequences) is considered, the opening
407 angle of the mandible angle “m” and both the maryllangles "a" and "d" feature values between 446
408 and 498 ms. Moreover, in most of the analyzed serpsethe rotation of the maxillary palp around its
409 basal articulation at the stipes is coordinateth wie movements of the mandibles and the maxillae.
410 This is reflected in the corresponding anggesus time diagram of the sequenieriplaneta_4 (Fig.

411 2), which is representative for most other sequentiee maxillary angle "e" (describing the rotation
412 of the palp around its insertion) is correlatechbeith the opening angle of the mandibles (although
413 the direction of the correlations is not uniformgawith the maxillary angle "d" (negative correteti
414  in 10-11 of 12 sequences) (cf. Fig. 3). This mahaswhile the maxilla is protracted, the maxillary
415 palpis moved in a reverse (posterior) directidrd(ection) (cf. Fig. 5).

416 The comparison of the distanee sus time diagrams of the labial movement with the angfsus

417 time diagrams of both mandibles and maxillae (mauldr opening angles "m" and maxillary angle
418 "d", respectively) shows that the protraction agilaction movements of the labium are coordinated
419 with the opening of the mandibles and with the qawtion of the maxillae in 6 of the 12 analyzed
420 sequences. However, only weak coordination foretlsejuences and no coordination for three other
421 sequences are observed with regard to the labiunement with the above-mentioned mandibular
422 and maxillary angles. This finding is also suppdtbg weak correlation coefficients (CC 0.33-0.46),
423 and suggests that the neural coupling between theathparts is not as fixed as that found in

424 mandibles and maxillae. Although the overall moveta@®f the maxillary palp and the labium are
425 coordinated with the kinematics of the mandibles #e maxillae, the variability of these mouthparts
426 in terms of their minimal and maximal values angl ime intervals necessary for a complete motion
427  cycle are much higher than those observed for tmathdibles and maxillae. This suggests a higher
428 flexibility and context-dependent control of thesenponents during the feeding process (cf.

429  Hypothesis 2).

430
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Material and methods

Animals

We examined adult American cockroachieerplaneta americana) of both sexes from our stock
breeding. Animals were kept in large plastic baxeder constant temperature (29°C) and 40%
relative humidity. A diurnal light-dark cycle of urs day and 12 hours night was chosen. Animals
were fed with leaf salad, oatmeal, and watgkibitum. All experiments were carried out at room
temperature (19-21°C).

Preparation of animals fon vivo radiography

Since the objective of this study was to descritwusively the kinematics of the mouthparts, we
needed to immobilize all the other extremities tredbody of the cockroaches. To avoid unnecessary
stress, the animals were tranquillized using.Cis treatment does not have an effect on the
kinematics of the mouthparts as long as the cockemspend enough time in fresh air afterwards
(Brooks, 1965; Nicolas and Sillans, 1989). The coakhes were glued with their dorsal sides onto
microscope slides using an instant adhesive. Thexeemities, the antennae, and the neck werd fixe
with slender strips of adhesive tape. In ordemialyze natural behaviour and to avoid long
immobilization periods, preparation of the inseantslin vivo radiography were synchronized as much
as possible. The immobilized animals were thergiatied into the experimental setup as depicted in
Fig. 8. To stimulate the masticatory movementsfacompound comprising homogenized diptera
larvae, honey, and some fish food flakes was aghjptit® the region of the mouthparts by using a pin
head.

In vivo high-speed X-ray cineradiography

The experiments were carried out at the ANKA (Angsiguelle Karlsruhe) synchrotron light source
of the Karlsruhe Institute of Technology (KIT, Gexny). The 2.5-GeV ANKA storage ring hosts the
bending magnet beamline TopoTomo with its high Ieggm microimaging station. The photon flux
density and spectral range of the TopoTomo souevall-suited foiin vivo cineradiography. Details
of the ANKA light source and the instrumentatiorttod TopoTomo beamline are available in Rack et
al. (2009) and Moser (2001).

The experimental procedure was based on a prokoctastin vivo X-ray imaging (frequently termed
in vivo cineradiography) as published recently (Rack.ef8llL0). In order to obtain the high data
acquisition rates required fam vivo cineradiography, TopoTomo was operated in theaflea white
beam mode: only a 0.5 mm thick Be exit window amdr thick Si attenuation filter were placed
between the light source and the experiment (Bigl'i@s results in a homogeneous wavefront profile,
an integral photon flux density of fPh/mni/s, and a mean energy around 20 keV at the posifion

the experiment. At 20 keV X-ray photon energy, shalied insects are almost transparent.
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468 Consequently, the negligible attenuation reducesitise to the specimen. The contrast mode

469 deployed for the presented results is relatededliffraction of the X-rays at the interfaces witlihe
470 specimen, i.e. so-called inline X-ray phase coh{@®metens et al., 1996; Westneat et al., 2008z Be
471 etal., 2007; Socha et al., 2007; Westneat e2@08). Even though polychromatic radiation is used,
472  the homogeneous wavefront profile of TopoTomo mite-beam mode is excellently suited for
473 phase contrast imaging (Weitkamp et al., 2011).

474  Further technical details of both our setup andptioeessing of the attained X-ray cineradiographic
475 sequences are provided in the electronic appendage.

476

477 Processing and analyzing the X-ray cineradiograpbipiences

478 In order to enhance the image quality within thguemces, each frame was corrected with reference
479 images captured before cineradiography. The Iméeineider et al., 2012) plugin ANKAphase was
480 used to perform this flat-field and dark-field aetion (Weitkamp et al., 2011). Further adjustna#nt
481 brightness and contrast values was carried ougubpicture processing software Adobe Photoshop
482 (Adobe Systems, 2003).

483 Out of more than 50 cineradiographic sequenceastahriumber of 12 sequences representing 12
484  different individuals were chosen for further arsaly by applying the following criteria: (1) the

485 sequences had to show at least three completemuytabes of the mouthparts; (2) the mouthparts of
486 P. americana had to be located within the filmed visual rangedt least three motion cycles, and the
487 local resolution of the mouthparts had to displayaaceptable quality; (3) if any movements of the
488 head capsule occurred in addition to those of thethparts, the sequence was rejected; (4) the
489  behaviour of the cockroach was not to be distuthethe treatment or the high-energy radiation. In
490 Tab. 1 a list of the chosen sequences and someceddiinformation is depicted.

491 To be able to calculate angles that describe cterstic movement patterns during the mastication
492  process, each frame of the X-ray sequences wagzdijby setting landmarks to relevant

493 morphological positions. For these landmarks, atpeas defined by an x- and a y-coordinate and
494  stored in a data matrix. This procedure was comdimith the software tpsUtil (Rohlf, 2004) and
495  tpsDig2 (Rohlf, 2004). For each frame, 19 landmarnkd in addition six fixed points (per sequence)
496 were defined to mark the corners of the triangiesdverview and a list of these landmarks and the
497 corresponding structures are given in Fig. 9a aafusT4-5, respectively). The coordinates of the
498 landmarks were afterwards exported to MicrosoftdEx®licrosoft Corporation, 2003) to calculate
499 several triangles using basic trigopnometric funwdi¢calculation of distances between landmarks;
500 calculation of angles by using the law of cosi@)anges in given angles within the movie revealed
501 information about changes in the position of definerphological structures and thus information
502 about the kinematics of the individual mouthpaeineénts. For further analyses, selected landmarks

503 were connected by straight lines to form triangfégs. 9b-10).
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Further details on the calculation of the relevaargles and distances for the different mouthpaets a

provided in the electronic appendage.

Generation of angle-time diagrams

For each single frame of a movie, the angles desdrin Figs. 9-10 were calculated. The temporal
sampling rate (frames per second = fps) that wpbegpand the exposure time per frame amounted to
16.67 ms (60 fps) and 8 ms (125 fps), respectividiys information was used to generate angisus

time diagrams.

Statistical analyses

To analyze the variability of the various mouthgamnponents in their local and temporal course of

motion, the grand meanx;(z; corresponding to the mean of the arithmetic meafhg)e maximum

and minimum values of all the angles shown in F¥g$0 and the time span necessary for a complete
motion cycle were calculated. The grand means Wwased on the arithmetic means of the 12
cockroach specimens as calculated from 2-13 simgk#on cycles. In order to evaluate the overall
variability of the individual angles and time coesswe calculated boxplots summarizing the medians
and variation of the 12 coefficients of variatiaaalculated for each specimen (Fig. 4).

The interdependence between the movement pattetns various mouthpart components was
analyzed by correlation analyses. To this ende&mh of the 12 specimens, we analyzed the
correlations of all the measured angles and distnon a frame-by-frame basis and summarized the
number of established significant positive and tiggaorrelations in a table (Fig. 3).

A principal component analysis (PCA) was carrietifoueach of the 12 specimens to obtain
information about the extent of coordination betw#ee various mouthpart elements. In total, 16
variables (i.e. the angles “a”-“f” and “m” of boblody sides and the distance values (gap width of
mandibles and protraction distances of labium))ewemsidered in the analysis, whereby 99-342
cases (= succeeding frames of each sequence) nayeed. We used the Varimax option with Kaiser
Normalization; all PCs with eigenvalues > 1 wer&apnted, and all the variables with correlation
coefficients < -0.5 and > 0.5 were chosen for titerpretation of the extracted PCs.

The correlation coefficients that exhibited stadadtsignificance were used as a measure how d{rong
two mouthpart elements move in a coordinate patiesrassess the degree of coordination, we used
the conventional interpretation of the correlatmefficient (CC) (Buhl, 2008). Whereas a missing or
only weak coordination (CC 0-0.5) is indicativeaoiigh modulation capacity, a high or very high
coordination (CC 0.7-1) represents a strong stgpgatf the movements. Correlation coefficients in
the intermediate range (CC 0.5-0.7) indicate a omadioordination. Finally, to assess a rhythmical
behaviour within a given time series (i.e. the grattof the values of an angle over time), we
performed autocorrelation analyses (e.g. HammeHarder, 2006) for the various angles of the

kinematic sequencePériplaneta_4” (c.f. Figs. 1-2). This sequence is represevedtr almost all
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other sequences analyzed in this study. Whereaaitbeorrelation analyses were performed with the
software PAST (version: 3.0) (Hammer, Harper andrRy001), the software SPSS 16 (SPSS Inc.,

2007) was used for all other statistical calculzio

Generation of a two-dimensional functional modelrf@xillary kinematics

The observed complex kinematics of the maxillae NMiastrated in the form of a two-dimensional
functional model to demonstrate the true-to-scakgtipn of the maxilla and its muscles during the
various phases of the movement cycle. The sizesrafithe various maxillary components, the
location of the muscles, and their articulationnp®iorigo andinsertio) were elucidated by SEM
studies, dissections of the maxillae, and additidata from the literature (Weber, 1933; Snodgrass,
1950; Snodgrass, 1951; Kéler, 1963; Matsuda, 19686dgrass, 1993). The angular shifts of the
maxillary components over time in the functionaldabstrictly followed the observed angular
measurements in the vivo cineradiography. Our schematic model elucidatehyipothetical general
effect that each maxillary muscle has on the olegbowerall maxillary movement pattern. It neither
aims at reflecting the actual activity patterntedgse muscles as deducible from electrophysiological
studies, nor does it quantitatively model the gagsnvolved multiple bar linkage as applied tdfis
jaws by Westneat (1994, 2003). However, our moakeh$ a starting point for such kind of
physiological and biomechanical analyses.

SEM preparation was performed according to stanpiardedures (i.e. critical point drying followed
by sputter coating) as described in Betz et al0820

The presence and distribution of the elastic pnatesilin in the maxillary cuticle d®. americana was
analyzed by means of fluorescence microscopy. Aliegrto Gorb (1999), Neff et al. (2000) and
Haas et al. (2000), the insect cuticle exhibitsapunced autofluorescence in the wavelength range
of blue-green to red-infrared. However, as soothaguticle is excited with light within the narrow
band of 330-380 nm (UV light), all cuticle areasit@oning resilin emit blue light (approx. 420 nm)
(Edwards, 1983; Gorb, 1999). For fluorescence rsmwpy, the mouthparts of freshly killed
cockroaches were placed onto hollow slides withilidid water. The obtained preparation was
examined at various wavelength ranges (all UV )ighth a fluorescence microscope (Leica DM5000
D and Leica CTR 5000, Wetzlar, Germany) and dilyiteiptured with the attached camera (Leica
DFC 320, Wetzlar, Germany).
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List of abbreviations

ANKA Angstromquelle Karlsruhe

CcC correlation coefficient

Cv coefficient of variation

fps frames per second

ga galea

KIT Karlsruhe Institute of Technology
Ic lacinia

Imt laminatentorium

m membranous surface area of stipes
M Musculus

PC principal component

PCA principal component analysis

pm palpus maxillaris / maxillary palp
R|L right | left

SD standard deviation

SEM scanning electron microscopy
SOG subesophageal ganglion

X;~ grand mean

Appendix

Two movie sequences (moviel and movie2)
Legend for both movies, respectively:
Synchrotron-based X-ray cineradiographic movie saqas showing all mouthpart elements

interacting during food uptake in our model systeariplaneta americana.

One Figure (Figl supplementary material)

Figure legend for Figl supplementary material:

Autocorrelation diagrams (i.e. autocorrelation éicefntsversus lag time) for the
representative sequendeefiplaneta_4" as shown in Figs. 1 and 10 of the main text.&fm
explanation of angles “m” and “a”-“f", see Fig. d®the main text. "Labium" refers to the
pro- and retraction movements of the labium. Thehdd lines indicate the 95% confidence
intervals of the autocorrelation coefficients dagmd on the y axis. Where these are
intersected by the autocorrelation curves, thecautelations are statistically significant. The
black and red curves are indicative of the respedéft and right mouthparts, showing their
degree of synchronicity. Only the movement of #i@um(H) is shown in concert with that

of the left mandible.
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- Two text paragraphs that explain the Material aretidds section in more detail:
(1) Technical setup of applied in vivo high-speedaX cineradiography;
(2) Calculation of triangles using basic trigonorigetunctions for the description of the

kinematics of the different mouthparts
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Figure legends

Fig. 1: Kinematics of the mandibles during the feeding pesqA) Representative radiography image
sequenceReriplaneta_4) of about 500 ms depicting the opening and etpsycle of the mandibles
(colored in red). The numbers indicated the timarse of the depicted sequence (milliseconds that
lapsed from the start)Bj angleversus time diagram of the angle “m” and distarveesus time

diagram of the gap width of the mandibles witthia image sequence shown in (£F;) angleversus

time diagram and pattern of the gap width depictirgcomplete movie sequence (bracket with arrow
tips indicates the motion cycle displayed in (aj én); horizontal red line in (B) and (C) indicates
condition when the gap width of the mandibles i Zéurther closing of the mandibles leads to
negative values of the gap width, since their éisoverlapping). For an explanation of angle “md a

gap width of mandibles, see Fig. 10.

Fig. 2. Representative anglersus time diagrams of about 3000 ms depicting the imahips
between the opening angle of the mandibles “m”ntheillary angles “a™-“f", and the pro- and

retraction movement of the labium. For an explamatif angles “m” and “a”-“f", see Fig. 1.

Fig. 3: Upper half of the figure: Summary of the corraatanalyses (according to Pearson) of all
parameters (angles: mandibles, maxillae; distamgagswidth of mandibles, labium) of all 12

specimens. All correlations (negative and positivigh significance< 0.05 are counted. Bottom half
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of the figure: Medians of the correlation coeffitie (CC). High CCs represent a strong stereotypy in
the movement of two mouthpart elements, whereassimg or weak CC is indicative of a high
modulation capacity. Pronounced synchronicitiestlmastated for the movements of corresponding
mouthparts regarding both body sides (i.e. angi&s “a”, “b”, “c”, “d”, and “e” of the left and ridnt
side of the body, respectively) as well as forrtievement patterns of the basal elements (cardo and
stipes) of the maxillae. The same applies for tireetation of the movement of the mandibles with
that of the maxillae about their articulationstet head capsule (angles “m” and “a”).

A higher degree of modulation is indicated by wed&€s within the movement of the labium with

that of the mandibles and the maxillae, respegtivel

Fig. 4: Boxplot diagrams of the coefficients of variatidntioe (A) maxima,(B) minima, andC) time
spans needed for an entire motion cycle (i.e. ageaind closing) of the parameters used to describe

the mouthpart kinematics (cf. Figs. 9-10).

Fig. 5: Model of the maxilla highlighting the musclesdidtin Tab. 2(A) M. craniocardinalis
externus (M15), M. tentoriocardinalis (M17), M. teriostipitalis (M18),(B) M. craniolacinialis
(M19), M. stipitolacinialis (M20)(C) M. stipitogalealis (M21). Abbreviations: Imt: lang@tentorium.

M: Musculus. Scale bars =1 mm.

Fig. 6: Functional model explaining the observed motiotlewf the maxilla during a time frame of
800 ms. The sequence is divided into four conseesegments (first to fourth phase of motion
cycle).(A) Angle versus time diagrams as observed from a representatiwéen{®) Positions of the
individual maxillary elements and the assumed apwading activity of the involved muscles. Since
the action of the respective muscles could notdseiwed directly, their effect on the complex
maxillary movement pattern had to be indirecticomstructed via the changes of the angles
determined in the cineradiographic analysis. Fergbsitions of the triangles, by which the maxjllar
angles “a” to “e” were constructed, see Figs. 9cHFd) description of muscles, see Tab. 2 and Fig. 5
Structures highlighted in blue are fixed structusgthin the tentorium or the head capsule. Scafs ba

=1 mm. Abbreviations: Imt: laminatentorium.

Fig. 7: Resilin distribution across the maxilla as estdidd via fluorescence microscof¥)
Overview of membranous surface area of the stigpasél aspect of right maxilland(B)
corresponding detailed view, showing cuticular angdh high levels of resilin inclusions in the
cuticle. Abbreviations: ga: galea, Ic: lacinia,membranous surface area of the stipes, pm: palpus

maxillaris / maxillary palp.
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795  Fig. 8: Experimental set-up for phase contiastivo cineradiography by using synchrotron radiation
796 at the TopoTomo beamline: The synchrotron radiasagenerated by a bending magnet inside the
797 storage ring, passes the various shutters, a lenyiixit window (not shown), and a silicon wafenda
798 permeates the head of the feeding cockroach. Substy, the X-rays are transformed into visible
799 light by means of a scintillator. A visible lightiecnoscope with a folded beampath projects the

800 Iluminescence image onto the chip of a high-spesteain which the pictures are stored. (Figure
801 modified from Westneat et al., 2008)

802

803 Fig. 9: Ventral views of the radiographic image of theche&P. americana: (A) Indication of the 19
804 moving landmarks (red dots) and the six fixed laadam (blue dots). Both denote important

805 morphological structures that are important forkimematic analyse$¢B) Construction of the

806 triangles used to calculate the mandibular opeaigie “m” and definition of the “gap width of

807 mandibles”(C-E) Construction of the triangles used to calculageréspective maxillary angles. Red
808 points are movable in their positions, blue pointicate fixed points(C) Angle “a” is characteristic
809 for the abduction and the adduction movement ot#rdo.(D) Angle “b” indicates the degree of
810 protraction of the complete maxilla; angles “c” &dtl depict the bending between cardo and stipes
811 corresponding to the degree of maxillary pro- éraction.(E) Angles “e” and “f” are indicators for
812 the kinematics of the palpomeres of the maxillaalppAbbreviations: | left, m opening angle of

813 mandibles, r right. For explanations of the landteaee Tabs. 4-5.

814

815 Fig. 10: Model of the maxilla, highlighting the trianglesad to calculate the various maxillary angles.
816 Red points are movable in their positions, bluesoindicate fixed points. For an explanation of
817 angles “a™“f", see Fig. 1. Abbreviations: Imt: lamatentorium. Scale bars = 1 mm.

818

819

820 Tables

821

822 Tab.1l:

823

824 A
component eigenvalue explained variance [%] cumulated explained variance [%]
PC1 9.69 60.55 60.55
PC2 3.41 21.30 81.85

825

826 B

Principal Component
1 2
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a left 0.95

d left -0.93
c left 0.93
c right 0.91

gap width  -0.89
d right -0.89
m right -0.89

a right 0.88
m left -0.88
b left 0.86
b right 0.79
f left -0.68
e left 0.50
labium 0.79
e right -0.78
f right 0.700
827
828 Tab.2
829
name insertio function
M. craniocardinalis at dumbbell-shaped structure of  rotator, retracting maxilla by
externus (M15) saddle joint of cardo abduction of cardo
M. tentoriocardinalis endoskeleton margin, parallel to  promotor, protracting maxilla by
(M17) cardinostipital fissure adduction of cardo
M. tentoriostipitalis (M18) at medial aspect of the stipes adductor, pulls stipes mediad
toward hypopharynx
M. craniolacinialis (M19) medial, basal edge of the lacinia adductor of lacinia
M. stipitolacinialis (M20) at basal margin of lacinia, next to adductor of lacinia
M19
M. stipitogalealis (M21)  at basal margin of galea, lateral  abductor of galea
wall
830
831 Tab.3:
832
Name of movie ¥ Motion  Image Sequence length
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833
834
835

836

cycles

Periplaneta_1
Periplaneta_2
Periplaneta_3
Periplaneta_4
Periplaneta_5
Periplaneta_6
Periplaneta_7
Periplaneta_8
Periplaneta_ 9
Periplaneta_10
Periplaneta_11
Periplaneta_12

Tab. 4:

Labels of landmarks

© 00 N O o A W DN PP

L e o =
N~ o 00~ W N R O

A W O O N O ©

w A~ b

acquisition (Z frames)
rate [fps]
60 247
60 99
60 200
60 172
60 160
125 196
125 232
60 211
125 283
125 342
125 259
125 254

Description of the morpholobgteuctures

tip of mandible right

tip of mandible left

insertion of maxillary palp at stipes right
insertion of maxillary palp at stipes left
articulation between cardo and stipes right
articulation between cardo and stipes left
front edge of prementum

front edge of mentum

front edge of labrum

end 1 palpomere of maxillary palp right
end 1 palpomere of maxillary palp left
end ¥ palpomere of maxillary palp right
end ¥ palpomere of maxillary palp left
end & palpomere of maxillary palp right
end & palpomere of maxillary palp left

tip of maxilla (galea) right

tip of maxilla (galea) left

27



837
838

839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861

Tab.5:

Labels of fixed landmarks Description of the morplgacal structures
fix1 pivot point of the left mandible

fix2 pivot point of the right mandible

fix3 center between fix1 and fix2

fix4 pivot point of the cardo of the left maxilla
fix5 pivot point of the cardo of the right maxilla
fix6 center between fix4 and fix5

Table legends

Tab. 1: Results of a PCA performed on the sequdteglaneta 4. A List of the extracted principle
components (PC1, 2) and their explained variar@ésadings of the kinematic variables (angles of
mandibles and maxillae, distances of labium, anvgdth of mandibles) on the two extracted

principal components. For an explanation of théaldes, see Figs. 9-10.

Tab. 2: List of the most important muscles (nomenclatweeading toKelér,1963)powering the
maxillary movement, illustrating their points osgrtion as confirmed by our dissections, and their
proposed function (the latter according to Kel®63). The muscles responsible for the kinematics of

the maxillary palps and the palpomeres are natdist
Tab. 3: List of the 12 selected radiographic sequencesigapwith information about the number of
analyzed motion cycles of the mouthparts, the teaipesolution, and the length of the sequences

indicated by the total number of frames.

Tab. 4: Description of the movable landmarks displayedigq & indicating the respective

morphological structures.

Tab. 5: Description of the fixed landmarks displayed in.Fdndicating the respective morphological

structures.
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