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Abstract 12 

The kinematics of the biting and chewing mouthparts of insects is a complex interaction of various 13 

components forming multiple jointed chains. The non-invasive technique of in vivo cineradiography 14 

by means of synchrotron radiation was employed to elucidate the motion cycles of the mouthparts in 15 

the cockroach Periplaneta americana. Digital X-ray footage sequences were used in order to calculate 16 

pre-defined angles and distances, each representing characteristic aspects of the movement pattern. We 17 

were able to analyze the interactions of the mouthpart components and to generate a functional model 18 

of maxillary movement by integrating kinematic results, morphological dissections, and fluorescence 19 

microscopy. During the opening and closing cycles that take 450-500 ms on average, we found strong 20 

correlations between the measured maxillary and mandibular angles, indicating a strong neural 21 

coordination of these movements. This is manifested by strong antiphasic courses of the maxillae and 22 

the mandibles, antiphasic patterns of the rotation of the cardo about its basic articulation at the head, 23 

and by the deflection between the cardo and stipes. In our functional model of the maxilla, its 24 

movement pattern is explained by the antagonistic activity of five adductor / promotor muscles and 25 

one adductor / remotor muscle. However beyond the observed intersegmental and bilateral stereotypy, 26 

certain amounts of variation across subsequent cycles within a sequence were observed with respect to 27 

the degree of correlation between the various mouthparts, the maximum, minimum, and time course of 28 

the angular movements. Although generally correlated with the movement pattern of the mandibles 29 

and the maxillary cardo-stipes complex, such plastic behaviour was especially observed in the 30 

maxillary palpi and the labium. 31 
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Introduction 38 

 39 

Whereas the principal morphology of insect mouthparts has been studied for a number of orders, only 40 

a few observational studies have elucidated their function during feeding. Studies of the biting and 41 

chewing mouthparts have been conducted, for instance, on cockroaches (Blattodea) (Popham, 1961), 42 

earwigs (Dermaptera) (Popham, 1959), and carabids (Coleoptera) (Evans, 1964; Forsythe, 1982; 43 

Forsythe, 1983; Evans and Forsythe, 1985). However, these studies are exclusively based on 44 

qualitative approaches and do not present quantifiable analyses on the coordination and kinematics of 45 

the various mouthparts over time. The aim of this study was to focus on the kinematics of biting and 46 

chewing mouthparts using Periplaneta americana (Linnaeus, 1758) as an example. Previous studies 47 

have shown that the movement of such mouthparts is rhythmic and highly coordinated (Smith, 1985; 48 

Popham, 1959; Popham, 1961). Research on locusts (Seath, 1977a; Seath, 1977b; Rast and Bräunig, 49 

2001a; Rast and Bräunig, 2001b) has demonstrated the motoneural correlations of such a stereotyped 50 

pattern at the level of the subesophageal ganglion (SOG). The SOG, for its part, is modulated by the 51 

frontal ganglion and the ventral nerve chord (Blaney and Simmonds, 1987; Griss, 1990; Griss et al., 52 

1991; reviewed in Chapman 1995a). In arthropods, almost all the chemo- and mechanoreceptors 53 

associated with ingestion and the motoneurons of the mandibular muscles project onto this ganglion 54 

(Altman and Kien, 1979; Kent and Hildebrand, 1987; Chapman, 1995b). 55 

As in walking, the varying demands of load during feeding must be met by variation in the velocity, 56 

force, and frequency of muscle contractions, thereby implying modulation by sensory information 57 

(Smith, 1985). As an example, Seath (1977a, 1977b) describes a context-sensitive precision control of 58 

the mandibles of locusts via sensory modulated muscle action governed by resistance reflexes. 59 

Despite these neurobiological findings, descriptive and experimental studies of mouthpart feeding 60 

coordination and kinematics in insects are scarce (cf. Seath 1977a; Seath 1977b, but this study does 61 

not consider the maxillae). This is because the detailed kinematics of all the elements of the 62 

mouthparts cannot be recorded simultaneously to date, since their overlapping positions and complex 63 

motion has limited any kind of image analysis. 64 

In this regard, the technique of in vivo high-speed X-ray imaging (Westneat et al., 2003; Socha et al., 65 

2007; Westneat et al., 2008; Betz et al., 2008; Schmitt et al., 2009; Rack et al., 2010) enables the 66 

display of overlapping structures in the interior of living animals with high temporal resolution and 67 

thus reveals the function of internal organ systems. For X-ray cineradiography, synchrotron light 68 

sources generate a photon beam that (i) propagates quasi-parallel, (ii) has fluxes that are by orders of 69 

magnitude higher than laboratory sources, and (iii) allows the exploitation of more sophisticated 70 

contrast modalities (Betz et al., 2008). The use of synchrotron radiation is thus the next step in fast-71 

imaging development, i.e. high-speed hard X-ray cineradiography employing phase contrast 72 

mechanisms (Westneat et al., 2003; Westneat et al., 2008). 73 
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In the present contribution, we use synchrotron-based X-ray cineradiography with a temporal 74 

resolution of up to 125 frames per second (fps) to describe and quantify the kinematics of the various 75 

mouthparts and their interactions in P. americana. The aim of this study is to use this data (together 76 

with our investigation of the maxillary muscles) to generate a functional model of the maxilla 77 

hypothesizing its complex kinematics. Our hypotheses to be tested in this study can be developed as 78 

follows. (1) Due to the common neuronal control of the various mouthpart components by the SOG 79 

and due to the organization of these components within a complex functional unit, we expect both a 80 

high degree of rhythmicity and a strong synchronicity in the movement of the different mouthpart 81 

components. Whereas the synchronicity serves as a measure of the stereotypic coupling of the 82 

mouthpart components, the rhythmicity of the individual movements indicates a continuous and 83 

uniform movement sequence. (2) Within the framework of the complex motion cycle of the 84 

mouthparts, we expect differences concerning the degree of synchronization of certain parts of the 85 

mouthpart complex. We expect a pronounced synchronicity for the movement of corresponding 86 

mouthpart components of both sides of the body (i.e. the maxillae and mandibles of the left and right 87 

side, respectively) as well as of the basal elements (cardo and stipes) of the maxilla. Their movements 88 

have to be functionally coupled to ensure the efficient manipulation and subsequent ingestion of food. 89 

In contrast, some mouthpart components (e.g. the maxillary palps and the labium) have to be used in a 90 

more flexible manner during food uptake, so that it is likely that their movements are modulated to a 91 

higher extent and consequently exhibit a lesser degree of synchronicity.   92 
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Results 93 

 94 

Mouthpart kinematics 95 

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

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

and 2 in supplementary material). Digitizing pre-defined mouthparts over the course of several 98 

movement cycles made it possible to quantify this pattern using different approaches. 99 

 100 

Correlation analyses 101 

Mandibles: In almost all analyzed sequences, both mandibles perform regular opening and closing 102 

movements about their basic articulation at the head capsule during feeding on soft food material (cf. 103 

Fig. 1). No obvious differences between the time spans needed for opening and closing of the 104 

mandibles were observed. Fig. 1a shows representative footage depicting one motion cycle of the 105 

mandibles (approx. 500 ms). The angle versus time diagram (Fig. 1b) shows the sequence of both the 106 

opening angle and the gap width of the mandibles for the movement cycle depicted in this sequence 107 

(Fig. 1a). The patterns of both angles (left and right mandible) are sinusoidal and correspond in terms 108 

of both their amplitude and duration with each other (Fig. 1c). There is hardly any variation in the 109 

maximum (60-65°) and minimum (42°) values of the opening angle within this sequence. 110 

Accordingly, the peaks for the gap width of the mandibles are similarly invariable during the 111 

maximally opened state (approx. 750 µm) and the maximally closed state (approx. -300 µm). The 112 

obtained negative value is attributable to the tips of the mandibles overlapping, i.e. exceeding the zero 113 

line during the closing movement (cf. Fig. 1b-c: zero line denoted in red). The value for the distance 114 

between the tips of the mandibles consequently increases as the tips start to cross each other. To obtain 115 

a better overview, these distances are indicated by negative values. 116 

Overall, both the angle “m” and the “gap width of mandibles” show a high consistency of their 117 

kinematics during opening and closing in all the analyzed movies (given are maxima (minima in 118 

brackets) for N=12) “m” right side: X;
=
= 60.0° (40.8°), standard deviation (SD): 5.8 (5.0); “m” left 119 

side: X;
=
= 58.5° (43.1°), SD: 4.3 (4.5); "gap width of mandibles": X;

=
= 741 µm (-158 µm), SD: 120 

263.6 (148.5). The same applies to the time necessary for the completion of an entire motion cycle of 121 

the mandibles, i.e. the time between two maxima in the angle versus time diagrams (“m” right side: 122 

X;
=
= 451 ms, SD: 105.3; “m” left side: X;

=
= 498 ms, SD: 123.9). 123 

 124 

Maxillae: Like for the mandibles, our statistical analyses revealed a uniformly occurring rhythmic 125 

movement of the maxillae that appeared bilaterally coupled (including the ab- and adduction of the 126 

maxillary palpus at its base via angle "e" in Fig. 10c). This coordination was indicated by the 127 

maxillary angles "a" and "d" (cf. Fig. 10) being highly consistent with respect to their kinematics 128 
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during opening and closing across all the analyzed movies (given are maxima (minima in brackets) for 129 

N=12) “a” right side: X;
=
= 159° (139°), standard deviation (SD): 15.1 (8.1); “a” left side: X;

=
= 163° 130 

(142°), SD: 12.5 (11.3); "d" right side: X;
=
= 106° (83°), SD: 8.1 (10.5); "d" left side: X;

=
= 105° 131 

(81°), SD: 12.6 (12.5). The same applies to the time necessary for the completion of an entire motion 132 

cycle of the maxillae, i.e. the time between two maxima in the angle versus time diagrams (“a” right 133 

side: X;
=
= 446 ms, SD: 113.7; “a” left side: X;

=
= 447 ms, SD: 128.7; “d” right side: X;

=
= 455 ms, 134 

SD: 119.7; “d” left side: X;
=
= 446 ms, SD: 121.1). 135 

If the maxillary angles are added to the sequence depicted in Fig. 1, the strong synchronization 136 

between the right and the left side of the body is further confirmed (Figs. 2a-b, d and Fig. 3). This is a 137 

general pattern that applies to all the analyzed sequences. In contrast, the angles describing the 138 

kinematics of the maxillary palps are less synchronized regarding both sides of the body (Figs. 2c and 139 

3). Almost all the maxillary angles are highly intercorrelated with respect to their amplitude and 140 

duration. This also applies to their correlation with the opening angle of the mandibles (Figs. 2a, d and 141 

3). In Fig. 3 the correlation tables for all the sequences are summarized to provide an overview of the 142 

inter-individual consistence of the correlations within the mouthpart system. Strong correlations exist 143 

between the opening angles of the mandibles (angles "m") and both maxillae (angles “a”). A strong 144 

synchronization between the mandibles and the maxillae can be found for almost all of the 12 145 

analyzed sequences (e.g. mandibular opening angle “m” (left/right) with the maxillary angles “a” in 146 

Fig. 3). The movement of the maxillary palps (angles "e" and "f") are, in most cases, correlated only to 147 

a low or medium extent with the general maxillary, mandibular, and labial movements (Fig. 3).  148 

Labium: During feeding the labium performs regular pro-and retraction movements (Fig. 2d) (duration 149 

of an entire cycle: X;
=
= 568 ms (SD: 269.2), N=12). Its maximum protraction distance (as measured 150 

relative to its most retracted condition in a specimen) amounts to a grand mean of 334 µm (SD: 127.5, 151 

N=12). In many cases, changes in the angles of the mandibles and the maxillae are only weakly 152 

correlated with the pro- and retraction of the labium (Fig. 3). These correlations can be both negative 153 

and positive indicating certain flexibility probably depending on the current feeding situation. 154 

 155 

Coefficients of variation 156 

The coefficients of variation (CV) of the maxima, the minima, and the time spans presented in the 157 

previous section are an additional clue with regard to the variability of the kinematics of the individual 158 

mouthpart elements, whereby the CVs are only comparable within a particular unit, i.e. the angle, 159 

distance, or time measurements. The medians and the interquartile ranges of the boxplots reveal that 160 

the movement angles of the elements of the mandibles and the maxillae are constant, showing CVs of 161 

about ≤ 10% (medians). In some cases, as indicated by partly long whiskers in individual boxplots, 162 

single cycles within a specimen might largely deviate from the general pattern, leading to higher CVs 163 

and indicating a certain amount of (context-dependent) flexibility, even in the movements of the 164 
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mandibles and the cardo-stipes complex of the maxilla. With regard to the time span needed for one 165 

motion cycle, the strong coordination between the mandibles and the maxillae is confirmed by the 166 

similarity of their medians (Fig. 4c). The labium appears more plastic in both its pro- and retraction 167 

time and its protrusion distance (Fig. 4a-c). 168 

 169 

Principal component analyses (PCA) 170 

The high coordination of the individual elements of the mouthparts was also confirmed by the PCA 171 

(Tab. 1). Four and three PCs were extracted in each of the five specimens. They covered the range 172 

from 86.7 - 91.0% (four extracted PCs) and 81.8 - 89.7% (three extracted PCs) of the total variance, 173 

respectively. In two specimens, only two PCs were extracted, explaining 81% of the total variance. 174 

Our analyses confirmed that the maxillary angle "d" between cardo and stipes was generally loaded on 175 

PC1 or PC2 in an opposite way from all the other angles of the maxillary body (i.e. "a", "b", and "c"). 176 

At the same time, the sign of the loading of this angle on the PCs corresponded consistently with the 177 

mandibular angle "m" and the corresponding mandibular "gap width" (e.g. Tab. 1b). The loadings of 178 

the variables on the PCs further confirmed the close correspondence of the mouthpart elements of both 179 

the left and the right side, although in six cases (in which three or more often four PCs were extracted) 180 

the corresponding left and right elements might have been loaded onto different PCs. Both the angles 181 

of the maxillary body and the mandibles usually were highly loaded on PC1, further supporting the 182 

strong synchronization of these mouthpart elements. Only in three specimens the mandibles were 183 

loaded onto PC2. The loading pattern of the angles of the maxillary palpus (i.e. angles "e" and "f") 184 

indicated a behaviour that was more independent from the maxillary body. Only in five specimens the 185 

angle "e" (basal articulation of the palpus at the stipes) was loaded together with the other maxillary 186 

angles on PC1, and angle "f" did so only once. In all the other specimens, these angles were loaded on 187 

higher PCs. The movement of the labium did not consistently load with the other mouthpart elements. 188 

In five sequences, it loaded together with the maxillary and mandibular angles on PC1, whereas in five 189 

other sequences, it was separately loaded on a higher PC, explaining less of the total variance.  190 

 191 

Autocorrelation analysis 192 

This analysis was exemplarily conducted for one representative individual (Periplaneta_4) (cf. Fig. 193 

1A-H in supplementary material). It confirmed the high rhythmicity already demonstrated in our angle 194 

versus time diagrams (Figs. 1-2). There appear significances of alternating positive and negative 195 

autocorrelation coefficients that re-occur on a regular basis with respect to the progressing lag time. 196 

This is indicative of the motion cycles of most mouthpart elements following a sinusoidal pattern (Fig. 197 

1 in supplementary material). Whereas in this sequence almost all the angles follow this regular 198 

pattern, lower or lacking autocorrelations were determined for the general movement of the maxillary 199 

palpus about its insertion at the palpifer (cf. angle "e" in Fig. 10 and Fig. 1F in supplementary 200 

material).  201 
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 202 

Functional model of the maxillary kinematics 203 

The observed pro- and retraction of the maxilla during a motion cycle is paralleled by the ad- and 204 

abduction of its tips (i.e. the galea-lacinia complex). Such a motion cycle involves strong flexion and 205 

extension movements in the cardo-stipes articulation accompanied by the in- and outward rotation of 206 

the cardo around its articulation with the head capsule (Fig. 6 and movies 1 and 2 in supplementary 207 

material). To generate a functional model of the maxillary kinematics from our footage, we 208 

investigated the maxillary muscle complex (Tab. 2). The most important muscles that power the 209 

maxillary movement are shown in Fig. 5 together with their functions as presumed from the literature 210 

(Kéler, 1963; Snodgrass, 1993). The insertion points of these muscles in P. americana could be 211 

confirmed by our direct dissections of the maxillae. 212 

The functional model explaining the observed maxillary kinematics consists of four consecutive 213 

phases (Fig. 6): 214 

(1) First phase of the motion cycle ((1) in Fig. 6b): Both the cardo and the stipes are maximally 215 

protracted, and the cardo is kept maximally adducted with respect to the medial line. This is reflected 216 

in the maxillary angle “d”, which describes the cardo-stipes articulation, assuming its maximum of ca. 217 

110° (Fig. 6a), and the maxillary angle “a” reaching its minimum of 135°. The protraction of the 218 

maxilla is effected by the contraction of the M17, although we assume that the involved increase of the 219 

angle “d” is facilitated by non-muscular preflex movements caused by the protein resilin embedded 220 

into the articulation membrane (see next section). Moreover, the widening of the angle "d" might be 221 

passively caused by the adduction pressure that both abutting maxillary galeae exert on each other. 222 

The continuing adduction of the apical part of the maxilla toward the medial line is caused mainly by 223 

the simultaneous contraction of the M18. During this process, both tips of the maxillae (i.e. the galeae) 224 

are still kept in contact and finally reach their maximally protracted position. At the end of phase 1, the 225 

cardo is kept maximally adducted, both the cardo and the stipes are maximally stretched forward, and 226 

the maxillary palp (angle "e") is maximally retracted. 227 

(2) Second phase of the motion cycle ((2) in Fig. 6b): The retraction of the maxilla is initiated as 228 

reflected by the maxillary angle “d” starting to decrease, while the maxillary angle “a” increases. This 229 

is reflected in the tip of the maxilla moving laterad away from the medial line, as caused by the action 230 

of the M15. The actual retraction of the maxilla is enabled by the flexion of the stipes with respect to 231 

the cardo. The flexion is made possible by the action of the M19. The maxillary palps start re-moving 232 

to the anterior. 233 

(3) Third phase of the motion cycle ((3) in Fig. 6b): In this third phase, both the retraction and the 234 

abduction of the maxilla away from the medial line are complete. As a consequence, the cardo and the 235 

stipes are maximally bent against each other, so that the maxillary angle “d” attains its minimum. In 236 

this way, the resilin-containing arthrodial membrane between the cardo and stipes is compressed and 237 

loaded for its rebound in the next phase (phase 4) of the motion cycle. 238 
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In this phase of the motion cycle, the angle “a” displays its maximum, which is associated with a 239 

maximum abduction of the cardo and a pronounced retraction of the maxilla. The described 240 

movements can be explained by the complete contraction of both the M15 and M19, whereas the M17 241 

and M18 are completely relaxed. Both maxillary palps are maximally stretched forward in relation to 242 

the stipes. 243 

(4) Fourth phase of the motion cycle ((4) in Fig. 6b): The re-protraction and re-adduction of the 244 

maxilla is initiated. Although probably initialized by the elastic rebound of resilin, the protraction of 245 

the maxilla is increasingly effected by muscular contraction, probably passively supported by the 246 

abutting of both galeae at the medial line of the body. At the beginning of this phase, both the M15 247 

and the M19 are relaxing, and the maxilla is rotated inward by the contraction of the M17. At the same 248 

time, the contraction of the M18 causes the adduction of the stipes toward the midline. As a result, the 249 

tips of the maxillae (i.e. the galeae) of both sides medially contact each other, while being further 250 

protracted; they reach their maximum protraction in the subsequent (first) phase of the motion cycle 251 

((1) in Fig. 6b).  252 

 253 

Fluorescence microscopy of the maxillae 254 

Intense blueish autofluorescence (indicating the presence of resilin) was found especially on the 255 

membranous, i.e. less sclerotized cuticular surfaces and the joint structures (e.g. the joint between 256 

cardo and stipes). Figure 7 depicts the membranous integument between the insertion of the maxillary 257 

palp and the joint region between cardo and stipes of the right maxilla as seen from dorsal. There 258 

appears a gradient of the resilin distribution between the soft integument (featuring a strong 259 

autofluorescence) and stronger sclerotized areas (sclerites).  260 
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Discussion 261 

 262 

Our analysis shows that synchrotron in vivo cineradiography (e.g. Betz et al. 2008; Westneat et al., 263 

2008) is a useful tool that makes it feasible to perform analyses of general mouthpart coordination in 264 

insects, including all mouthpart elements, and to aid in understanding the often complex kinematics of 265 

single mouthpart elements (e.g. of the maxillae). 266 

In this study, we investigated how the biting and feeding mouthparts of the cockroach Periplaneta 267 

americana are mutually coordinated. Our hypotheses regarding their movement patterns with respect 268 

to their rhythmicity and stereotypy could be confirmed, even though it became clear that in certain 269 

mouthpart elements (depending on their functional role in the entire mouthpart complex) some degree 270 

of modulation is possible. This may help the animals to adjust to different feeding contexts such as the 271 

mechanical properties of the food. Finally, our results of the movement analyses were used in 272 

combination with the morphological analyses to generate a two dimensional functional model of the 273 

movement cycle of the maxilla. 274 

 275 

Kinematics of the mandibles 276 

According to the hinge-like articulation of the mandibles to the head capsule, the opening angle of the 277 

mandibles (cf. angle "m" in Figs. 1 and 9b) is the only available parameter to describe mandibular 278 

kinematics (Fig. 1). In addition, the distance between both the mandibular apices (cf. “gap width of 279 

mandibles” in Figs. 1 and 9b) during a movement cycle has been measured to elucidate the movement 280 

pattern of both mandibles simultaneously by means of a distance value. This parameter confines the 281 

maximum manageable size of a food bolus to about 740 µm (calculated grand mean over all 12 282 

specimens). 283 

The duration of an entire motion cycle of the mandibles amounts to 450-500 ms. This is in agreement 284 

with studies of Blaney and Chapman (1970) in the locust Schistocerca gregaria, in which time 285 

intervals for motion cycles of the mandibles attain 270-550 ms. A strong rhythmicity of the 286 

mandibular movement was confirmed in our autocorrelation analysis (Fig. 1A in supplementary 287 

material) supporting our hypothesis 1. In Periplaneta, the maxima and minima of the mandibular 288 

opening angles and the duration of a movement cycle show relatively low mean coefficients of 289 

variation (CV) (Fig. 4) across the 12 sequences, suggesting a rather stereotyped movement pattern (cf. 290 

hypothesis 1). 291 

The angle versus time diagrams shown in Figs. 1-2 depict similar patterns in the values of the rotation 292 

angles of both the left and the right mandible regarding their temporal movement and their absolute 293 

values, a pattern that is representative for most of the analyzed sequences. This is further supported by 294 

the results of our correlation and principal component analyses (Fig. 3 and Tab.1) and indicates a 295 

bilateral coupling of both mandibles (cf. Popham, 1959; Popham, 1961) (cf. Hypothesis 2).  296 
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As can be seen in Fig. 1, the time needed to open the mandibles is approximately as long as the time 297 

needed to close them, a trend that could be found in all 12 sequences. These results differ from the 298 

observations of Blaney and Chapman (1970) and Seath (1977a), who have determined, in Schistocerca 299 

gregaria, the opening of the mandibles to occur twice as fast as the closing movement. Chapman 300 

(1995b) assumes that such differences might be attributable to the resistance of the food substrate 301 

during the closing movement of the mandibles. Hence, the pasty substrate with which the cockroaches 302 

were fed during our experiments might have enabled the observed fast closing movements.  303 

 304 

Kinematics of the maxillae 305 

We have used four angles ("a"-"d" in Fig. 10) to describe the movement of the cardo-stipes complex, 306 

and two angles ("e"-"f" in Fig. 10) for the description of the maxillary palp. In comparison with the 307 

mandibles, the movements of the multi-segmented maxillae exhibit a higher degree of freedom and are 308 

thus more complex. However, similarly to the mandibles, we have determined high autocorrelation 309 

values regarding the rhythmicity of the angles of the maxillary body (Fig. 1B-E in supplementary 310 

material) strengthening our hypothesis 1. In addition, only low overall variation of these angles (as 311 

indicated by CVs ≤ 10%) and strong correlations (high correlation coefficients (CC) indicate high 312 

levels of synchronicity) among these angles and between both body sides (Figs. 3-4, Tab. 1) were 313 

determined. The strong correlation among the angles "b", "c", and "d" (Fig. 3 and Tab. 1) can be 314 

explained, since all three angles are part of the same triangle. Our correlation and principal component 315 

analyses (Fig. 3 and Tab. 1) suggest that the movement of just one component of the maxillary body 316 

influences the positions of all the other parts, being connected according to the principle of a multiple 317 

articulated chain (e.g. Nachtigall, 2005). For instance, in agreement with Kéler (1963), the protraction 318 

of the stipes is caused by the adduction of the cardo (Fig. 6: phase 4 to 1). Hence, an explanation of the 319 

kinematics of the maxillae requires the simultaneous monitoring of all its components, a condition 320 

fulfilled in our study. 321 

As also confirmed by both our analyses (Fig. 3 and Tab. 1) and our functional model of the maxillary 322 

movement (Fig. 6), the angles "a" and "d" run in antiphase (Figs. 9c-10). That is, during the backward 323 

rotation of the cardo (causing the opening of the maxilla), the stipes is flexed inward, so that the galea 324 

and stipes can be held close to the medial head axis keeping contact with the food bolus. Since neither 325 

of these movements mechanically implies each other, this can only be managed by a close 326 

coordination of the activity of the muscles M15, M17, and M18 (Tab. 2).  327 

The maxillary palps are regularly moved back and forth (cf. Figs. 2c and 6a), whereas the maxima and 328 

minima of the oscillation angle "e" about the stipes is more variable compared to the other angles of 329 

the maxillary body (cf. Fig. 4a-b and Fig. 1F in supplementary material). This view is further 330 

supported, since both the palpus angles "e" and "f" tend to load on higher PCs in our PCA, as in Klein 331 

(1982), who has found only a loose coupling of the palps of crickets to the rhythmic feeding activities 332 

of the other mouthparts. Indeed, neural recordings of deafferented nerves of the subesophageal 333 
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ganglion (SOG) of the locust Locusta migratoria have revealed that the outputs of the motoneuron of a 334 

maxillary palpus muscle are only weakly coupled to the mandibular motor pattern (Rast and Bräunig 335 

2001a; Rast and Bräunig, 2001b). Moreover, the decreased rhythmic movements of the palps might be 336 

explained by their prevailing sensory function during feeding (cf. Hypothesis 2). 337 

According to Snodgrass (1993), the movements of the maxillae are effected by the action of 11 338 

muscles (of which five muscles are exclusively connected with the maxillary palp). Whereas the 339 

single-segmented mandible can move only around one single axis of rotation, the maxillary kinematics 340 

result from the interaction of both ab- and adductions toward the median axis and pro- and retractions 341 

directed back and forth (Popham, 1959; Popham, 1961). As depicted in our suggested model of Fig. 6, 342 

one maxillary motion cycle consists of four consecutive phases describing the highly protracted 343 

condition of the maxillae (phase 1), the maximally retracted condition (phase 3), and both transition 344 

states in between (phases 2 and 4). Our functional model (Fig. 6) hypothesizes almost all of the 345 

observed maxillary movements by the operation of the powering muscles. However, the protraction of 346 

the maxillae (Fig. 6: phase 3 to phase 1) cannot solely be explained by muscular activity and might be 347 

assisted by the re-mobilization of the energy previously stored in the compression of the resilin 348 

containing arthrodial membrane which connects the cardo with the stipes. In addition, the opening of 349 

the angle "d" between the cardo and stipes enabling the maxillary protraction might be passively 350 

assisted by the pressure mutually exerted by both abutting galeae during the adduction process. 351 

Based on our cineradiographic analyses (and in contrast to Popham (1961), who assumed a 352 

hemolymph driven process), we consider the mechanism behind the protraction of the maxillae (i.e. 353 

the transition between phases 3 and 1 in Fig. 6) to be a combination of muscle-effected and non-354 

muscular (preflex) mechanisms caused by the elasticity of the arthrodial maxillary membranes. 355 

Around the joint of cardo and stipes, we have found significant autofluorescence when this joint is 356 

excited with UV light (Fig. 7) indicating the presence of the highly elastic protein resilin in the cuticle 357 

of this region. Acting in the described manner, the preflex mechanisms caused by the elastic arthrodial 358 

membranes might assist the action of the M17 in setting the process of protraction in motion just 359 

before the M17 starts to contract.  360 

 361 

Kinematics of the labium  362 

We have been able to quantify the pro- and retraction of the labium by means of distance versus time 363 

diagrams (Fig. 2d). As shown in this example, its kinematics can be rhythmic (cf. Fig. 1H of our 364 

autocorrelation analysis in the supplementary material) and consistent over the complete sequences, 365 

whereas in other sequences, these movements are less regular and might significantly differ in terms of 366 

both their temporal mode and amplitude, as indicated by their high CVs (Fig. 4) and their inconsistent 367 

pattern in the correlation analyses (Fig. 3) and the PCAs (cf. Hypothesis 2). In accordance with this 368 

observation, Evans (1964) characterizes the kinematics of the labium in carabid beetles as irregular 369 
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and shows that the labium only retracts providing that a sufficient amount of food is located within the 370 

cibarium. 371 

 372 

Coordination between mandibles, maxillae, and labium 373 

In chewing and biting insects, the food is generally assumed to be grasped by the maxillae, cut by the 374 

mandibles, and further transported toward the mouth via the maxillae, the mandibles, and the labium 375 

(e.g. Chapman, 1995a; Betz et al., 2003). From our functional model (Fig. 6), we can deduce that 376 

maxillary food transport is achieved during phases 2 and 3, in which the opened position of the 377 

maxillae might laterally grasp the food material to draw it backwards and, at the same time, prevent its 378 

lateral loss during mastication by the closing mandibles. These functions are probably further 379 

supported by the adductors of the galea and lacinia (cf. M19-21 in Fig. 5 and Tab. 2) (cf. Popham, 380 

1961). The labium prevents the food material from falling out ventrad. Its regular pro- and retraction 381 

movements support the other mouthparts in transporting the food toward the mouth and re-circulating 382 

it to the mandibles and maxillae. Popham (1961) suggests that the final transport of the salivated food 383 

toward the pharynx is effected by suction initiated by the cibarial and esophageal dilator muscles. 384 

Indeed, such a mechanism is supported by our radiograms showing that material is rapidly sucked into 385 

the foregut (cf. movie 1 in supplementary material).  386 

As is apparent from the angle versus time diagram in Fig. 2, the mandibular opening angle "m" and the 387 

maxillary angles "a" and "d" are, in most of the 12 examined sequences, significantly coordinated, 388 

which is confirmed by our correlation analyses (CCs reaching from -0.38 to -0.75: Fig. 3) and 389 

principal component statistics (Fig. 3 and Tab. 1). When the opening angle of the mandibles increases 390 

(i.e. the mandibles are opening), the maxillary angle "d" also increases (i.e. the maxillae are 391 

protracting), whereas the value of the maxillary angle "a" decreases (i.e. the maxillae are adducting). 392 

Hence, the opening of the mandibles, the protraction and adduction of the maxillae are usually 393 

coordinated in an antiphasic manner over the course of time as previously stated for Periplaneta 394 

americana by Popham (1961) (cf. Hypotheses 1 and 2) (cf. also Evans (1964) and Evans and Forsythe 395 

(1985) for carabid beetles). Such stereotyped coordination is generally presumed to be based on 396 

subesophageal pattern generators exhibiting fixed phase relationships in an intersegmental (i.e. 397 

between different neuromeres) and bilateral (i.e. between both body sides) coupling pattern 398 

(Rohrbacher, 1994a; Rohrbacher, 1994b; Rast and Bräunig, 2001a; Rast and Bräunig, 2001b). 399 

According to Rohrbacher (1994 a, b), the observed coordination between the various pairs of 400 

mouthparts might be enabled by promotor SOG interneurons simultaneously functioning as local and 401 

intersegmental interneurons which project over the neuromeral borders of the different mouthparts. 402 

According to their rhythmic activity patterns in relation to the chewing cycle, such modulatory 403 

interneurons are assumed to be associated with or part of a central pattern generator circuit for 404 

chewing (Rohrbacher, 1994b). 405 
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If the mean time needed for a motion cycle (grand mean over all sequences) is considered, the opening 406 

angle of the mandible angle “m” and both the maxillary angles "a" and "d" feature values between 446 407 

and 498 ms. Moreover, in most of the analyzed sequences the rotation of the maxillary palp around its 408 

basal articulation at the stipes is coordinated with the movements of the mandibles and the maxillae. 409 

This is reflected in the corresponding angle versus time diagram of the sequence Periplaneta_4 (Fig. 410 

2), which is representative for most other sequences. The maxillary angle "e" (describing the rotation 411 

of the palp around its insertion) is correlated both with the opening angle of the mandibles (although 412 

the direction of the correlations is not uniform) and with the maxillary angle "d" (negative correlation 413 

in 10-11 of 12 sequences) (cf. Fig. 3). This means that while the maxilla is protracted, the maxillary 414 

palp is moved in a reverse (posterior) direction (abduction) (cf. Fig. 5).  415 

The comparison of the distance versus time diagrams of the labial movement with the angle versus 416 

time diagrams of both mandibles and maxillae (mandibular opening angles "m" and maxillary angle 417 

"d", respectively) shows that the protraction and retraction movements of the labium are coordinated 418 

with the opening of the mandibles and with the protraction of the maxillae in 6 of the 12 analyzed 419 

sequences. However, only weak coordination for three sequences and no coordination for three other 420 

sequences are observed with regard to the labium movement with the above-mentioned mandibular 421 

and maxillary angles. This finding is also supported by weak correlation coefficients (CC 0.33-0.46), 422 

and suggests that the neural coupling between these mouthparts is not as fixed as that found in 423 

mandibles and maxillae. Although the overall movements of the maxillary palp and the labium are 424 

coordinated with the kinematics of the mandibles and the maxillae, the variability of these mouthparts 425 

in terms of their minimal and maximal values and the time intervals necessary for a complete motion 426 

cycle are much higher than those observed for both mandibles and maxillae. This suggests a higher 427 

flexibility and context-dependent control of these components during the feeding process (cf. 428 

Hypothesis 2).  429 

  430 
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Material and methods 431 

 432 

Animals  433 

We examined adult American cockroaches (Periplaneta americana) of both sexes from our stock 434 

breeding. Animals were kept in large plastic boxes under constant temperature (29°C) and 40% 435 

relative humidity. A diurnal light-dark cycle of 12 hours day and 12 hours night was chosen. Animals 436 

were fed with leaf salad, oatmeal, and water ad libitum. All experiments were carried out at room 437 

temperature (19-21°C). 438 

 439 

Preparation of animals for in vivo radiography 440 

Since the objective of this study was to describe exclusively the kinematics of the mouthparts, we 441 

needed to immobilize all the other extremities and the body of the cockroaches. To avoid unnecessary 442 

stress, the animals were tranquillized using CO2. This treatment does not have an effect on the 443 

kinematics of the mouthparts as long as the cockroaches spend enough time in fresh air afterwards 444 

(Brooks, 1965; Nicolas and Sillans, 1989). The cockroaches were glued with their dorsal sides onto 445 

microscope slides using an instant adhesive. The leg extremities, the antennae, and the neck were fixed 446 

with slender strips of adhesive tape. In order to analyze natural behaviour and to avoid long 447 

immobilization periods, preparation of the insects and in vivo radiography were synchronized as much 448 

as possible. The immobilized animals were then integrated into the experimental setup as depicted in 449 

Fig. 8. To stimulate the masticatory movements, a soft compound comprising homogenized diptera 450 

larvae, honey, and some fish food flakes was applied into the region of the mouthparts by using a pin 451 

head.  452 

 453 

In vivo high-speed X-ray cineradiography  454 

The experiments were carried out at the ANKA (Angströmquelle Karlsruhe) synchrotron light source 455 

of the Karlsruhe Institute of Technology (KIT, Germany). The 2.5-GeV ANKA storage ring hosts the 456 

bending magnet beamline TopoTomo with its high resolution microimaging station. The photon flux 457 

density and spectral range of the TopoTomo source are well-suited for in vivo cineradiography. Details 458 

of the ANKA light source and the instrumentation of the TopoTomo beamline are available in Rack et 459 

al. (2009) and Moser (2001).  460 

The experimental procedure was based on a protocol for fast in vivo X-ray imaging (frequently termed 461 

in vivo cineradiography) as published recently (Rack et al., 2010). In order to obtain the high data 462 

acquisition rates required for in vivo cineradiography, TopoTomo was operated in the so-called white 463 

beam mode: only a 0.5 mm thick Be exit window and 1 mm thick Si attenuation filter were placed 464 

between the light source and the experiment (Fig. 8). This results in a homogeneous wavefront profile, 465 

an integral photon flux density of 1010 Ph/mm2/s, and a mean energy around 20 keV at the position of 466 

the experiment. At 20 keV X-ray photon energy, the studied insects are almost transparent. 467 
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Consequently, the negligible attenuation reduces the dose to the specimen. The contrast mode 468 

deployed for the presented results is related to the diffraction of the X-rays at the interfaces within the 469 

specimen, i.e. so-called inline X-ray phase contrast (Cloetens et al., 1996; Westneat et al., 2003; Betz 470 

et al., 2007; Socha et al., 2007; Westneat et al., 2008). Even though polychromatic radiation is used, 471 

the homogeneous wavefront profile of TopoTomo in the white-beam mode is excellently suited for 472 

phase contrast imaging (Weitkamp et al., 2011).  473 

Further technical details of both our setup and the processing of the attained X-ray cineradiographic 474 

sequences are provided in the electronic appendage. 475 

 476 

Processing and analyzing the X-ray cineradiographic sequences  477 

In order to enhance the image quality within the sequences, each frame was corrected with reference 478 

images captured before cineradiography. The ImageJ (Schneider et al., 2012) plugin ANKAphase was 479 

used to perform this flat-field and dark-field correction (Weitkamp et al., 2011). Further adjustment of 480 

brightness and contrast values was carried out using the picture processing software Adobe Photoshop 481 

(Adobe Systems, 2003). 482 

Out of more than 50 cineradiographic sequences, a total number of 12 sequences representing 12 483 

different individuals were chosen for further analyses by applying the following criteria: (1) the 484 

sequences had to show at least three complete motion cycles of the mouthparts; (2) the mouthparts of 485 

P. americana had to be located within the filmed visual range for at least three motion cycles, and the 486 

local resolution of the mouthparts had to display an acceptable quality; (3) if any movements of the 487 

head capsule occurred in addition to those of the mouthparts, the sequence was rejected; (4) the 488 

behaviour of the cockroach was not to be disturbed by the treatment or the high-energy radiation. In 489 

Tab. 1 a list of the chosen sequences and some additional information is depicted. 490 

To be able to calculate angles that describe characteristic movement patterns during the mastication 491 

process, each frame of the X-ray sequences was digitized by setting landmarks to relevant 492 

morphological positions. For these landmarks, a point was defined by an x- and a y-coordinate and 493 

stored in a data matrix. This procedure was conducted with the software tpsUtil (Rohlf, 2004) and 494 

tpsDig2 (Rohlf, 2004). For each frame, 19 landmarks and in addition six fixed points (per sequence) 495 

were defined to mark the corners of the triangles (an overview and a list of these landmarks and the 496 

corresponding structures are given in Fig. 9a and Tabs. 4-5, respectively). The coordinates of the 497 

landmarks were afterwards exported to Microsoft Excel (Microsoft Corporation, 2003) to calculate 498 

several triangles using basic trigonometric functions (calculation of distances between landmarks; 499 

calculation of angles by using the law of cosine). Changes in given angles within the movie revealed 500 

information about changes in the position of defined morphological structures and thus information 501 

about the kinematics of the individual mouthpart elements. For further analyses, selected landmarks 502 

were connected by straight lines to form triangles (Figs. 9b-10).  503 
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Further details on the calculation of the relevant angles and distances for the different mouthparts are 504 

provided in the electronic appendage. 505 

 506 

Generation of angle-time diagrams 507 

For each single frame of a movie, the angles described in Figs. 9-10 were calculated. The temporal 508 

sampling rate (frames per second = fps) that was applied and the exposure time per frame amounted to 509 

16.67 ms (60 fps) and 8 ms (125 fps), respectively. This information was used to generate angle versus 510 

time diagrams. 511 

  512 

Statistical analyses  513 

To analyze the variability of the various mouthpart components in their local and temporal course of 514 

motion, the grand means (X;
=
; corresponding to the mean of the arithmetic means) of the maximum 515 

and minimum values of all the angles shown in Figs. 9-10 and the time span necessary for a complete 516 

motion cycle were calculated. The grand means were based on the arithmetic means of the 12 517 

cockroach specimens as calculated from 2-13 single motion cycles. In order to evaluate the overall 518 

variability of the individual angles and time courses, we calculated boxplots summarizing the medians 519 

and variation of the 12 coefficients of variation as calculated for each specimen (Fig. 4). 520 

The interdependence between the movement patterns of the various mouthpart components was 521 

analyzed by correlation analyses. To this end, for each of the 12 specimens, we analyzed the 522 

correlations of all the measured angles and distances on a frame-by-frame basis and summarized the 523 

number of established significant positive and negative correlations in a table (Fig. 3). 524 

A principal component analysis (PCA) was carried out for each of the 12 specimens to obtain 525 

information about the extent of coordination between the various mouthpart elements. In total, 16 526 

variables (i.e. the angles “a”-“f” and “m” of both body sides and the distance values (gap width of 527 

mandibles and protraction distances of labium)) were considered in the analysis, whereby 99-342 528 

cases (= succeeding frames of each sequence) were analyzed. We used the Varimax option with Kaiser 529 

Normalization; all PCs with eigenvalues > 1 were extracted, and all the variables with correlation 530 

coefficients < -0.5 and > 0.5 were chosen for the interpretation of the extracted PCs. 531 

The correlation coefficients that exhibited statistical significance were used as a measure how strongly 532 

two mouthpart elements move in a coordinate pattern. To assess the degree of coordination, we used 533 

the conventional interpretation of the correlation coefficient (CC) (Bühl, 2008). Whereas a missing or 534 

only weak coordination (CC 0-0.5) is indicative of a high modulation capacity, a high or very high 535 

coordination (CC 0.7-1) represents a strong stereotypy of the movements. Correlation coefficients in 536 

the intermediate range (CC 0.5-0.7) indicate a medium coordination. Finally, to assess a rhythmical 537 

behaviour within a given time series (i.e. the pattern of the values of an angle over time), we 538 

performed autocorrelation analyses (e.g. Hammer and Harper, 2006) for the various angles of the 539 

kinematic sequence “Periplaneta_4” (c.f. Figs. 1-2). This sequence is representative for almost all 540 
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other sequences analyzed in this study. Whereas the autocorrelation analyses were performed with the 541 

software PAST (version: 3.0) (Hammer, Harper and Ryan, 2001), the software SPSS 16 (SPSS Inc., 542 

2007) was used for all other statistical calculations. 543 

   544 

Generation of a two-dimensional functional model for maxillary kinematics  545 

The observed complex kinematics of the maxillae was illustrated in the form of a two-dimensional 546 

functional model to demonstrate the true-to-scale position of the maxilla and its muscles during the 547 

various phases of the movement cycle. The size ratios of the various maxillary components, the 548 

location of the muscles, and their articulation points (origo and insertio) were elucidated by SEM 549 

studies, dissections of the maxillae, and additional data from the literature (Weber, 1933; Snodgrass, 550 

1950; Snodgrass, 1951; Kéler, 1963; Matsuda, 1965; Snodgrass, 1993). The angular shifts of the 551 

maxillary components over time in the functional model strictly followed the observed angular 552 

measurements in the in vivo cineradiography. Our schematic model elucidates the hypothetical general 553 

effect that each maxillary muscle has on the observed overall maxillary movement pattern. It neither 554 

aims at reflecting the actual activity pattern of these muscles as deducible from electrophysiological 555 

studies, nor does it quantitatively model the possibly involved multiple bar linkage as applied to fish 556 

jaws by Westneat (1994, 2003). However, our model forms a starting point for such kind of 557 

physiological and biomechanical analyses. 558 

SEM preparation was performed according to standard procedures (i.e. critical point drying followed 559 

by sputter coating) as described in Betz et al. (2003).  560 

The presence and distribution of the elastic protein resilin in the maxillary cuticle of P. americana was 561 

analyzed by means of fluorescence microscopy. According to Gorb (1999), Neff et al. (2000) and 562 

Haas et al. (2000), the insect cuticle exhibits a pronounced autofluorescence in the wavelength range 563 

of blue-green to red-infrared. However, as soon as the cuticle is excited with light within the narrow 564 

band of 330-380 nm (UV light), all cuticle areas containing resilin emit blue light (approx. 420 nm) 565 

(Edwards, 1983; Gorb, 1999). For fluorescence microscopy, the mouthparts of freshly killed 566 

cockroaches were placed onto hollow slides with distilled water. The obtained preparation was 567 

examined at various wavelength ranges (all UV light) with a fluorescence microscope (Leica DM5000 568 

D and Leica CTR 5000, Wetzlar, Germany) and digitally captured with the attached camera (Leica 569 

DFC 320, Wetzlar, Germany).  570 
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List of abbreviations 571 

 572 

ANKA  Angströmquelle Karlsruhe 
CC correlation coefficient  
CV coefficient of variation 
fps frames per second 
ga galea 
KIT  Karlsruhe Institute of Technology 
lc lacinia 
lmt 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 

 573 

 574 

Appendix 575 

 576 

- Two movie sequences (movie1 and movie2) 577 

Legend for both movies, respectively:  578 

Synchrotron-based X-ray cineradiographic movie sequences showing all mouthpart elements 579 

interacting during food uptake in our model system Periplaneta americana. 580 

 581 

- One Figure (Fig1 supplementary material) 582 

Figure legend for Fig1 supplementary material: 583 

Autocorrelation diagrams (i.e. autocorrelation coefficients versus lag time) for the 584 

representative sequence "Periplaneta_4" as shown in Figs. 1 and 10 of the main text. For an 585 

explanation of angles “m” and “a”-“f”, see Fig. 10 of the main text. "Labium" refers to the 586 

pro- and retraction movements of the labium. The dashed lines indicate the 95% confidence 587 

intervals of the autocorrelation coefficients displayed on the y axis. Where these are 588 

intersected by the autocorrelation curves, the autocorrelations are statistically significant. The 589 

black and red curves are indicative of the respective left and right mouthparts, showing their 590 

degree of synchronicity. Only the movement of the labium (H) is shown in concert with that 591 

of the left mandible. 592 

 593 
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- Two text paragraphs that explain the Material and Methods section in more detail:  594 

(1) Technical setup of applied in vivo high-speed X-ray cineradiography;  595 

(2) Calculation of triangles using basic trigonometric functions for the description of the 596 

kinematics of the different mouthparts 597 

 598 
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 737 

 738 

Figure legends 739 

 740 

Fig. 1: Kinematics of the mandibles during the feeding process. (A) Representative radiography image 741 

sequence (Periplaneta_4) of about 500 ms depicting the opening and closing cycle of the mandibles 742 

(colored in red). The numbers indicated the time course of the depicted sequence (milliseconds that 743 

lapsed from the start); (B) angle versus time diagram of the angle “m” and distance versus time 744 

diagram of the gap width of the mandibles within the image sequence shown in (A); (C) angle versus 745 

time diagram and pattern of the gap width depicting the complete movie sequence (bracket with arrow 746 

tips indicates the motion cycle displayed in (a) and (b); horizontal red line in (B) and (C) indicates the 747 

condition when the gap width of the mandibles is zero (further closing of the mandibles leads to 748 

negative values of the gap width, since their tips are overlapping). For an explanation of angle “m” and 749 

gap width of mandibles, see Fig. 10. 750 

 751 

Fig. 2: Representative angle versus time diagrams of about 3000 ms depicting the relationships 752 

between the opening angle of the mandibles “m”, the maxillary angles “a”-“f”, and the pro- and 753 

retraction movement of the labium. For an explanation of angles “m” and “a”-“f”, see Fig. 1. 754 

 755 

Fig. 3: Upper half of the figure: Summary of the correlation analyses (according to Pearson) of all 756 

parameters (angles: mandibles, maxillae; distances: gap width of mandibles, labium) of all 12 757 

specimens. All correlations (negative and positive) with significance ≤ 0.05 are counted. Bottom half 758 
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of the figure: Medians of the correlation coefficients (CC). High CCs represent a strong stereotypy in 759 

the movement of two mouthpart elements, whereas a missing or weak CC is indicative of a high 760 

modulation capacity. Pronounced synchronicities can be stated for the movements of corresponding 761 

mouthparts regarding both body sides (i.e. angles “m”, “a”, “b”, “c”, “d”, and “e” of the left and right 762 

side of the body, respectively) as well as for the movement patterns of the basal elements (cardo and 763 

stipes) of the maxillae. The same applies for the correlation of the movement of the mandibles with 764 

that of the maxillae about their articulations at the head capsule (angles “m” and “a”). 765 

A higher degree of modulation is indicated by weaker CCs within the movement of the labium with 766 

that of the mandibles and the maxillae, respectively. 767 

 768 

Fig. 4: Boxplot diagrams of the coefficients of variation of the (A) maxima, (B) minima, and (C) time 769 

spans needed for an entire motion cycle (i.e. opening and closing) of the parameters used to describe 770 

the mouthpart kinematics (cf. Figs. 9-10). 771 

 772 

Fig. 5: Model of the maxilla highlighting the muscles listed in Tab. 2: (A) M. craniocardinalis 773 

externus (M15), M. tentoriocardinalis (M17), M. tentoriostipitalis (M18), (B) M. craniolacinialis 774 

(M19), M. stipitolacinialis (M20), (C) M. stipitogalealis (M21). Abbreviations: lmt: laminatentorium. 775 

M: Musculus. Scale bars = 1 mm. 776 

 777 

Fig. 6: Functional model explaining the observed motion cycle of the maxilla during a time frame of 778 

800 ms. The sequence is divided into four consecutive segments (first to fourth phase of motion 779 

cycle). (A) Angle versus time diagrams as observed from a representative movie. (B) Positions of the 780 

individual maxillary elements and the assumed corresponding activity of the involved muscles. Since 781 

the action of the respective muscles could not be observed directly, their effect on the complex 782 

maxillary movement pattern had to be indirectly re-constructed via the changes of the angles 783 

determined in the cineradiographic analysis. For the positions of the triangles, by which the maxillary 784 

angles “a” to “e” were constructed, see Figs. 9c-10. For description of muscles, see Tab. 2 and Fig. 5. 785 

Structures highlighted in blue are fixed structures within the tentorium or the head capsule. Scale bars 786 

= 1 mm. Abbreviations: lmt: laminatentorium. 787 

 788 

Fig. 7: Resilin distribution across the maxilla as established via fluorescence microscopy. (A) 789 

Overview of membranous surface area of the stipes (dorsal aspect of right maxilla) and (B) 790 

corresponding detailed view, showing cuticular areas with high levels of resilin inclusions in the 791 

cuticle. Abbreviations: ga: galea, lc: lacinia, m: membranous surface area of the stipes, pm: palpus 792 

maxillaris / maxillary palp. 793 

 794 



25 
 

Fig. 8: Experimental set-up for phase contrast in vivo cineradiography by using synchrotron radiation 795 

at the TopoTomo beamline: The synchrotron radiation is generated by a bending magnet inside the 796 

storage ring, passes the various shutters, a beryllium exit window (not shown), and a silicon wafer, and 797 

permeates the head of the feeding cockroach. Subsequently, the X-rays are transformed into visible 798 

light by means of a scintillator. A visible light microscope with a folded beampath projects the 799 

luminescence image onto the chip of a high-speed camera in which the pictures are stored. (Figure 800 

modified from Westneat et al., 2008) 801 

 802 

Fig. 9: Ventral views of the radiographic image of the head of P. americana: (A) Indication of the 19 803 

moving landmarks (red dots) and the six fixed landmarks (blue dots). Both denote important 804 

morphological structures that are important for the kinematic analyses. (B) Construction of the 805 

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

mandibles”. (C-E) Construction of the triangles used to calculate the respective maxillary angles. Red 807 

points are movable in their positions, blue points indicate fixed points. (C) Angle “a” is characteristic 808 

for the abduction and the adduction movement of the cardo. (D) Angle “b” indicates the degree of 809 

protraction of the complete maxilla; angles “c” and “d” depict the bending between cardo and stipes 810 

corresponding to the degree of maxillary pro- or retraction. (E) Angles “e” and “f” are indicators for 811 

the kinematics of the palpomeres of the maxillary palp. Abbreviations: l left, m opening angle of 812 

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

 814 

Fig. 10: Model of the maxilla, highlighting the triangles used to calculate the various maxillary angles. 815 

Red points are movable in their positions, blue points indicate fixed points. For an explanation of 816 

angles “a”-“f”, see Fig. 1. Abbreviations: lmt: laminatentorium. Scale bars = 1 mm. 817 

 818 

 819 

Tables  820 

 821 

Tab. 1: 822 

 823 

A 824 
component eigenvalue explained variance [%] cumulated explained variance [%] 

PC1 9.69 60.55 60.55 

PC2 3.41 21.30 81.85 

 825 

B 826 
 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 

Tab. 2: 828 

 829 

name insertio function 

M. craniocardinalis 

externus (M15) 

at dumbbell-shaped structure of 

saddle joint of cardo 

rotator, retracting maxilla by 

abduction of cardo 

M. tentoriocardinalis 

(M17) 

endoskeleton margin, parallel to 

cardinostipital fissure 

promotor, protracting maxilla by 

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 

M19 

adductor of lacinia 

M. stipitogalealis (M21) at basal margin of galea, lateral 

wall 

abductor of galea 

 830 

Tab. 3: 831 

 832 

Name of movie Σ Motion Image Sequence length 
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cycles acquisition  

rate [fps] 

(Σ frames) 

Periplaneta_1 8 60  247 

Periplaneta_2 5 60  99 

Periplaneta_3 7 60  200 

Periplaneta_4 6 60  172 

Periplaneta_5 5 60  160 

Periplaneta_6 3 125  196 

Periplaneta_7 4 125  232 

Periplaneta_8 12 60  211 

Periplaneta_9 4 125  283 

Periplaneta_10 7 125  342 

Periplaneta_11 4 125  259 

Periplaneta_12 3 125  254 

 833 

Tab. 4: 834 

 835 

Labels of landmarks Description of the morphological structures 

 

1 

 

tip of mandible right 

2 tip of mandible left 

3 insertion of maxillary palp at stipes right 

4 insertion of maxillary palp at stipes left 

5 articulation between cardo and stipes right 

6 articulation between cardo and stipes left 

7 front edge of prementum 

8 front edge of mentum 

9 front edge of labrum 

10 end 1st palpomere of maxillary palp right 

11 end 1st palpomere of maxillary palp left 

12 end 2nd palpomere of maxillary palp right 

13 end 2nd palpomere of maxillary palp left 

14 end 4th palpomere of maxillary palp right 

15 end 4th palpomere of maxillary palp left 

16 tip of maxilla (galea) right 

17 tip of maxilla (galea) left 

 836 
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Tab. 5: 837 

 838 

Labels of fixed landmarks Description of the morphological 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 

 839 

 840 

Table legends 841 

 842 

Tab. 1: Results of a PCA performed on the sequence Periplaneta_4. A List of the extracted principle 843 

components (PC1, 2) and their explained variances. B Loadings of the kinematic variables (angles of 844 

mandibles and maxillae, distances of labium, and gap width of mandibles) on the two extracted 845 

principal components. For an explanation of the variables, see Figs. 9-10.  846 

 847 

Tab. 2: List of the most important muscles (nomenclature according to Kelér, 1963) powering the 848 

maxillary movement, illustrating their points of insertion as confirmed by our dissections, and their 849 

proposed function (the latter according to Kelér, 1963). The muscles responsible for the kinematics of 850 

the maxillary palps and the palpomeres are not listed. 851 

 852 

Tab. 3: List of the 12 selected radiographic sequences (movies) with information about the number of 853 

analyzed motion cycles of the mouthparts, the temporal resolution, and the length of the sequences 854 

indicated by the total number of frames. 855 

 856 

Tab. 4: Description of the movable landmarks displayed in Fig. 9 indicating the respective 857 

morphological structures. 858 

 859 

Tab. 5: Description of the fixed landmarks displayed in Fig. 9 indicating the respective morphological 860 

structures. 861 


