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SUMMARY

Segmentation and tagmatization have contributed to the preeminent success of
arthropods since their first appearance in the Cambrian. However, the exact
mechanism of segmentogenesis is still insufficiently known in living and extinct
groups. Here, we describe the postembryonic development of a Waptiid
arthropod Chuandianella ovata from the early Cambrian Chengjiang biota, South
China. The new data illuminate a complex dynamic pattern of anamorphosis and
epimorphosis, and a three-step process of segmentogenesis, i.e., the elongation
of the terminal segment, delineation of an incipient segment, and full separation
of a new segment. Compensatory growth is accomplished by rapid growth of
new segments and/or generation of additional segments, which results in the tri-
morphism of the posterior tagma. Such complex developmental dynamics has
rarely been known in the arthropod fossil record and its presence in early history
helps to understand the rapid diversification of arthropods in the early Cambrian.

INTRODUCTION

Arthropods are one of the paradigms of segmented animals (Brusca et al., 2016). Regionalization and variation

of segments in size, shape, and number are not only responsible for the great success in interspecific diversity

and ecology, but also lead to intraspecific polymorphism in many arthropods (Bonato et al., 2003; Carter, 1976;

Enghoff et al., 1993; Fu et al., 2014; Fusco andMinelli, 2013; Harrison, 1979, 1980; Liu et al., 2016; Mochida, 1973;

Simaiakis, 2009; Zhang et al., 2007; Zhao et al., 2003). In arthropods, segmentation can be completed during the

embryonic stages or continues in the post-embryonic development (Clark et al., 2019; Davis and Patel, 2003;

Fusco, 2005; Minelli and Fusco, 2004, 2013; Peel, 2004; Peel et al., 2005). Addition of segments during the

post-embryonic phase has been recognized across a range of extant and fossil lineages and thus is an important

mode of polymorphism in arthropods (Dai and Zhang, 2013; Dai et al., 2016, 2017; Fu et al., 2018; Fusco, 2005;

Fusco et al., 2004, 2012; Minelli and Fusco, 2013; Peel, 2004).

In living crustaceans, the mechanism of postembryonic segment formation has been permitted among the

conchostracan Limnadia stanleyana and the anostracanArtemia salina, for which trunk segments are added

progressively from the ‘‘proliferative zone’’ lying in front of the telson (Anderson, 1965, 1966). However, in

the fossil record, most knowledge on arthropod development comes from the trilobites (Dai and Zhang,

2013; Dai et al., 2016, 2017; Fusco et al., 2004, 2012; Hughes, 2007; Hughes et al., 2017) and phosphatized

Orsten-type fossils (Haug et al., 2009, 2010; Müller and Walossek, 1988; Olesen, 2007; Stein et al., 2005,

2008; Walossek, 1993; Walossek and Müller, 1998). Nevertheless, segment formation is rarely captured

because of the gap of fossil materials. Except for Rehbachiella kinnekullensis (Walossek, 1993) from the

Orsten fauna, few fossil taxa demonstrate the process of segment addition though ontogenetic sequences

have been established, especially in many trilobites (Dai and Zhang, 2013; Dai et al., 2016, 2017; Fusco

et al., 2004, 2012; Hughes, 2007; Hughes et al., 2017; Shen et al., 2014; Zhang and Clarkson, 2009). Our

investigation ofChuandianella ovata allows a reconstruction of its postembryonic development and recog-

nition of the trimorphic posterior tagma varying from five to seven in the number of segments. Our material

also provides the evidence for the segment genesis and compensatory growth of this species.
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RESULTS

Intraspecific variation of the posterior tagma

The waptiid arthropod C. ovata is one of the iconic arthropods from the Chengjiang biota (ca. 518 million

years before the present) (Hou et al., 2017). The anterior and middle tagmata are covered with a carapace,
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Figure 1. Chuandianella ovata with four segments in the posterior tagma

(A and B) ELI EJ-506A, immature specimen with four segments (blue area), and a pair of terminal rami (green area) in the

posterior tagma;

(C and D) ELI JS-183, specimen with dislocated carapace (gray area), illustrating appendages (purple area) associated

with the middle tagma (pink area), and four segments in the posterior tagma (blue area). Abbreviations are as follows: S 1-

4: first to fourth segments in the posterior tagma.
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whereas the posterior tagma protrudes out the posterior end of the carapace (Figures S1 and S2) (Liu and

Shu, 2004, 2008; Hou et al., 2008, 2010; Ou et al., 2020; Zhai et al., 2021). However, themiddle tagmamay be

exposed when the carapace is dislocated from the body during the taphonomic process (Figures 1C and

1D). There are 198 complete specimens showing the complete morphology of the posterior tagma varying

from 4 to 7 in the number of segments. For the sake of description, we refer to the first segment in the pos-

terior tagma as ‘‘S 1’’ and sort it gradually backwards.

Two small specimens show three limbless segments and a terminal segment with a pair of sub-elliptic ter-

minal rami in the posterior tagma (Figure 1). The length of each segment in the two specimens are

measured as: S 1, 0.829 mm and 0.89 mm; S2, 1.055 mm and 0.997 mm; S3, 1.337 mm and 1.463 mm; S4,

1.623 mm and 0.771 mm (Table S1). The total length of the posterior tagma is approximately 3.7mm and

5.1 mm, and shorter than most specimens (Figure 5A). Accordingly, they most probably represent imma-

ture specimens.

Fifteen specimens carry five segments in the posterior tagma, ranging from 2.898 to 13.055 mm in length

(Figures 2 and 5A). In the posterior tagma, the first three segments become elongated toward the rear,

whereas the length of the last two segments is variable in specimens. Four specimens are characterized

by the S 3 being the longest and the length of S 4 and S 5 increasingly decreased (Table S1). In nine spec-

imens the length of S 4 is the longest, significantly longer than S 5, and the length ratios of S 5 to S 4 (LS 5/LS

4) range from 0.48 to 0.95. Additional two specimens were featured by S 5 being the longest (Figures 6A

and 6B), and therefore segments in the posterior tagma become increasingly elongated. The S 5/S 4 length

ratio values are 1.20 and 1.29, respectively.

Specimens with six segments in the posterior tagma are dominated in number. A total of 144 specimens

have been recognized, accounting for 72% of specimens with a complete posterior tagma (Figure 3).

The length of the posterior tagma ranges from 2.82 to 12.229 mm (Figure 5A). Similar to specimens with

a five-segment posterior tagma, this largest group can be further subdivided into three categories accord-

ing to the position of the longest segment. Two specimens with S 4 being the longest, in which the length of

S 1 to S 4 gradually increases, whereas the length of the last two segments gradually decrease toward the

rear. In these two specimens, S 5 is just slightly shorter than S 4, with the length ratio about 0.99. There are

138 specimens with S 1-5 becoming increasingly longer posteriorly. In these species, S 5 is the longest, and
2 iScience 25, 103591, January 21, 2022



Figure 2. Chuandianella ovata with five segments in the posterior tagma

(A and B) ELI SJZ-B19-657, small specimen with five segments (blue area), and fragment terminal ramus (green area);

(C and D) ELI JS-655, posterior tagma carrying five segments (blue area) armed with posteriorly directed spines, and

segments in the middle tagma (pink area) bearing appendages (purple area);

(E and F) ELI SJZ-B23, largest specimen in our collection consisting of a five-segment posterior tagma. Abbreviations are

as follows: S 1-5: first to fifth segments in the posterior tagma.

ll
OPEN ACCESS

iScience
Article
S 6 is consistently shorter than S 5. The length ratios of S 6/S 5 vary from 0.31 to 0.89. In addition, four spec-

imens have a much longer S 6 (Figures 6C and 6D), the length ratios of S 6/S 5 are 1.15, 1.32, 1.48, and 1.60,

respectively (Table S1). Surprisingly, a superficial intersegmental groove is present in the longest terminal

segment of ELI JS-027 (Figures 6C and 6D), probably representing a prelude to separate a new segment.

There are 37 specimens with seven segments in the posterior tagma (Figure 4), ranging in length from 2.379

to 10.608 mm (Figure 5A). Two groups can be identified according to the length of segments. In 33 spec-

imens, the length of S 1-6 is increasing gradually. S 6 is the longest, and S 7 is shorter than S 6. In the re-

maining four specimens, S 1-5 gradually increases in length, S 5 reaches a maximal length, and thereafter

the last two segments decrease in length. There are two specimens with S 6 significantly shorter than S 5;

the length ratios of LS 6/LS 5 are 0.39 and 0.41, respectively (Figures 6E–6H). Therefore, these short S 6 likely

represent newly generated segments.
Statistical analysis of the length of posterior tagma

To determine the differences among four categories of specimens with different numbers of segments in

the posterior tagma, 198 specimens were used for principal component analysis (PCA). The result shows no

variations among the four groups (Figure S3B), indicating that they are identical in the length range of each

segment in the posterior tagma. Among the four categories, the total length of the posterior tagma and

each length of the last four segments are referred as independent (X) and dependent (Y) variables, respec-

tively. The regression analysis shows: Line for the fourth segment to last: Y = 0.19296X + 0.060158, R2 =

0.93246; Line for the antepenultimate segment: Y = 0.20724X + 0.077246, R2 = 0.93559; Line for the penul-

timate segment: Y = 0.23228X + 0.10558, R2 = 0.85075; Line for terminal segment: Y = 0.14821X + 0.092442,

R2 = 0.49731 (Figure S3A). R2 represents the coefficient of determination. The statistical analysis shows that

the terminal segment has high dispersion, whereas the other three segments have good linear fitting, and
iScience 25, 103591, January 21, 2022 3



Figure 3. Chuandianella ovata with six segments in the posterior tagma

(A and B) ELI MF-716A, small specimen with six segments (blue area) in the posterior tagma, and an anus on the posterior

edge of the terminal segment;

(C and D) ELI EJ-411A, specimen with six segments (blue area), and a pair of terminal rami (green area) in the posterior

tagma;

(E and F) ELI JS-031B, larger specimen with six segments (blue area) in the posterior tagma. The middle tagma is

composed of isometric segments and appendages (purple area). The last appendage is indicated by an arrow.

Abbreviations are as follows: S 1-6: first to sixth segments in the posterior tagma.
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the slope increases gradually from the reciprocal fourth to second segment. Thus, the length of the termi-

nal segment has poor stability, and the rest three segments are gradually lengthening posteriorly. In addi-

tion, in the violin diagram (Figure S3C) the length range of the terminal segment reveals a swelling ranging

from 3 to 3.5mm in specimens with a five-segment posterior tagma, which are not present in the six- or

seven-segment specimens. Hence, the length of the terminal segment has a wide range of variation, espe-

cially in specimens with a five-segment posterior tagma. Meanwhile, the vioplot also indicates that both the

median andmean values of the penultimate segment are larger than those of the terminal segment among

all four categories of specimens (Figure S3C).
DISCUSSION

Anamorphosis and trimorphism

Morphological analyses reveal four phenotypes varying from four to seven in the segment number of the

posterior tagma (Figures 1, 2, 3 and 4). The consistent morphological characteristics of the four phenotypes

indicate that C. ovata does not possess metamorphic development, but follows an anamorphic
4 iScience 25, 103591, January 21, 2022



Figure 4. Chuandianella ovata with seven segments in the posterior tagma

(A and B) ELI JS-397A, small specimen with a seven-segment (blue area) posterior tagma;

(C and D) ELI SJZ-B14-741A, specimen with seven segments (blue area) in the posterior tagma. The middle tagma (pink

area) contains isometric segments, gut (dark gray area), and appendages (purple area). The last appendage is indicated

by an arrow;

(E and F) ELI JS-233, larger specimen with seven segments (blue area) in the posterior tagma. The last appendage is

indicated by an arrow. Abbreviations are as follows: S 1-7: first to seventh segments in the posterior tagma.
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developmental mode because of segment addition during the postembryonic ontogeny. The phenotype

with a four-segment posterior tagma is small, represented by only two specimens, whereas the sizes of

these two specimens are both larger than the smallest individual among phenotypes with five-segments

(Figures 1 and 5A). Hence, these four-segment specimens can be interpreted as immaturities of the five-

segment phenotype. Each of the other three phenotypes are represented by numerous specimens (Table

S1). Such interspecific variation in the number of segments were usually considered as a series of growth

stages of a single phenotype, e.g., Fuxianhuia protensa (Fu et al., 2018), Rehbachiella kinnekullensis (Wa-

lossek, 1993), andmany trilobites (Dai and Zhang, 2013; Dai et al., 2016, 2017; Fusco et al., 2004, 2012). How-

ever, this is less likely the case of C. ovata. First, measurements demonstrate that the posterior tagmata of

these five-segment, six-segment, and seven-segment phenotypes have a similar size range from immatu-

rities to adults, approximately 3 to 13 mm long (Figure 5A). Moreover, principal component analysis indi-

cated that the four categories of specimens could not be distinguished according to the length of each

segment in the posterior segment (Figure S4B). Third, the largest specimen (ELI SJZ-B23) carries a five-

segment posterior tagma (Figures 2E and 2F), whereas the smallest (ELI SJZ-B16-604) bears a seven-

segment posterior tagma (Figure 5A; Table S1). The consistent morphology of the four phenotypes

indicates that these specimens acquired adult morphology during the postembryonic development.

Therefore, it is less likely that the significantly increased five-segment specimens represented ‘‘giant larval’’

as seen in the extant and extinct crustacean larvae (Gundi et al., 2020; Nagler et al., 2017). The size decrease
iScience 25, 103591, January 21, 2022 5



Figure 5. Statistical data and postembryonic ontogenetic pattern of Chuandianella ovata

(A) statistical measurements showing variations of the segment number and the total length of the posterior tagma (Table

S1. Data of segment length in the posterior tagma of Chuandianella ovata). Four-segment specimens (n = 2); five-

segment specimens (n = 15); six-segment specimens (n = 144); seven-segment specimens (n = 35);

(B) dynamic post-embryonic development of the trimorphic posterior tagma in C. ovata;

(C) a less likely model of postembryonic development of C. ovata. Segment —: invariant in segment number of the

posterior tagma; segment [: increase in segment number of posterior tagma; size —: invariant in individual size; size [:

increase in individual size.
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during the postembryonic development is presently unknown among extant and extinct arthropods. In

addition, if the three phenotypes represent a successive developmental sequence, the postembryonic

development of C. ovata would consist of three phases: the anamorphosis with the segment number of

the posterior tagma increasing to five, followed by an epimorphosis during which the size increases

whereas the segment number of the posterior tagma remains as five, and then anamorphosis again with

addition of two more segments (Figure 5C). Such a three-phased pattern of postembryonic development

has not been reported in either fossil or living arthropods. Therefore, it is most probably thatC. ovata has a

trimorphic posterior tagma varying from five to seven in the segment number. The postembryonic devel-

opment of each phenotype involves two phases: anamorphosis with both segment number and size

increasing, followed by epimorphosis solely increasing size (Figure 5B and 7).

Intraspecific polymorphism is common among extant arthropods (Fusco and Minelli, 2013; Minelli and

Fusco, 2004). In terms of morphology, flight polymorphisms in insects are the most obvious examples,

e.g., an orthopteran cricket Allonemobius fasciatus and a small dipteran fly Plastosciara perniciosa, both

of which have macropterous and micropterous phenotypes (Roff, 1984; Steffan, 1974). In addition, because

of perturbation of external factors, such as diet, temporary starvation, and low/high temperature (Esperk

et al., 2007), the variation in the number of segments is also widespread among extant arthropods (Fusco

and Minelli, 2013; Uliana et al., 2007; Pereira et al., 1994; Simaiakis, 2009; Schileyko, 2006; Chagas et al.,

2008; Enghoff et al., 1993). For instance, the number of leg-bearing segments of geophilomorph Mecisto-

cephalus microporus is calculated from 93 to 101 (Bonato et al., 2003). In the fossil record, intraspecific
6 iScience 25, 103591, January 21, 2022
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variation of segment number and morphology had also been recognized in many taxa, such asMisszhouia

longiacaudata (Zhang et al., 2007), Isoxys auritus (Fu et al., 2014), and many trilobites, e.g., Duyunaspis

duyunensis (Dai et al., 2017). However, the polymorphism was formally reported in a limited number of

cases, e.g., the early Cambrian arthropod Fuxianhuia protensa (Fu et al., 2018) and the middle Silurian trilo-

bite Aulacopleura konincki (Fusco et al., 2004, 2012; Hughes, 2007; Hughes et al., 2017). At adult phase,

F. protensa bears 26 to 30 trunk segments (Fu et al., 2018), and A. koninckii has five morphs with 18 to

22 thoracic segments (Fusco et al., 2004, 2012; Hughes et al., 2017). The recognition of the trimorphic pos-

terior tagma in C. ovata, provides an additional example of polymorphism in fossil arthropods.

Genesis of new segments

In our collection, two seven-segment (ELI JS-047 and ELI SJZ-B20-900A) and one six-segment (ELI JS-027)

specimens demonstrate the genesis of new segments in the posterior tagma. In the two seven-segment

specimens, the length of S 6 is significantly shorter than S 5 (Figures 6E–6H), which contradicts the general

trend of posterior segments elongating toward the rear. Moreover, both regression analysis and vioplot

show a broader range in the length of the terminal segment, which are probably attributed to subterminal

separation of a new segment. Consequently, the terminal segment was relatively longer upon separation

and shorter immediately after separation (Figure S3A and C). In our research, there are six specimens with a

much longer terminal segment in the five-segment and six-segment phenotypes (Figures 6A–6D; Table S1).

Among them, the terminal segment of the specimen ELI JS-027 shows a shallow groove at the mid length

(Figures 6C and 6D), reminiscent of the case in the ‘‘Orsten’’ type crustacean R. kinnekullensis, for which the

formation of trunk segment is characterized by two steps. Before a new segment finally delineates from the

terminal end, there is an intermoult stage with fissure on the dorsal surface (Walossek, 1993). Therefore, it is

reasonable to assume that posterior segments of C. ovata could be generated through three steps,

including the elongation of the terminal segment, the formation of blurred incipient segment (shallow

groove) and a separation of new segment in the subterminal region (Figure 7). Such segmentogenesis is

basically concordant with living crustaceans Limnadia stanleyana and Artemia salina, for which post-

mandibular segments are progressively proliferated from a growth zone lying in the anterior region of

the telson (terminal segment) (Anderson, 1966). The post-protaspid ontogeny and the pattern of segment

release from the pygidium have been extensively studied in trilobites, such as Duyunaspis duyunensis (Dai

et al., 2017), Eoredlichia intermediate (Dai et al., 2016), and Aulacopleura koninckii (Fusco et al., 2004, 2012;

Hughes, 2007; Hughes et al., 2017). However, the exact mechanism of new segment genesis is still poorly

understood. The present study provides valuable evidence for the postembryonic segmentogenesis in an

early Cambrian arthropod.

Compensatory growth

Target phenotype refers to a phenotype determined by the individual genetic makeup without perturb-

ing factors (Minelli and Fusco, 2013; Nijhout and Davidowitz, 2003). Therefore, during the postembryonic

development of arthropods, there should be a series of target character states at each stage of

ontogeny, if external conditions such as temperature, nutrition, and parasitism are consistent (Minelli

and Fusco, 2013). However, the majority of arthropods deviate from the target trajectory as a result of

variations in the external factors (Fusco and Minelli, 2013; Hartnoll, 1982; Nijhout and Davidowitz,

2003), and hence need to adjust via compensatory growth which is accomplished by altering the number

of stages and/or a stage-by-stage feedback mechanism to reach the target features (Minelli and Fusco,

2013).

In our collection ofC. ovata, more than 91% of the specimens have the longest penultimate segment (Table

S1), but the length of newly formed segments is significantly shortened (Figures 6E–6H). The same phe-

nomenon was observed in growth stages of R. kinnekullensis, where the incipient segment was shorter

(in Walossek, 1993, plate 14; 17; 20; 23) (Walossek, 1993). Therefore, compensatory growth is necessary

for newly separated short segments to achieve the target length during anamorphic phase. Compensatory

growth is also themainspring of the trimorphism seen inC. ovata. Statistic measurements demonstrate that

the six-segment posterior tagma is the dominant phenotype (Figure 5A), accounting for more than 72% of

specimens. Accordingly, in the absence of compensation, only the six-segment posterior tagma would be

present in the epimorphic phase. However, three phenotypes have been recognized in the adulthood of

C. ovata (Figure 5A). Specimens with a five-segment posterior tagma started their epimorphic develop-

ment ahead of schedule because of the excessively rapid elongation rate of new segments, and hence

reached their target size one stage earlier (Figure 5B). Although specimens with a seven-segment posterior
iScience 25, 103591, January 21, 2022 7



Figure 6. The process of the segment genesis in Chuandianella ovata

(A and B) ELI SJZ-B23, specimen with five segments in the posterior tagma; (B) magnification of the rear of the posterior

tagma, showing the elongated terminal segment (S 5). The triangles indicate the division of the segment;

(C and D) ELI JS-027, specimen with a six-segment posterior tagma; (D) magnification of the lengthened terminal

segment, showing a superficial intersegmental groove (indicated by triangles) at the mid length of the segment;

(E and F) ELI SJZ-B20-900A and (G and H) ELI JS-047, specimens with seven segments in the posterior tagma;

(F and H) magnification of the rear of posterior tagma, showing a significantly shorter S 6. The triangles indicate the

division of the segment. Abbreviations are as follows: S 4-7, fourth to seventh segments in the posterior tagma.
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tagma entered the epimorphic phase one stage later, they grew to the target size through a slower elon-

gation rate of new segments or relative rapid generation of new segments (Figures 5B; S4C). Consequently,

these compensatory growth modes are responsible for the trimorphic posterior tagma reaching the target

size. Similar compensatory growth was reported in many extant arthropods (Hartnoll and Dalley, 1981;

Klingenberg, 1996; Tanaka, 1981; Twombly and Tisch, 2000; West and Costlow, 1987). Typically, in the post-

embryonic development of the tobacco hawkmothManduca sexta and the cockroach Blattella germanica,

individuals reach the target threshold size by increasing the number of developmental stages (Tanaka,

1981; Nijhout, 1975). The dynamics of segment generation and growth seen in C. ovata is as complex as

extant representatives.
8 iScience 25, 103591, January 21, 2022



Figure 7. Reconstruction of the dynamic post-embryonic development of Chuandianella ovata
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Conclusion

The waptiid arthropod Chuandianella ovata from the 518 million years old Chengjiang biota carries a

trimorphic posterior tagma with five to seven segments and demonstrates a complex developmental

pattern. Each phenotype underwent an anamorphic phase during which a fixed number of segments

in the posterior tagma are obtained, followed by an epimorphic phase without new segment addition

when molting (Figure 7). The three phenotypes are comparable in size range, and the one with six seg-

ments is dominant in the number of specimens (Figure 5A). C. ovata demonstrates a similar compensa-

tory growth mechanism to living arthropods. In particular, during the anamorphic phase, the generation

and growth of new segments were coupled dynamically, and hence C. ovata reached its target size

through increasing or decreasing developmental stages (Figure 5B). As a result, some had a segment

growth rate exceeding its generation rate and thus started their epimorphosis relatively earlier at the

stage with five segments in the posterior tagma, the majority went the epimorphic stage when the pos-

terior tagma had six segments, whereas others had a relatively later epimorphic stage with one more

segment when the segment generation rate exceeds its growth rate. Accordingly, the adults maintain

the trimorphism in the posterior tagma (Figure 7). The newly generated segment was short, separated

from the subterminal region of the terminal segment, and reached its normal length through an accel-

erating growth rate. The trimorphism and developmental pattern seen in C. ovata are rarely known in

fossil records and reveals that the complicated dynamics of segment growth and generation evolved

early in arthropod history.
Limitations of the study

Fossils used in our study are unlikely to represent a single population in the strict sense, which is always the

case in paleontological studies. However, in our study, all specimens were collected from a narrow
iScience 25, 103591, January 21, 2022 9



ll
OPEN ACCESS

iScience
Article
stratigraphical range of the Eoredlichia-Wutingaspis trilobite biozone (Hou et al., 2017; Zhang et al., 2007)

and are generally considered to reflect the size and morphological range of ‘‘a single population’’.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS

B Materials

B Methods

B Terminology

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.103591.

ACKNOWLEDGMENTS

We are grateful to T. Dai for discussion and C. Aria for assistance in Figure S3 analyses. Two anonymous

reviewers are acknowledged for constructive comments. This work was supported by National Natural Sci-

ence Foundation of China (41890845, 41621003, 41930319), National Key Research and Development Pro-

gram (2017YFC0603101), 111 Project (D17013), and Key Scientific and Technological Innovation Team Proj-

ect in Shaanxi Province.

AUTHOR CONTRIBUTIONS

X.-L. Zhang designed the research and C. Liu performed analyses. X.-L. Zhang and C. Liu interpreted the

data with input from D.-J. Fu. C. Liu prepared the first draft which was improved by X.-L. Zhang.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: July 30, 2021

Revised: September 29, 2021

Accepted: December 7, 2021

Published: January 21, 2022
REFERENCES

Anderson, D.T. (1965). Embryonic and larval
development and segment formation in Ibla
Quadrivalvis Cuv. (Cirripedia). Aust. J. Zool. 13,
1–15. https://doi:10.1071/ZO9650001.

Anderson, D.T. (1966). Larval development and
segment formation in the Branchiopod
crustaceans Limnadia stanleyana king
(Conchostraca) and Artemia salina (L.)
(Anostraca). Aust. J. Zool. 15, 47–91. https://
doi:10.1071/zo9670047.

Bonato, L., Foddai, D., and Minelli, A. (2003).
Evolutionary trends and patterns in centipede
segment number based on a cladistic analysis of
Mecistocephalidae (Chilopoda:
Geophilomorpha). Syst. Ent. 28, 539–579. https://
doi:10.1046/j.1365-3113.2003.00217.x.
10 iScience 25, 103591, January 21, 2022
Brusca, R.C., Moore, W., and Shuster, S.M. (2016).
In Invertebrates, 3th edn, A.D. Sinauer, ed.
(Sinauer Associates, Inc. Publishers), pp. 733–784.

Bouton, G.D. (2008). CorelDRAW: The Official
Guide (Mcgraw-hill Osborne), ISBN:
9780071545709.

Burger, W., and Burge, M.J. (2006). ImageJ
(Springer Berlin Heidelberg). https://doi.org/10.
1007/3-540-30941-1_3.

Carter, A. (1976). Wing polymorphism in the
insect species Agonum retractum Leconte
(Coleoptera: Carabidae). Can. J.Zool. 54, 1375–
1382. https://doi:10.1139/z76-155.

Chagas, A., Jr., Edgecombe, G.D., andMinelli, A.
(2008). Variability in trunk segmentation in the
centipede order Scolopendromorpha: A
remarkable new species of Scolopendropsis
Brandt (Chilopoda: Scolopendridae) from Brazil.
Zootaxa 1888, 36–46.

Clark, E., Peel, A.D., and Akam, M. (2019).
Arthropod segmentation. Development 146,
dev170480. https://doi:10.1242/dev.170480.

Dai, T., and Zhang, X.L. (2013). Ontogeny of the
redlichiid trilobite Eoredlichia intermediate from
the Chengjiang Lagerstätte, lower Cambrian,
Southwest China. Lethaia 46, 262–273. https://
doi:10.1111/let.12002.

Dai, T., Zhang, X.L., and Peng, S.C. (2016).
Morphology and development of the eodiscoid
trilobite Tsunyidiscus yanjiazhaiensis from the
Cambrian (stage 3, series 2) of South China.

https://doi.org/10.1016/j.isci.2021.103591
https://doi:10.1071/ZO9650001
https://doi:10.1071/zo9670047
https://doi:10.1071/zo9670047
https://doi:10.1046/j.1365-3113.2003.00217.x
https://doi:10.1046/j.1365-3113.2003.00217.x
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref4
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref4
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref4
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref5
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref5
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref5
https://doi.org/10.1007/3-540-30941-1_3
https://doi.org/10.1007/3-540-30941-1_3
https://doi:10.1139/z76-155
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref8
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref8
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref8
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref8
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref8
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref8
https://doi:10.1242/dev.170480
https://doi:10.1111/let.12002
https://doi:10.1111/let.12002


ll
OPEN ACCESS

iScience
Article
J. Syst. Palaeontol. 14, 75–89. https://doi:10.1080/
14772019.2015.1005699.

Dai, T., Zhang, X.L., Peng, S.C., and Yang, X.Y.
(2017). Intraspecific variation of trunk
segmentation in the oryctocephalid trilobite
Duyunaspis duyunensis from the Cambrian (stage
4, series 2) of South China. Lethaia 50, 527–539.
https://doi:10.1111/let.12208.

Davis, G.K., and Patel, N.H. (2003). Short, long
and beyond: Molecular and embryological
approaches to insect segmentation. Annu. Rev.
Entomol. 47, 669–699. https://doi:10.1146/
annurev.ento.47.091201.145251.

Enghoff, H., Dohle, W., and Blower, J.G. (1993).
Anamorphosis in millipedes (Diplopoda)-the
present state of knowledge with some
developmental and phylogenetic considerations.
Zool. J. Linn. Soc. 109, 103–234. https://doi:10.
1111/j.1096-3642.1993.tb00305.x.

Esperk, T., Tammaru, T., and Nylin, S. (2007).
Intraspecific variability in number of larval instars
in insects. J. Econ. Entomol. 100, 627–645.
https://doi:10.1603/0022-0493(2007)100
[627:IVINOL]2.0.CO;2.

Fu, D.J., Ortega-Hernández, J., Daley, A.C.,
Zhang, X.L., and Shu, D.G. (2018). Anamorphic
development and extended parental care in a
520 million-year-old stem-group euarthropod
from China. BMC Evol. Biol. 18, 147. https://
doi:10.1186/s12862-018-1262-6.

Fu, D.J., Zhang, X.L., Budd, G.E., Liu, W., and Pan,
X.Y. (2014). Ontogeny and dimorphism of Isoxys
auritus (Arthropoda) from the early Cambrian
Chengjiang biota, South China. Gondwana Res.
25, 975–982. https://doi:10.1016/j.gr.2013.06.007.

Fusco, G. (2005). Trunk segment numbers and
sequential segmentation in myriapods. Evol. Dev.
7, 608–617. https://doi:10.1111/j.1525-142X.2005.
05064.x.

Fusco, G., and Minelli, A. (2013). Arthropod
segmentation and tagmosis. In Arthropod
Biology and Evolution, A. Minelli, et al., eds.
(Springer-Verlag Berlin Heidelberg), pp. 197–221.
https://doi:10.1007/978-3-642-36160-9_9.

Fusco, G., Garland, T., Jr., Hunt, G., and Hughes,
N.C. (2012). Developmental trait evolution in
trilobites. Evolution 66, 314–329. https://doi:10.
1111/j.1558-5646.2011.01447.x.

Fusco, G., Hughes, N.C., Webster, M., and
Minelli, A. (2004). Exploring developmental
modes in a fossil arthropod: growth and trunk
segmentation of the trilobite Aulacopleura
konincki. Am. Nat. 163, 167–183. https://doi:10.
1086/381042.

Gundi, P., Cecchin, C., Fetzer, L.L., Haug, C.,
Melzer, R.R., and Haug, J.T. (2020). Giant planktic
larvae of anomalan crustaceans and their unusual
compound eyes. Helgol. Mar. Res. 74, 8. https://
doi:10.1186/s10152-020-00540-x.

Hammer, Ø., Harper, D.A.T., and Ryan, P.D.
(2001). Past: Paleontological statistics software
package for education and data analysis.
Palaeontol. Electron. 4, 1–9. http://palaeo-
electronica.org/2001_1/past/issue1_01.htm.
Harrison, R.G. (1979). Flight polyrnorphisms in the
field cricket Gryllus pennsylvanicus. Oecologia
40, 125–132. https://doi:10.1007/BF00347930.

Harrison, R.G. (1980). Dispersal polymorphisms in
insects. Ann. Rev. Ecol. Sysl. 11, 95–118. https://
doi:10.1146/annurev.es.11.110180.000523.

Hartnoll, R.G. (1982). Growth. In The Biology of
Crustacea, vol 2, D.E. Bliss, ed (New York:
Academic Press), pp. 111–196.

Hartnoll, R.G., andDalley, R. (1981). The control of
size variation withininstars of a Crustacean. J. Exp.
Mar. Biol. Ecol. 53, 235–239. https://doi:10.1016/
0022-0981(81)90022-8.

Haug, C., Haug, J.T., and Waloszek, D. (2009).
Morphology and ontogeny of the upper Jurassic
mantis shrimp Spinosculda ehrlichi, n. gen., n. sp.
from Southern Germany. Palaeodiversity 2,
111–118.

Haug, J.T., Maas, A., and Waloszek, D. (2010).
yHenningsmoenicaris scutula, ySandtorpia
vestrogothiensis gen. et sp. nov. and
heterochronic events in early crustacean
evolution. Earth Environ. Sci. Trans. R. Soc. Edinb.
100, 311–350. https://doi:10.1017/
S1755691010008145.

Hou, X.G., Siveter, D.J., Aldridge, R.J., and
Siveter, D.J. (2008). Collective behavior in an early
Cambrian arthropod. Science 322, 224. https://
doi:10.1126/science.1162794.

Hou, X.G., David, J.S., Derek, J.S., Richard, J.A.,
Cong, P.Y., Sarah, E.G., Ma, X.Y., Mark, A.P., and
Mark, W. (2017). The Cambrian Fossils of
Chengjiang, China: The Flowering of Early Animal
Life, 2th edn. (Wiley Blackwell), pp. 162–246.
https://doi:10.1002/9781118896372.ch9.

Hou, X.G., Siveter, D.J., Aldridge, R.J., and
Siveter, D.J. (2010). A new arthropod in chain-like
associations from the Chengjiang Lagerstätte
(lower Cambrian), Yunnan, China. Palaeontology
52, 951–961. https://doi:10.1111/j.1475-4983.
2009.00889.x.

Hughes, N.C. (2007). The evolution of trilobite
body patterning. Annu. Rev. Earth Planet. Sci. 35,
401–434. https://doi:10.1146/annurev.earth.35.
031306.140258.

Hughes, N.C., Hong, P.S., Hou, J.B., and Fusco,
G. (2017). The development of the silurian
trilobite Aulacopleura koninckii reconstructed by
applying inferred growth and segmentation
dynamics: A case study in Paleo-Evo-Devo. Front.
Ecol. Evol. 5, 37. https://doi:10.3389/fevo.2017.
00037.

Klingenberg, C.P. (1996). Individual variation of
ontogenies: A longitudinal study of growth and
timing. Evolution 50, 2412–2428. https://doi:10.
2307/2410709.

Liu, H.Q., and Shu, D.G. (2004). New information
on Chuandianella from the lower Cambrian
Chengjiang fauna, Yunnan, China. J. Northwest
Univ. 34, 453–456, [In Chinese, English abstract].
https://doi:10.1007/s11670-004-0048-0.

Liu, H.Q., and Shu, D.G. (2008). Chuandainella
ovata from lower Cambrian Chengjiang biota.
Acta Palaeontol. Sin. 47, 352–361.
Liu, Y., Melzer, R.R., Haug, J.T., Haug, C., Briggs,
D.E.G., Hörnig, M.K., He, Y.Y., and Hou, X.G.
(2016). Three-dimensionally preserved minute
larva of a great-appendage arthropod from the
early Cambrian Chengjiang biota. PANS 113,
5542–5546. https://doi:10.1073/pnas.
1522899113.

Minelli, A., and Fusco, G. (2004). Evo-devo
perspectives on segmentation: model organisms,
and beyond. Trends Ecol. Evol. 19, 423–429.
https://doi:10.1016/j.tree.2004.06.007.

Minelli, A., and Fusco, G. (2013). Arthropod post-
embryonic development. In Arthropod Biology
and Evolution, A. Minelli, et al., eds. (Springer-
Verlag Berlin Heidelberg)978-3-642-36159-3,
pp. 91–122.

Mochida, O. (1973). The characters of the two
wing-forms of Javesella pellucida (F.)
(Homoptera: Delphacidae), with special
reference to reproduction. Trans. R. Entomol.
Soc. Lond. 125, 177–225. https://doi:10.1111/j.
1365-2311.1973.tb00541.x.

Müller, K.J., and Walossek, D. (1988). External
morphology and larval development of the upper
Cambrian maxillopod Bredocaris admirabilis.
Fossils and Strata 23, 1–70.

Nagler, C., Høeg, J.T., Haug, C., and Haug, J.T.
(2017). A possible 150 million years old cirripede
crustacean nauplius and the phenomenon of
giant larvae. Contrib. Zool. 86, 213–227. https://
doi:10.1163/18759866-08603002.

Nijhout, H.F. (1975). A threshold size for
metamorphosis in the tobacco hornworm
Manduca sexta (L.). Biol. Bull. 149, 214–225.
https://doi:10.2307/1540491.

Nijhout, H.F., and Davidowitz, G. (2003).
Developmental perspectives on phenotypic
variation, canalization, and fluctuating
asymmetry. In Developmental Instability: Causes
and Consequences, M. Polak, ed. (New York:
Oxford University Press), pp. 3–13.

Olesen, J. (2007). Monophyly and phylogeny of
Branchiopoda, with focus on morphology and
homologies of branchiopod phyllopodous limbs.
J. Crust. 27, 165–183. https://doi.org/10.1651/S-
2727.1.

Olesen, J. (2013). The crustacean carapace:
Morphology, function, development, and
phylogenetic history. In Functional Morphology
and Diversity, L. Watling and M. Thiel, eds.
(Oxford University Press), pp. 103–139.

Ou, Q., Vannier, J., Yang, X., Chen, A., Mai, H.,
Shu, D., Han, J., Fu, D., Wang, R., and Mayer, G.
(2020). Evolutionary trade-off in reproduction of
Cambrian arthropods. Sci. Adv. 6, 3376–3405.
https://doi:10.1126/sciadv.aaz3376.

Peel, A. (2004). The evolution of arthropod
segmentation mechanisms. Bioessays 26, 1108–
1116. https://doi:10.1002/bies.20097.

Peel, A.D., Chipman, A.D., and Akam, M. (2005).
Arthropod segmentation: Beyond the Drosophila
paradigm. Nat. Rev. Genet. 6, 905–916. https://
doi:10.1038/nrg1724.

Pereira, L.A., Minelli, A., and Barbieri, F. (1994).
New and little known geophilomorph centipedes
from Amazonian inundation forests near Manaus,
iScience 25, 103591, January 21, 2022 11

https://doi:10.1080/14772019.2015.1005699
https://doi:10.1080/14772019.2015.1005699
https://doi:10.1111/let.12208
https://doi:10.1146/annurev.ento.47.091201.145251
https://doi:10.1146/annurev.ento.47.091201.145251
https://doi:10.1111/j.1096-3642.1993.tb00305.x
https://doi:10.1111/j.1096-3642.1993.tb00305.x
https://doi:10.1603/0022-0493(2007)100[627:IVINOL]2.0.CO;2
https://doi:10.1603/0022-0493(2007)100[627:IVINOL]2.0.CO;2
https://doi:10.1186/s12862-018-1262-6
https://doi:10.1186/s12862-018-1262-6
https://doi:10.1016/j.gr.2013.06.007
https://doi:10.1111/j.1525-142X.2005.05064.x
https://doi:10.1111/j.1525-142X.2005.05064.x
https://doi:10.1007/978-3-642-36160-9_9
https://doi:10.1111/j.1558-5646.2011.01447.x
https://doi:10.1111/j.1558-5646.2011.01447.x
https://doi:10.1086/381042
https://doi:10.1086/381042
https://doi:10.1186/s10152-020-00540-x
https://doi:10.1186/s10152-020-00540-x
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
https://doi:10.1007/BF00347930
https://doi:10.1146/annurev.es.11.110180.000523
https://doi:10.1146/annurev.es.11.110180.000523
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref26
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref26
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref26
https://doi:10.1016/0022-0981(81)90022-8
https://doi:10.1016/0022-0981(81)90022-8
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref28
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref28
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref28
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref28
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref28
https://doi:10.1017/S1755691010008145
https://doi:10.1017/S1755691010008145
https://doi:10.1126/science.1162794
https://doi:10.1126/science.1162794
https://doi:10.1002/9781118896372.ch9
https://doi:10.1111/j.1475-4983.2009.00889.x
https://doi:10.1111/j.1475-4983.2009.00889.x
https://doi:10.1146/annurev.earth.35.031306.140258
https://doi:10.1146/annurev.earth.35.031306.140258
https://doi:10.3389/fevo.2017.00037
https://doi:10.3389/fevo.2017.00037
https://doi:10.2307/2410709
https://doi:10.2307/2410709
https://doi:10.1007/s11670-004-0048-0
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref37
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref37
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref37
https://doi:10.1073/pnas.1522899113
https://doi:10.1073/pnas.1522899113
https://doi:10.1016/j.tree.2004.06.007
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref40
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref40
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref40
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref40
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref40
https://doi:10.1111/j.1365-2311.1973.tb00541.x
https://doi:10.1111/j.1365-2311.1973.tb00541.x
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref42
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref42
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref42
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref42
https://doi:10.1163/18759866-08603002
https://doi:10.1163/18759866-08603002
https://doi:10.2307/1540491
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref45
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref45
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref45
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref45
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref45
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref45
https://doi.org/10.1651/S-2727.1
https://doi.org/10.1651/S-2727.1
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref47
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref47
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref47
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref47
http://refhub.elsevier.com/S2589-0042(21)01561-3/sref47
https://doi:10.1126/sciadv.aaz3376
https://doi:10.1002/bies.20097
https://doi:10.1038/nrg1724
https://doi:10.1038/nrg1724


ll
OPEN ACCESS

iScience
Article
Brasil (Chilopoda: Geophilomorpha).
Amazoniana 13, 163–204. http://naturalis.fcnym.
unlp.edu.ar/id/?id=20110902007502.

Press, A. (2010). Adobe Photoshop CS5 -
Classroom in a Book. 34 (4), 336-52. https://
doi:10.3109/17453054.2011.604842.

Roff, D.A. (1984). The cost of being able to fly: A
study of wing polymorphism in two species of
crickets. Oecologia 63, 30–37. https://doi:10.
1007/BF00379781.

Schileyko, A.A. (2006). Redescription of
Scolopendropsis bahiensis (Brandt, 1841), the
relations between Scolopendropsis and Rhoda,
and notes on some characters used in
scolopendromorph taxonomy (Chilopoda:
Scolopendromorpha). Arthropoda Sel 15, 9–17.

Shen, C., Clarkson, E.N.K., Yang, Y., Lan, T., Hou,
J.B., and Zhang, X.G. (2014). Development and
trunk segmentation of early instars of a
ptychopariid trilobite from Cambrian stage 5 of
China. Sci. Rep. 4, 6970. https://doi:10.1038/
srep06970.

Simaiakis, S.M. (2009). Relationship between
intraspecific variation in segment number and
geographic distribution of Himantarium gabrielis
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

In this study, the research object is fossil, and no experimental models.

METHOD DETAILS

Materials

A total of 1459 specimens from eight localities of the Chengjiang biota, i.e. Chengjiang, Ercai, Erjie, Jian-

shan, Mafang, Sanjiezi, Shankou and Tanglipo (CJ, EC, EJ, JS, MF, SJZ, SK, TLP) were analyzed in this study.

Specimens were collected from the Maotianshan Shale Member (Member 3) of the Yu’anshan Formation

(Hou et al., 2017; Zhang et al., 2007). All the studied specimens have been deposited in the Shaanxi Key

Laboratory of Early Life and Environments (LELE), Northwest University, Xi’an.

Methods

All specimens were observed using stereomicroscopes and photographed by a Canon EOS 5D Mark II

camera under incandescent lamp. Camera lucida drawings weremade using a Nikon SMZ 100 stereomicro-

scope and prepared with CorelDraw X9 (Bouton, 2008). All images were processed in Adobe Photoshop

CC (Press, 2010).

Terminology

The morphological and ontogenetic terms are derived from Vannier (2018), Olesen (2013) and Minelli and

Fusco (2013) (Minelli and Fusco, 2013; Olesen, 2013; Vannier et al., 2018). Previous interpretation of the

morphology contributes to place C. ovata within Waptiidae (Pancrustacea) (Hou et al., 2008, 2010, 2017;

Liu and Shu, 2004, 2008; Ou et al., 2020; Vannier et al., 2018), thus the technical terms to indicate
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morphology are derived fromWaptia fieldensis, i.e., carapace (Olesen, 2013; Vannier et al., 2018). The body

of C. ovata can be subdivided into three tagmata: the anterior tagma, middle tagma and posterior tagma

(Figure S1). The anterior and middle tagmata bear appendages and are covered with a ‘‘bivalved’’ cara-

pace, while the posterior tagma is extending beyond the carapace (Figures S1 and S2) (Hou et al., 2008,

2010, 2017; Liu and Shu, 2004, 2008; Ou et al., 2020; Zhai et al., 2021). The terminal segment in the posterior

tagma is consisted of a pair of sub-elliptic terminal rami (Figures S1 and S2). In the text, we use ontogenetic

terms recommended in Minelli and Fusco (2013). During the post-embryonic development of arthropods,

segmentation is consisted two concepts, including the production and differentiation of segments (Minelli

and Fusco, 2013). Development by anamorphosis is the sequence of changes involved in the evolutionary

development, for which is characterized by metamorphosis with post-embryonic increment in segment

number (Minelli and Fusco, 2013), while epimorphosis is a form of development with no post-embryonic

increment in segment number (Minelli and Fusco, 2004, 2013; Fusco, 2005).
QUANTIFICATION AND STATISTICAL ANALYSIS

Size measurements were taken from the photographs by the software ImageJ 1.8.0 (Burger and Burge,

2006) (Table S1. Data of segment length in the posterior tagma ofChuandianella ovata). Two kinds of values

were documented, including the length of each segment and the total length of the posterior tagma. The

segments in the posterior tagma are tubular shape, so there is no discrepancy in the length between spec-

imens with dorsal and lateral preservation. For each segment in posterior tagma, the length is the straight

distance between the midpoints of the anterior and posterior edges. The total length is the sum of each

segment lengths excluded the terminal rami. Regression analysis of the total length of posterior tagma (in-

dependent variables (X)) and each length of last four segments (dependent variables (Y)) was performed by

PAST v3.12 (Hammer et al., 2001 and Figure S3A). R2 represents the coefficient of determination, which re-

flects the degree of regression model fits the observed data. The vioplot of the penultimate and terminal

segments was plotted by and Power BI (Figure S3C).

A total of 198 specimens (two four-segment specimens, 15 five-segment specimens, 144 six-segment spec-

imens and 37 seven-segment specimens) were analysed by principal component analysis (PCA). We utilized

with the total length and last four segments length in the posterior tagma among four categories in this

analysis. The analysis data has been deposited at Table S2 (Table S2. Data of principal component analysis).

Principal component analysis was performed by PAST v3.12 (Figure S3B).
14 iScience 25, 103591, January 21, 2022
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