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(UNDERSTANDING THE EVOLUTIONARY ORIGINS OF MULTICELLULARITY IS A FASCINATING AREA OF BIOLOGICAL RESEARCH. WHILE
COMPLEX MULTICELLULAR ORGANISMS EXHIBIT SPECIALIZED CELLS, TISSUES, AND INTRICATE BODY PLANS, THEIR SINGLE-CELLED
ANCESTORS SHARE SEVERAL FEATURES THAT HINT AT THE EVOLUTIONARY STEPS LEADING TO INCREASED ORGANISMAL
COMPLEXITY. THIS ARTICLE EXPLORES THE KEY FEATURES OF COMPLEX MULTICELLULAR ORGANISMS THAT ARE ALSO PRESENT IN
THEIR CLOSEST SINGLE-CELLED RELATIVES, SHEDDING LIGHT ON THE EVOLUTIONARY CONTINUUM FROM SIMPLICITY TO
COMPLEXITY.

INTRODUCTION TO MULTICELLULARITY AND ITS ORIGINS

MULTICELLULARITY HAS EVOLVED INDEPENDENTLY MULTIPLE TIMES ACROSS DIFFERENT LINEAGES, INCLUDING ANIMALS, PLANTS,
FUNGI, AND SOME ALGAE. DESPITE THEIR DIFFERENCES, THESE GROUPS SHARE COMMON EVOLUTIONARY ORIGINS FROM SINGLE-
CELLED ANCESTORS. STUDYING THEIR CLOSEST UNICELLULAR RELATIVES ALLOWS SCIENTISTS TO IDENTIFY TRAITS THAT SERVED
AS FOUNDATIONAL ELEMENTS FOR MULTICELLULARITY.

THE CLOSEST UNICELLULAR RELATIVES OF ANIMALS ARE CHOANOFLAGELLATES, A GROUP OF FREE-LIVING FLAGELLATED
PROTISTS. FOR PLANTS, THEIR CLOSEST UNICELLULAR ANCESTORS ARE CERTAIN GREEN ALGAE. FUNGI’S CLOSEST SINGLE-CELLED
RELATIVES INCLUDE CERTAIN YEASTS AND OTHER FUNGAL SPORES. | HESE ORGANISMS, THOUGH SIMPLE IN STRUCTURE, RETAIN
SEVERAL FEATURES THAT ARE CRUCIAL STEPPING STONES TOWARD MULTICELLULARITY.

SHARED FEATURES BETWEEN COMPLEX MULTICELLULAR ORGANISMS AND
THEIR SINGLE-CELLED RELATIVES

MANY FEATURES THOUGHT TO BE UNIQUE TO MULTICELLULAR ORGANISMS ARE ACTUALLY INHERITED FROM THEIR UNICELLULAR
ANCESTORS. THESE SHARED FEATURES PROVIDE INSIGHTS INTO HOW COMPLEX MULTICELLULARITY MIGHT HAVE EVOLVED
THROUGH MODIFICATIONS AND ELABORATIONS OF PRE-EXISTING TRAITS.

CeLL ADHESION MECHANISMS

ONE OF THE MOST FUNDAMENTAL FEATURES SHARED BETWEEN MULTICELLULAR ORGANISMS AND THEIR UNICELLULAR RELATIVES IS
THE ABILITY TO ADHERE TO SURFACES AND, IN THE CASE OF MULTICELLULARITY, TO EACH OTHER.

¢ ADHESION PROTEINS: PROTEINS SUCH AS CADHERINS, INTEGRINS, AND SELECTINS ARE CRUCIAL FOR CELL-TO-CELL
ADHESION IN MULTICELLULAR ANIMALS. |NTERESTINGLY, HOMOLOGS OF THESE ADHESION MOLECULES ARE PRESENT IN
CHOANOFLAGELLATES AND SOME GREEN ALGAE, INDICATING THAT THE MOLECULAR TOOLKIT FOR CELL ADHESION
PREDATES MULTICELLULARITY.

o ExTRACELLULAR MATRIX (ECM): CoMPONENTS OF THE ECM, WHICH PROVIDE STRUCTURAL SUPPORT AND MEDIATE
CELL SIGNALING IN MULTICELLULAR ORGANISMS, HAVE HOMOLOGOUS MOLECULES IN SOME UNICELLULAR RELATIVES,
SUGGESTING THAT THE ABILITY TO PRODUCE AND INTERACT WITH EXTRACELLULAR MATERIAL EXISTED PRIOR TO
MULTICELLULAR EVOLUTION.



CELL SIGNALING PATHWAYS

COMPLEX COMMUNICATION BETWEEN CELLS IS ESSENTIAL FOR MAINTAINING TISSUE FUNCTION AND COORDINATING DEVELOPMENT
IN MULTICELLULAR ORGANISMS.

® SIGNAL TRANSDUCTION MOLECULES: MANY SIGNALING PATHWAYS, SUCH AS TGF-BETA, W/NT, AND NOTCH, HAVE
HOMOLOGOUS COMPONENTS IN CHOANOFLAGELLATES AND OTHER UNICELLULAR PROTISTS.

® RECEPTOR PROTEINS: RECEPTOR-LIKE PROTEINS CAPABLE OF DETECTING ENVIRONMENTAL SIGNALS ARE PRESENT IN SINGLE-
CELLED RELATIVES, ALLOWING THEM TO RESPOND APPROPRIATELY TO STIMULI IN THEIR ENVIRONMENT.

GENETIC AND MOLECULAR FOUNDATIONS

THE GENETIC BASIS FOR MULTICELLULARITY IS ROOTED IN THE PRESENCE OF CERTAIN GENES AND GENE FAMILIES.

¢ Hox AND PARAHOX GENES: THESE GENE FAMILIES CONTROL BODY PLAN DEVELOPMENT IN ANIMALS. THEIR HOMOLOGS OR
RELATED GENES ARE FOUND IN CHOANOFLAGELLATES, INDICATING THAT THE GENETIC FRAMEW ORK FOR BODY PATTERNING
PREDATES MULTICELLULARITY.

* GENE REGULATION AND TRANSCRIPTION FACTORS: COMPLEX GENE REGULATION MECHANISMS, INCLUDING TRANSCRIPTION

FACTORS LIKE CBF AND SOX, ARE PRESENT IN UNICELLULAR RELATIVES, PROVIDING THE MOLECULAR BASIS FOR CELL
DIFFERENTIATION.

CeLL DIFFERENTIATION AND SPECIALIZATION

W/HILE SINGLE-CELLED ORGANISMS DO NOT EXHIBIT TRUE CELL DIFFERENTIATION, THEY OFTEN DISPLAY SPECIALIZED STRUCTURES
AND FUNCTIONS WITHIN THEIR SINGLE CELL.

o FUNCTIONAL SPECIALIZATION: MANY UNICELLULAR PROTISTS CAN PERFORM DIVERSE FUNCTIONS SUCH AS FEEDING,
LOCOMOTION, AND REPRODUCTION WITHIN A SINGLE CELL, WHICH CAN BE VIEWED AS A PRIMITIVE FORM OF CELL
SPECIALIZATION.

® POLARITY AND MORPHOLOGY: SINGLE-CELLED ORGANISMS OFTEN EXHIBIT CELL POLARITY, A FEATURE ESSENTIAL FOR
TISSUE ORGANIZATION IN MULTICELLULAR ORGANISMS.

RerroDUCTION AND LIFE CYCLE STRATEGIES

REPRODUCTIVE STRATEGIES IN UNICELLULAR RELATIVES OFTEN MIRROR THOSE SEEN IN MULTICELLULAR DEVELOPMENT.

* ASEXUAL REPRODUCTION: BUDDING, BINARY FISSION, AND OTHER FORMS OF ASEXUAL REPRODUCTION ARE COMMON IN
UNICELLULAR PROTISTS, LAYING THE GROUNDWORK FOR THE DEVELOPMENT OF MULTICELLULAR GROW TH FORMS.



o AGGREGATION AND COLONY FORMATION: SOME UNICELLULAR ORGANISMS FORM COLONIES OR AGGREGATIONS THAT
RESEMBLE SIMPLE MULTICELLULAR STRUCTURES, PROVIDING MODELS FOR UNDERSTANDING HOW MULTICELLULARITY MIGHT
HAVE ORIGINATED FROM COOPERATIVE CELL BEHAVIOR.

EVOLUTIONARY IMPLICATIONS OF SHARED FEATURES

THE PRESENCE OF THESE FEATURES IN UNICELLULAR RELATIVES SUGGESTS THAT THE EVOLUTION OF MULTICELLULARITY WAS A
GRADUAL PROCESS BUILT UPON EXISTING MOLECULAR AND CELLULAR MACHINERY.

PRE-ADAPTATIONS FOR MULTICELLULARITY

FEATURES SUCH AS CELL ADHESION MOLECULES, SIGNALING PATHWAYS, AND GENETIC REGULATION SYSTEMS IN UNICELLULAR
ORGANISMS SERVED AS PRE-ADAPTATIONS, FACILITATING THE TRANSITION TO MULTICELLULARITY WHEN ENVIRONMENTAL
PRESSURES FAVORED COOPERATIVE BEHAVIORS AND CELLULAR SPECIALIZATION.

FrRoM SINGLE CeLLS To CoMPLEX ORGANISMS

THE TRANSITION FROM UNICELLULARITY TO MULTICELLULARITY INVOLVED MODIFICATIONS SUCH AS:

1. ENHANCED CELL ADHESION TO FORM STABLE COLONIES OR TISSUES.
2. MORE SOPHISTICATED CELL SIGNALING FOR COMMUNICATION AND COORDINATION.
3. DEVELOPMENT OF GENE REGULATION NETWORKS FOR CELL DIFFERENTIATION.

4. EVOLUTION OF EXTRACELLULAR MATRICES FOR STRUCTURAL SUPPORT.

THESE INCREMENTAL CHANGES BUILT UPON THE FOUNDATIONAL FEATURES PRESENT IN UNICELLULAR ANCESTORS, LEADING TO THE
EMERGENCE OF COMPLEX MULTICELLULAR LIFE FORMS.

Case STupIEs: CHOANOFLAGELLATES AND GREEN ALGAE

CHOANOFLAGELLATES
CHOANOFLAGELLATES ARE CONSIDERED THE CLOSEST LIVING RELATIVES OF ANIMALS. THEY POSSESS:
L] CELL ADHESION MOLECULES SIMILAR TO CADHERINS.

® FILAMENTOUS COLONIES THAT RESEMBLE EARLY MULTICELLULAR FORMS.

® SIGNALING PATHWAYS HOMOLOGOUS TO THOSE IN ANIMALS.



THESE FEATURES SUPPORT THE IDEA THAT THE TRANSITION TO MULTICELLULARITY INVOLVED CO-OPTING EXISTING CELLULAR
MACHINERY.

GREEN ALGAE

CERTAIN GREEN ALGAE, SUCH AS \/OLVOX, DEMONSTRATE SIMPLE MULTICELLULARITY, BUT THEIR UNICELLULAR ANCESTORS
SHARE FEATURES LIKE:

e CELL WALL COMPONENTS SIMILAR TO THOSE IN MULTICELLULAR FORMS,
o CELL POLARITY AND SPECIALIZED FLAGELLA.

o GENETIC PATHWAYS FOR CELL DIFFERENTIATION.

STUDYING THESE ORGANISMS PROVIDES INSIGHT INTO HOW MULTICELLULARITY EVOLVED IN PLANT LINEAGES.

CONCLUSION

THE FEATURES SHARED BETWEEN COMPLEX MULTICELLULAR ORGANISMS AND THEIR CLOSEST SINGLE-CELLED RELATIVES
UNDERSCORE THE EVOLUTIONARY CONTINUITY UNDERLYING BIOLOGICAL COMPLEXITY. MOLECULAR TOOLS FOR ADHESION,
SIGNALING, GENE REGULATION, AND CELLULAR SPECIALIZATION PREDATE THE EMERGENCE OF MULTICELLULARITY, SERVING AS THE
FOUNDATIONAL ELEMENTS UPON WHICH MULTICELLULAR LIFE WAS BUILT. RECOGNIZING THESE SHARED FEATURES NOT ONLY
ENHANCES OUR UNDERSTANDING OF EVOLUTION BUT ALSO HIGHLIGHTS THE IMPORTANCE OF STUDYING UNICELLULAR ORGANISMS
TO UNRAVEL THE ORIGINS OF COMPLEX LIFE FORMS.

UNDERSTANDING THESE EVOLUTIONARY CONNECTIONS EMPHASIZES THAT MULTICELLULARITY DID NOT ARISE DE NOVO BUT WAS
A GRADUAL PROCESS OF MODIFYING AND ELABORATING PRE-EXISTING CELLULAR FEATURES. THIS PERSPECTIVE FOSTERS A DEEPER
APPRECIATION FOR THE UNITY OF LIFE AND THE INTRICATE PATHWAYS THAT HAVE LED TO THE DIVERSITY OF ORGANISMS WE
OBSERVE TODAY.

FREQUENTLY ASKeD QUESTIONS

\WHAT ARE SOME CELLULAR COMMUNICATION FEATURES SHARED BETWEEN COMPLEX
MULTICELLULAR ORGANISMS AND THEIR CLOSEST SINGLE-CELLED RELATIVES?

BOTH EXHIBIT MECHANISMS FOR CELL SIGNALING AND COMMUNICATION, SUCH AS CHEMICAL SIGNALING PATHWAYS, WHICH
ALLOW CELLS TO COORDINATE ACTIVITIES BOTH WITHIN AND BETWEEN ORGANISMS.

DO SINGLE-CELLED ORGANISMS HAVE SPECIALIZED STRUCTURES SIMILAR TO TISSUES
FOUND IN MULTICELLULAR ORGANISMS?

W/HILE SINGLE-CELLED ORGANISMS LACK TRUE TISSUES, THEY CAN FORM COLONIES OR AGGREGATES WITH DIFFERENTIATED
FUNCTIONS, DEMONSTRATING A RUDIMENTARY FORM OF CELLULAR SPECIALIZATION SIMILAR TO TISSUE FUNCTIONS.

ARE MECHANISMS OF GENE REGULATION PRESENT IN BOTH COMPLEX MULTICELLULAR
ORGANISMS AND THEIR SINGLE-CELLED ANCESTORS?

YES/ FUNDAMENTAL GENE REGULATORY MECHANISMS, INCLUDING TRANSCRIPTION FACTORS AND EPIGENETIC MODIFICATIONS, ARE



CONSERVED, ENABLING CONTROLLED GENE EXPRESSION CRUCIAL FOR DEVELOPMENT AND FUNCTION.

How DO THE REPRODUCTIVE STRATEGIES OF SINGLE-CELLED RELATIVES COMPARE TO
THOSE OF MULTICELLULAR ORGANISMS?

SINGLE-CELLED ORGANISMS PRIMARILY REPRODUCE ASEXUALLY THROUGH DIVISION, BUT SOME CAN ENGAGE IN SEXUAL
PROCESSES; SIMILARLY, MULTICELLULAR ORGANISMS ALSO HAVE SEXUAL REPRODUCTION, INDICATING SHARED EVOLUTIONARY
ORIGINS OF REPRODUCTIVE STRATEGIES.

ARE THE CELLULAR STRUCTURES LIKE THE CYTOSKELETON PRESENT IN BOTH COMPLEX
MULTICELLULAR ORGANISMS AND THEIR CLOSEST SINGLE-CELLED RELATIVES?

YES/ STRUCTURES SUCH AS THE CYTOSKELETON ARE CONSERVED, PROVIDING CELLS WITH SHAPE, STRUCTURAL SUPPORT, AND
FACILITATING INTRACELLULAR TRANSPORT, ESSENTIAL FOR BOTH SINGLE-CELLED AND MULTICELLULAR LIFE FORMS.

\WHAT METABOLIC PATHWAYS ARE COMMON BETWEEN COMPLEX MULTICELLULAR
ORGANISMS AND THEIR SINGLE-CELLED ANCESTORS?

CORE METABOLIC PATHWAYS SUCH AS GLYCOLYSIS, THE CITRIC ACID CYCLE, AND OXIDATIVE PHOSPHORYLATION ARE
CONSERVED, ALLOWING ENERGY PRODUCTION AND BIOSYNTHESIS NECESSARY FOR SURVIVAL AND GROWTH IN BOTH TYPES OF
ORGANISMS.

ADDITIONAL RESOURCES

FEATURES OF COMPLEX MULTICELLULAR ORGANISMS THAT ARE ALSO PRESENT IN THEIR CLOSEST SINGLE-CELLED RELATIVES

THE EVOLUTIONARY JOURNEY FROM SINGLE-CELLED TO MULTICELLULAR LIFE REPRESENTS ONE OF THE MOST PROFOUND
TRANSITIONS IN BIOLOGICAL HISTORY. WHILE MULTICELLULARITY INTRODUCES REMARKABLE COMPLEXITY—ENABLING
SPECIALIZED TISSUES, INTRICATE DEVELOPMENTAL PROCESSES, AND COORDINATED FUNCTIONS—™MANY OF THE FUNDAMENTAL
FEATURES THAT UNDERPIN THESE ADVANCED TRAITS CAN BE TRACED BACK TO THE EVOLUTIONARY PRECURSORS SHARED WITH
THEIR CLOSEST SINGLE-CELLED RELATIVES. UNDERSTANDING WHICH FEATURES ARE CONSERVED OR REPURPOSED PROVIDES
CRITICAL INSIGHTS INTO HOW MULTICELLULARITY EVOLVED AND HOW LIFE’S COMPLEXITY EMERGED FROM SIMPLICITY.

IN THIS COMPREHENSIVE REVIEW, WE EXPLORE THE BIOLOGICAL TRAITS AND MOLECULAR MECHANISMS THAT ARE PRESENT BOTH IN
COMPLEX MULTICELLULAR ORGANISMS AND THEIR SINGLE-CELLED ANCESTORS OR RELATIVES. THIS ANALYSIS UNDERSCORES THE
CONTINUITY OF LIFE AND REVEALS HOW THE BUILDING BLOCKS OF MULTICELLULARITY PREDATE THE EMERGENCE OF
MULTICELLULAR FORMS, OFTEN FUNCTIONING IN DIFFERENT CONTEXTS OR AT DIFFERENT ORGANIZATIONAL LEVELS.

GENETIC AND MOLECULAR FOUNDATIONS SHARED BETWEEN SINGLE-CELLED
AND MULTICELLULAR ORGANISMS

1. ConserVATION OF KEY REGULATORY GENES AND GENE FAMILIES

ONE OF THE MOST STRIKING REVELATIONS FROM COMPARATIVE GENOMICS IS THAT MANY GENES INVOLVED IN MULTICELLULAR
DEVELOPMENT ARE CONSERVED ACROSS DIVERSE LINEAGES, INCLUDING SINGLE-CELLED ORGANISMS. THESE GENES OFTEN BELONG
TO LARGE GENE FAMILIES THAT ENCODE PROTEINS RESPONSIBLE FOR CELL SIGNALING, ADHESION, AND REGULATION.



- HoMeoeox (Hox) AND Hox-LIke GENES: INITIALLY ASSOCIATED WITH BODY PATTERNING IN ANIMALS, HOMOLOGS OF Hox
GENES HAVE BEEN IDENTIFIED IN UNICELLULAR RELATIVES OF ANIMALS, SUCH AS CHOANOFLAGELLATES. T HESE GENES, WHICH
ENCODE TRANSCRIPTION FACTORS, ARE CRUCIAL FOR DEVELOPMENTAL PATTERNING IN MULTICELLULAR ORGANISMS BUT ALSO
SERVE REGULATORY ROLES IN SINGLE-CELLED CONTEXTS, SUCH AS CONTROLLING GENE EXPRESSION IN RESPONSE TO
ENVIRONMENTAL CUES.

- CADHERINS AND CELL ADHESION MOLECULES: CADHERINS, ESSENTIAL FOR CELL-CELL ADHESION IN MULTICELLULAR TISSUES,
HAVE HOMOLOGS IN SINGLE-CELLED ORGANISMS LIKE CHOANOFLAGELLATES AND SOME PROTISTS. THESE ADHESION MOLECULES
FACILITATE INTERACTIONS WITH THE ENVIRONMENT OR NEIGHBORING CELLS, SUGGESTING THAT THE MOLECULAR MACHINERY FOR
ADHESION PREDATES MULTICELLULARITY.

- SIGNALING PATHWAYS (£.G., WNT, TGF-8, NOTCH): MANY CONSERVED SIGNALING PATHWAYS ORIGINALLY FUNCTIONED TO
REGULATE ENVIRONMENTAL RESPONSES, FEEDING, OR CELL COMMUNICATION IN UNICELLULAR ANCESTORS. THESE PATHWAYS
HAVE BEEN CO-OPTED AND ELABORATED UPON DURING THE EVOLUTION OF MULTICELLULARITY TO COORDINATE CELL
DIFFERENTIATION AND TISSUE FORMATION.

2. MoLECULAR MACHINERY FOR CELL COMMUNICATION AND ENVIRONMENTAL SENSING

COMMUNICATION AND ENVIRONMENTAL SENSING ARE FUNDAMENTAL FOR BOTH SINGLE-CELLED AND MULTICELLULAR LIFE FORMS.
THE MOLECULAR COMPONENTS INVOLVED OFTEN OVERLAP SIGNIFICANTLY:

- RECePTOR PROTEINS: G-PROTEIN COUPLED RECEPTORS (GPCRS), RECEPTOR KINASES, AND OTHER SENSOR PROTEINS ARE
FOUND IN UNICELLULAR PROTISTS. THESE RECEPTORS DETECT NUTRIENTS, LIGHT, OR CHEMICAL SIGNALS, ENABLING RAPID
RESPONSES THAT ARE ANALOGOUS TO SIGNALING IN MULTICELLULAR TISSUES.

- SEconD MesseNGER SysTems: CycLic NUCLEOTIDES (CAMP, cGMP), CALCIUM SIGNALING, AND OTHER SECOND MESSENGERS
ARE CONSERVED AND UTILIZED IN PROCESSES RANGING FROM CHEMOTAXIS IN SINGLE-CELLED PROTISTS TO TISSUE SIGNALING IN
MULTICELLULAR ORGANISMS.

- GAPJUNCTIONS AND INTERCELLULAR COMMUNICATION: ALTHOUGH SPECIALIZED STRUCTURES LIKE GAP JUNCTIONS ARE UNIQUE
TO ANIMALS, THE MOLECULAR COMPONENTS INVOLVED IN CELL COMMUNICATION AND MOLECULAR EXCHANGE HAVE PRECURSORS
IN UNICELLULAR ORGANISMS, WHICH CAN TRANSFER MOLECULES OR IONS THROUGH MEMBRANE CHANNELS.

CELLULAR STRUCTURES AND FUNCTIONAL TRAITS SHARED ACROSS LIFE
ForMs

1. CyToskeLETAL COMPONENTS AND DYNAMICS

THE CYTOSKELETON, COMPRISING ACTIN FILAMENTS, MICROTUBULES, AND INTERMEDIATE FILAMENTS, IS CENTRAL TO MAINTAINING
CELL SHAPE, ENABLING MOTILITY, AND FACILITATING INTRACELLULAR TRANSPORT. THESE COMPONENTS ARE CONSERVED FROM
SINGLE-CELLED PROTISTS TO COMPLEX MULTICELLULAR ORGANISMS.

- ACTIN AND MICROTUBULES: UBIQUITOUS ACROSS EUKARYOTES, THESE STRUCTURES FACILITATE PROCESSES SUCH AS
PHAGOCYTOSIS, CELL DIVISION, AND MOTILITY. IN UNICELLULAR PROTISTS, THEY ENABLE LOCOMOTION VIA FLAGELLA OR
PSEUDOPODIA; IN MULTICELLULAR ORGANISMS, THEY SUPPORT TISSUE INTEGRITY AND MORPHOGENESIS.

- MOLECULAR MOTORS: MYOSINS, KINESINS, AND DYNEINS—™MOLECULAR MOTORS THAT MOVE ALONG CYTOSKELETAL
FILAMENTS——ARE ESSENTIAL FOR VESICLE TRANSPORT, CELL DIVISION, AND OTHER FUNCTIONS. THESE MOTORS ARE CONSERVED
AND HAVE BEEN ADAPTED FOR SPECIALIZED ROLES IN MULTICELLULAR TISSUES.



2. CELLULAR ENERGY PRODUCTION AND METABOLIC PATHWAYS

THE CORE METABOLIC PATHWAYS——GLYCOLYSIS, THE CITRIC ACID CYCLE, OXIDATIVE PHOSPHORYLATION—ARE ANCIENT AND
SHARED ACROSS ALL EUKARYOTES.

- MIToCHONDRIA: ORIGINATING FROM ENDOSYMBIOTIC EVENTS, MITOCHONDRIA ARE PRESENT IN BOTH SINGLE-CELLED PROTISTS
AND MULTICELLULAR ORGANISMS, UNDERPINNING ENERGY PRODUCTION NECESSARY FOR COMPLEX FUNCTIONS.

- REGULATION OF METABOLISM: THE GENETIC AND ENZYMATIC MACHINERY CONTROLLING ENERGY METABOLISM PREDATES

MULTICELLULARITY, ALLOWING SINGLE-CELLED ANCESTORS TO ADAPT TO DIVERSE ENVIRONMENTS, A TRAIT EXPLOITED DURING
THE EVOLUTION OF MULTICELLULAR COMPLEXITY.

DEVELOPMENTAL AND MORPHOGENETIC FEATURES

1. CeLL CycLE AND DiVISION MACHINERY

THE FUNDAMENTAL PROCESSES GOVERNING CELL DIVISION—MITOSIS, CYTOKINESIS, AND CELL CYCLE CHECKPOINTS—ARE
CONSERVED.

- MiTosis AND CYTOKINESIS: THE MOLECULAR MACHINERY ENSURING ACCURATE CHROMOSOME SEGREGATION AND CELL DIVISION
IS SHARED ACROSS UNICELLULAR AND MULTICELLULAR EUKARYOTES. THIS MACHINERY HAS BEEN ADAPTED IN MULTICELLULAR

ORGANISMS TO COORDINATE TISSUE GROWTH AND DEVELOPMENT.

- CeLL CvcLe RegULATION: CYCLINS, CYCLIN-DEPENDENT KINASES (CDKS), AND THEIR REGULATORS ARE ANCIENT PROTEINS
PRESENT IN SINGLE-CELLED ORGANISMS, CONTROLLING PROLIFERATION IN RESPONSE TO ENVIRONMENTAL SIGNALS.

2. DIFFERENTIATION AND SPECIALIZATION: AN EVOLUTIONARY PERSPECTIVE

W/HILE TRUE CELL DIFFERENTIATION INTO DISTINCT TISSUES IS A HALLMARK OF MULTICELLULARITY, THE GENETIC POTENTIAL FOR
DIFFERENTIATION EXISTS IN UNICELLULAR ANCESTORS:

- GENE REGULATION FOR SPECIALIZED STATES: SINGLE-CELLED ORGANISMS CAN SWITCH BETWEEN DIFFERENT PHYSIOLOGICAL
STATES (E.G., VEGETATIVE, CYST, SPORE FORMATION), CONTROLLED BY GENE REGULATION NETWORKS SIMILAR TO THOSE USED
IN MULTICELLULAR DEVELOPMENT.

- ENVIRONMENTAL RESPONSE AS A PROXY FOR DIFFERENTIATION: PROTISTS OFTEN RESPOND TO ENVIRONMENTAL CUES BY

ALTERING THEIR MORPHOLOGY OR BEHAVIOR, A PRIMITIVE FORM OF CELLULAR SPECIALIZATION THAT REFLECTS THE GENETIC
TOOLKIT LATER USED IN THE CONTEXT OF MULTICELLULARITY.

GENOMIC INSIGHTS INTO THE EVOLUTIONARY CONTINUITY

ADVANCES IN GENOMICS HAVE PROVIDED COMPELLING EVIDENCE FOR THE DEEP EVOLUTIONARY ROOTS OF MANY COMPLEX
TRAITS!:

- SHARED GENETIC TOOLKIT: THE PRESENCE OF CONSERVED GENE FAMILIES ACROSS DIVERSE EUKARYOTES INDICATES THAT THE



GENETIC TOOLS NECESSARY FOR MULTICELLULARITY EXISTED BEFORE THE EMERGENCE OF MULTICELLULAR LIFE.

- GENE CO-OPTION AND INNOVATION: MANY GENES ORIGINALLY SERVED FUNCTIONS IN SINGLE-CELLED CONTEXTS—SUCH AS
ENVIRONMENTAL SENSING OR FEEDING™AND WERE CO~OPTED DURING EVOLUTION TO SERVE NEW ROLES IN TISSUE FORMATION,
CELL ADHESION, AND DEVELOPMENTAL SIGNALING.

- HorizoNTAL GENE TRANSFER AND GENE LOSS: THESE PROCESSES ALSO SHAPE THE GENOMIC LANDSCAPE, CONTRIBUTING TO
THE RETENTION OR LOSS OF TRAITS RELEVANT TO MULTICELLULARITY, REFLECTING A MOSAIC INHERITANCE PATTERN.

IMPLICATIONS FOR UNDERSTANDING MULTICELLULARITY

THE RECOGNITION THAT MANY FEATURES OF COMPLEX MULTICELLULAR ORGANISMS ARE ROOTED IN THEIR SINGLE-CELLED
ANCESTORS EMPHASIZES THE INCREMENTAL NATURE OF EVOLUTION. RATHER THAN SUDDEN INNOVATIONS, MULTICELLULARITY
APPEARS TO HAVE ARISEN THROUGH THE MODIFICATION, CO-OPTION, AND ELABORATION OF PRE-EXISTING MOLECULAR AND
CELLULAR SYSTEMS.

THIS UNDERSTANDING HAS SEVERAL IMPLICATIONS:

- EvoLUTIONARY FLEXIBILITY: THE CONSERVED TOOLKIT ALLOWS FOR VERSATILE ADAPTATIONS, ENABLING SINGLE-CELLED
ORGANISMS TO RESPOND TO ENVIRONMENTAL CHALLENGES WITH BEHAVIORS THAT FORESHADOW MULTICELLULAR COOPERATION.

- ORIGINS OF CELL SPECIALIZATION: THE CAPACITY FOR GENE REGULATION AND MOLECULAR SIGNALING IN UNICELLULAR
ORGANISMS LAID THE GROUNDWORK FOR THE EVOLUTION OF SPECIALIZED CELL TYPES AND TISSUES.

- RESEARCH AND BIOMEDICAL RELEVANCE: STUDYING THE FEATURES SHARED BETWEEN SINGLE-CELLED AND MULTICELLULAR
ORGANISMS CAN INFORM REGENERATIVE MEDICINE, DEVELOPMENTAL BIOLOGY, AND THE UNDERSTANDING OF DISEASES LIKE CANCER,
WHERE CELLULAR COOPERATION AND DIFFERENTIATION GO AWRY.

CONCLUSION

THE EVOLUTIONARY STORY OF MULTICELLULARITY IS ONE OF CONTINUITY AND INNOVATION. MANY FEATURES CHARACTERISTIC
OF COMPLEX ORGANISMS—SUCH AS CONSERVED SIGNALING PATHWAYS, ADHESION MOLECULES, CYTOSKELETAL COMPONENTS,
AND GENE REGULATORY NETWORKS—WERE NOT INVENTED FROM SCRATCH BUT WERE INHERITED AND REPURPOSED FROM THEIR
SINGLE-CELLED ANCESTORS. THESE SHARED FEATURES UNDERSCORE THE EVOLUTIONARY PRINCIPLE THAT COMPLEXITY BUILDS
UPON EXISTING STRUCTURES, WITH MULTICELLULARITY EMERGING AS A NATURAL EXTENSION OF CELLULAR CAPABILITIES
ALREADY PRESENT IN THE ANCESTRAL UNICELLULAR LINEAGES.

(UNDERSTANDING THESE LINKS ILLUMINATES HOW THE INTRICATE TAPESTRY OF MULTICELLULAR LIFE IS WOVEN FROM THE
THREADS OF SINGLE-CELLED BIOLOGY, HIGHLIGHTING THE DEEP EVOLUTIONARY CONNECTIONS THAT UNITE ALL EUKARYOTIC LIFE
FORMS.
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