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Abstract 

Mesenchymal Regulation of Jaw Bone Length 

Erin Lynn Ealba 

With the goal of devising new therapies for skeletal diseases, injuries, and birth 

defects, there is keen interest to discover mechanisms through which mesenchymal 

cells make bone. Many studies have pointed to molecular factors that induce the 

osteogenic differentiation of mesenchyme in vitro, but since a clinical objective is to 

engineer mesenchyme for applications in vivo, more work is required to identify critical 

interactions between osteogenic mesenchyme and surrounding tissues, such as 

osteoclasts. In the developing jaws and face, all bone comes from neural crest 

mesenchyme (NCM) whereas osteoclasts arise from mesoderm. We take advantage of 

these distinct embryonic origins and transplant faster developing quail NCM into slower 

developing duck embryos.  Previously, using this quail-duck chimeric system, we have 

shown that NCM makes bone by executing autonomous molecular and histogenic 

programs. Here, I assess the effects of NCM and their effects on host-derived 

osteoclasts by using histology and immunochemistry (Milligan’s Trichrome, Q¢PN, 

Tartrate-resistant acid phosphatase (TRAP)), whole-mount staining analysis (TRAP, 

alizarin red), gene expression (in situs, RNA isolation, cDNA synthesis, reverse 

transcription quantitative real-time PCR (RT-qPCR)), Cloning (PCR, pGEM-T Easy), 

Fluorescence-Activated Cell Sorting (FACS), proliferation analysis (BrdU, ImageJ), 

Inhibiting and activating resorption (Alendronate, matrix metalloproteinase 13 (MMP13) 

inhibitor, recombinant osteoprotogerin (rOPG), recombinant receptor activator of nuclear 

factor κ β (rRANKL)), and morphometric analysis.  We find that the influence of NCM on 

osteoclast activity has direct implications for differences in craniofacial elements. We 

conclude that the timing of matrix remodeling plays an important role in determining jaw 

length. 
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Chapter 1: Introduction 

 

Craniofacial malformations are some of the most common birth defects and the 

only option currently available to treat craniofacial malformations are invasive surgeries 

[1, 2]. Without surgery these children have social and nutritional quality of life issues, but 

by undergoing the surgeries children must endure pain, high costs, and risks of 

complications, such as nerve damage, infection, and vascular complications.  Identifying 

molecular and cellular mechanisms through which elements in the jaw skeleton achieve 

their proper size is crucial for devising novel treatment strategies and ultimately for 

preventing such birth defects. The proposed research seeks to directly address the 

question of jaw size, and intervene during development to assess the efficacy of 

molecular approaches to manipulate the length of bone. 

 

Not much is known on how jaw length is controlled.  This lack of knowledge 

leaves distraction osteogenesis as one of the few ways to change jaw length, even 

though it is known to be much more difficult to accomplish this technique in the face than 

in other areas of the body. Procedures to treat jaw length disparities may greatly benefit 

from a broader knowledge base of the molecular and cellular mechanisms that control 

jaw length.  Some groups have looked at bone deposition in controlling jaw length, but 

our preliminary data suggest that a bone resorption may also control jaw length. The 

idea that bone resorption can influence jaw length has not previously been reported. The 

Schneider lab has previously shown that neural crest mesenchyme (NCM) controls jaw 

length and my study shows that bone resorption is controlled by NCM.  Even more 

exciting is the tremendous potential in developing a pharmacological approach to treat 
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malformations in jaw length. By determining the precise mechanism of bone resorption, 

future studies will be able to develop accurate treatments to control jaw length. 

 

The presented research employs a unique avian chimeric system that provides a 

novel way to elucidate tissue interactions and molecular mechanisms through which 

NCM establishes jaw length in vivo.  These projects also define developmental periods 

when cells and tissues are competent to respond to inductive signals, which has clinical 

implications for creating new strategies to treat craniofacial birth defects in utero.  Each 

project has particular clinical relevance and can serve as a proof-of-principle that 

molecular-based therapies can be devised to treat disorders that affect jaw length and 

possibly other disorders affected by abnormal bone size.  This unique vertebrate system 

has an extremely accessible in vivo system, especially when compared to mammals 

used in research, to perform precise surgical manipulations to determine the specific 

effects of NCM.  Thus, I am hopeful that the research will provide a foundation for 

developing biologically based, non-surgical methods to treat a variety of clinical 

conditions. 

 

Embryonic Origins of Bone and Supporting Tissues in the Avian Mandibular Arch 

The mandibular arch consists of maxillary and mandibular primordia, which 

produce the upper and lower parts of the jaw.  Neural crest mesenchyme (NCM) that 

migrates out of the midbrain and rostral hindbrain is the only source of osteoblasts within 

these primordial [3].  The maxillary and mandibular primordia also contain investments 

from mesoderm, which form angioblasts and osteoclasts, among other cell types [4-7].   
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Bone is important for providing multiple mechanical functions, such as – rigidity 

and shape, protection and support for body structures, and aids in locomotion [8].  The 

rate of bone turnover, collagen matrix, size, structure, geometry, and density all combine 

to determine the bone’s overall mechanical properties.  Since bone is a highly dynamic 

structure that is constantly undergoing remodeling many processes need to be 

organized.  Systemic and local regulatory mechanisms, as well as the cell-cell 

interactions, are involved in bone development, morphogenesis, and remodeling. 

 

Osteoclasts are cells that are derived from the monocyte/macrophage 

haematopoietic lineage. They are known to be important in bone resorption and release 

tartrate resistant acid phosphatase (TRAP), cathepsin K, and osteoclast-specific matrix 

metalloproteinase 9 (MMP9) to erode underlying bone [9, 10]. Degradation products 

from the osteoclast include collagen fragments, solubilized calcium, and phosphate.  To 

show this was also true in our chimeric quck, we analyzed sections and revealed that 

TRAP positive-staining was seen directly under osteoclasts coming from the duck host 

(i.e., Q¢PN-negative and not NCM derived) (Fig. 5M). 

 

The process of bone remodeling is composed of four steps: activation, resorption, 

reversal, and formation [11].  During activation, osteoclasts migrate to the site of where 

the break down of bone will follow.  Next bone resorption occurs within certain pockets of 

bone.  Subsequently the stage of reversal begins; this stage is characterized by the 

apoptosis of osteoclasts.  Then bone formation begins and new bone is formed by 

osteoblasts. The quiescent state of bone is reached when the active osteoblasts either 

1) incorporate into the bone as osteocytes, 2) transform into bone-surface-lining cells, or 

3) apoptosis. 
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The basic multicellular unit of bone, where remodeling is localized within the 

bone, is comprised the osteocytes, osteoclasts, and osteoblasts. In 1981, Rodan and 

Martin proposed a novel hypothesis wherein the osteoblast played a central role in 

mediating the hormonal control of osteoclastogenesis and bone resorption, which was 

further supported by experimental confirmation [12, 13].  It makes sense that the critical, 

initial step of bone remodeling, activation, should be under the control of 

preosteoblastic/stromal cells.  Three members of the tumor necrosis factor (TNF) 

superfamily have been identified in playing an important function of the preosteoblastic, 

osteoblastic, and osteocytic cells controlling osteoclastogenesis and bone resorption; 

these are osteoprotegerin (OPG), receptor activator of NF-κβ (RANK), and RANK ligand 

(RANKL).   

 

RANKL is an essential regulator of osteoclast formation, function, and survival 

[14-16].  Specifically, RANKL has been implicated in the fusion of osteoclast precursors 

into multinucleated cells, their differentiation into mature osteoclasts, their attachment to 

bone surfaces, their activation to resorb bone, their continued survival by avoiding 

apoptosis, and modulating MMP9 expression [16-20].  Interestingly, MMP-9 expressed 

in greater levels in calvarial osteoclast than in long bones. RANKL is required for the 

existence of osteoclast and for the resorption of bone, as shown by the total absence of 

osteoclasts in knockout mice that lack RANKL.  The RANKL knockout mice also exhibit 

shortened tibia length and their teeth fail to erupt. [21, 22] 

 

OPG is an endogenous decoy receptor that binds to RANKL and thereby 

prevents osteoclast activity [23].   A mutation has been identified in human OPG that 

cause Juvenile Paget disease. It has been shown that even a short-term inhibition of 

RANKL via one single injection of recombinant OPG leads to marked suppression of 
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osteoclasts and significant increases in bone volume and density leads to consistent, 

rapid, and marked reduction in osteoclast number [24, 25]. Recombinant RANKL is also 

capable of causing severe skeletal catabolism in mice [26] and in rats [27]. 

 

RANKL binds to a single receptor called RANK [14, 17, 28]. RANK tends to be 

minimally regulated, which is not unexpected because the modulation of OPG and/or 

RANKL levels is probably sufficient to control the signaling output of RANK.  RANK is 

also required for the existence of osteoclast and for the resorption of bone, as shown by 

the total absence of osteoclasts in knockout mice that lack RANK [14, 15].  There are 

known human mutations increase the activity of RANK, including familial expansile 

osteolysis, familial paget’s disease, expansile skeletal hyperphoshatasia.   

 

 Osteoclasts are not the only cell type known to be directly responsible for bone 

resorption, osteocytes are also known to resorb bone.  Eventhough, the process of 

osteocytes resorbing bone was named osteocytic osteolysis in 1969, it has only gained 

acceptance in recent years [29-31].  Specifically, osteocytes have been found to express 

TRAP and cathespsin K [30, 32].  Osteocytes, like osteoclasts, can remove their 

surrounding mineralized matrix and contribute directly to the regulation of calcium 

homeostasis.  During osteocytic osteolysis, MMP13, which is specific to the osteoblast 

lineage, is significantly increased [30]. 

 

 MMP13, a collagenase, plays a role in bone development and is first seen in 

human fetal calvarial bone at 16 weeks, this corresponds to the same developmental 

stage when we see the onset of MMP13 we see in the mandibles of quail and duck (Fig. 

6 G-M) [33-35].  When the mineralized surface of bone is exposed by collagenolysis, a 

resorptive-inductive surface is created for osteoclasts [36-38].  Furthermore, active 
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MMP-13 stimulates proMMP-9 into its active form to foster additional bone resorption 

[39].  When this process is disrupted, such as in MMP13 knockout mice, an increased 

bone volume phenotype is observed [38].  A mutation in human MMP13 causes 

Spondyloepimetaphyseal dysplasia, Missouri type [40].   

 

Bisphosphonates are known to inhibit bone resorption by effects on osteoclasts 

and osteocytes and were approved by the Federal Drug Administration, starting in 1995, 

for treating osteoporosis in postmenopausal women and in men [41].  Bisphosphonates 

are known to have a very high affinity for bone mineral and inhibit hydroxyapatite 

breakdown, but the precise mechanism of action is not well understood.  

Bisphosphonates have clear antiresorptive effects.  They are capable of inducing 

osteoclast apoptosis, but this does not seem to be an essential component of their ability 

to suppress bone resorption since their use can still be associated with normal or even 

an increased number of osteoclasts [42].  Bisphosphonates have been shown to limit 

osteoblast and osteocyte apoptosis and inhibit MMP13 [43-45].  These findings point to 

the fact that bisphosphonates have a different mechanism of action than RANKL/OPG, 

and developing drugs based on RANKL/OPG may address a critical clinical need since 

bisphosphonates are know to cause bisphosphonate-related osteonecrosis of the jaw 

[42, 46]. 

 

Osteogenesis via Intramembranous Ossification  

Osteogenesis in NCM is a multi-step process that involves induction, proliferation, 

condensation, differentiation, matrix (osteoid) deposition, vascularization, mineralization, 

and remodeling.  Two types of bone develop in the mandibular arch.  All the bones of the 

avian jaw, excluding the quadrate and articular, which form the avian jaw joint, are 

dermal bones.  Unlike replacement bones, which first form as cartilaginous templates 
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and are later replaced via endochondral ossification, dermal bones arise through direct 

intramembranous ossification of NCM [47, 48].  

 

Variation in Jaw Length in Nature 

The beaks of japanese quail (Coturnix coturnix japonica) and white Pekin duck (Anas 

platyrhynchos) are distinct in terms of overall size and shape both as adults (Fig. 4A, B) 

and as embryos (Fig. 3 and Fig. 5A, B), which offers a means to assess whether donor- 

or host-derived tissues direct species-specific morphology.  Normally, the distal tips of 

the upper and lower portions of the embryonic beak are aligned closely in quail and duck.  

By transplanting NC destined to form the lower jaw skeleton between quail and duck we 

can modify only the lower aspect of the beak, indicating that upper and lower beak 

length are established independently and controlled by NC (Fig. 5C, D).  The 

misalignment in overall size and shape occurs naturally in some avians.  For example, 

the beak of adult Kea (Nestor notabilis) has a shorter lower jaw when compared to the 

upper jaw (Fig. 1A, B).  While the adult black skimmer (Rynchops niger) has a longer 

lower jaw when compared to the upper jaw (Fig. 1C-F).  The adaptions in their beak 

lengths make them well suited for their environments (i.e. the black skimmers can use 

their long lower beak to scoop fish from the top of water to enhance their feeding).  

 

The misalignments of lower to upper jaw are not only seen in avian but also fish. 

Adult halfbeak (Hemiramphidae) have a longer lower jaw when compared to the upper 

jaw and adult swordfish (Xiphias gladius) have a shorter lower jaw when compared to 

the upper jaw (Fig. 2A-D).  It is interesting to note that a recent study has analyzed the 

evolutionary transitions between jaw ontogenies in beloniform fishes, which includes 
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halfbeaks; Adrianichthyidae (ricefish and medakas); Belonidae (needlefish); Exocoetidae 

(flyingfishes); and the Scomberesocidae (sauries) [49].  They showed that halfbeaks are 

relatively basal members of beloniform fishes.  Additionally, it shows that the “halfbeak” 

juvenile state can have 3 different adult facial shapes; “needle-jawed”, “halfbeak”, or 

“short-jawed” (Fig. 2E).  Clinically this is of interest since we see a change in the jaw size 

of patients from adolescents into adulthood.  The beloniform fishes may serve as an 

interesting model system for studying jaw length in the future since they mature from 

larval to juvenile to adults in approximately 20 days post hatching. 

 

Overview of Experimental Approach  

Based on published and preliminary data, I hypothesized that NCM directs its 

own osteogenic program and coordinates the activities of osteoclasts to establish 

differences in jaw length.  To test my hypothesis, I generated quail-duck chimeras as 

part of a unique in vivo approach for investigating the role of signaling events controlled 

by NCM under physiological conditions.  In each study I assessed if NCM maintains its 

control over the timing of osteoblast differentiation, matrix remodeling, and ultimately jaw 

length. 
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Figure 1. Variation in Avian Jaw Lengths. (A) A photograph of the lateral view of an 

adult Kea (nestor notabilis) skull. (B) The ventral view of an adult Kea skull. (C) A 

photograph of an adult black skimmer (Rynchops niger). (D) A photograph of the lateral 

view of an adult black skimmer skull (E) The ventral view of an adult black skimmer skull.  

(F) The ventral view of an adult black skimmer mandible.  Erin Lynn Ealba photographed 

the skulls at the Smithsonian National Museum of Natural History Division of Birds.
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 Figure 2. Variation in Fish Jaw Lengths. (A) Lateral view of an adult Halfbeak 

(Hemiramphidae).  (B) Lateral view of an adult Swordfish (Xiphias gladius).  (C) Lateral 

view of an adult Halfbeak skull. (D) Lateral view of an adult Swordfish skeleton. (E) 

Hypothesized summary of evolutionary transitions between jaw ontogenies in beloniform 

fishes, which includes halfbeaks; Adrianichthyidae (ricefish and medakas); Belonidae 

(needlefish); Exocoetidae (flyingfishes); and the Scomberesocidae (sauries) [49].  The 

juvenile state is on the left side of the boxes and the adult state is on the right side of the 

boxes. 
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Figure 3. Cone Beam Commuted Tomography. (A) Scan of a whole HH39 duck, 

lateral view.  (B) Ventral view of the mandible from the same HH39 duck.  Red dots are 

apply in 3D and will only mark calcified tissue in the scan.  The blue line calculates the 

distance between the two red dots on the mandible.
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Chapter 2 - A novel role for bone resorption in the evolution of species-specific 

beak length 

 

SUMMARY 

The avian beak represents a classic example of adaptive evolution.  Precise control of 

beak length during development is critical for ensuring proper form and function.  

Previously, we have found that one embryonic population of cells, the cranial neural 

crest (NC), governs the species-specific size and shape of the beak by autonomously 

regulating molecular and histological programs for skeletal patterning and differentiation, 

especially the induction and deposition of cartilage and bone [48, 50, 51].  Here we show 

that a hitherto unrecognized but essential aspect of establishing beak length involves the 

process of bone resorption during development.  Traditionally, mesoderm-derived 

osteoclasts have been viewed as the predominant agent through which bone becomes 

resorbed during remodeling [52].  However, more recently a role for osteocytes has been 

appreciated [29, 30, 53].  This study demonstrates that NC controls bone resorption and 

ultimately establishes beak length through the actions of NC-derived osteocytes and by 

mediating the activity of mesoderm-derived osteoclasts.  First, we compare beak 

development in quail and duck and find that quail have substantially higher levels of 

bone resorption markers such as TRAP enzyme activity and osteocyte-specific MMP13 

expression than do duck.  Second, we transplant NC destined to form the beak skeleton 

from quail to duck and demonstrate that NC controls bone resorption on the molecular 

and histological levels.  Third, by either activating or inhibiting bone resorption with 

pharmacological reagents and recombinant proteins such as an MMP13 inhibitor, a 

bisphosphonate, rOPG, and rRANKL, we significantly lengthen and shorten the beak.  

Finally, we find that less remodeling in the embryonic beak skeleton of duck presages 

the higher bone mineral density (BMD) observed in their adult beaks.  Moreover, we 
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show that quail donor-NC establish BMD in the duck host jaw skeleton, further 

emphasizing the central role of NC and the process of remodeling in the evolution and 

functional morphology of the beak. 

 

MAIN 

Bird beaks are among the most exquisitely adapted and highly diversified 

structures of vertebrates.  Beaks are often perfectly suited for intricate species-specific 

behaviors related to feeding, predation, vocalization, mating, and preening.  Such 

fundamental connections between form and function served as the foundation for early 

theories of evolution by natural selection best epitomized by the beaks of Darwin’s 

finches [54].  Ever since Darwin, the majority of work on beak evolution has focused on 

the role of the ecological niche and behavior in shaping the beak.  In contrast, much less 

attention has been given to identifying internal molecular and cellular mechanisms that 

generate species-specific differences in beak morphology. 

 

Recently, by analyzing and manipulating domains of gene expression, and by 

using surgically created chimeric embryos that exploit anatomically distinct birds, a few 

studies have identified some sources of species-specific patterning information.  For 

example, differential domains of Bone Morphogenetic Protein 4 (Bmp4) expression in 

beak precursor cells underlie species-specific variations in depth and width of the beak 

among various bird embryos including Darwin’s finches, chicks, ducks, and cockatiels 

[55-58].  Beak length appears to be under separate regulatory control, especially through 

actions of the calmodulin-dependent pathway, which mediates cellular calcium signaling 

[59, 60]. 
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To understand the developmental origins of species-specific beak pattern, we 

have established a quail-duck chimeric transplant system, which capitalizes on three 

features that set these birds apart [61].  First, beaks of quail and duck are distinct in 

terms of overall size and shape both as adults (Fig. 4A, B) and as embryos (Fig. 5A, B), 

which offers a means to assess whether donor- or host-derived tissues direct species-

specific morphology.  Second, quail and duck embryos have highly divergent maturation 

rates, which provides a way to evaluate effects of donor cells on the host by looking for 

species-specific changes to the timing of gene expression and histogenesis.  Third, 

there is an anti-quail antibody (Q¢PN) that does not recognize duck cells, which allows 

donor and host contributions to be distinguished from one another permanently. 

Quail-duck chimeras demonstrate that one embryonic population of cells, the cranial 

neural crest (NC), serves as a source of species-specific beak and jaw pattern [48, 62].  

NC originates within the dorsal margins of the neural tube and generates a variety of 

tissues including bone and cartilage of the beak [63].  When NC is transplanted between 

quail and duck, quail NC gives rise to short, blunt quail-like beaks on duck hosts (“quck”), 

whereas duck NC produces long, broad duck-like bills on quail hosts (“duail”).  NC can 

also be transplanted unilaterally and donor cells will fill one side of the host beak (Fig. 

4C, D).  This type of experimental approach maintains the non-surgical side as an 

internal control [62, 64], and facilitates a direct comparison of donor- and host-derived 

tissue in the same chimeric skeleton. 

 

Our prior work has shown that in chimeras, the beak skeleton acquires species-

specific identity because donor NC executes autonomous molecular and histological 

programs that control induction and deposition of cartilage and bone [50, 51].  In the 

current study, we have discovered that NC also mediates a previously unrecognized but 

essential mechanism that regulates jaw length, which is the process of bone resorption.  
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Two cell types actively resorb bone.  Mesoderm-derived osteoclasts have traditionally 

been viewed as the predominant cell type through which bone becomes resorbed during 

remodeling [52] and in our chimeric system osteoclasts come exclusively from the host 

(Fig. 4E).  However osteocytes, which in the beak skeleton arise solely from NC, also 

resorb bone [29, 30, 53].  Here we demonstrate that NC controls bone resorption and 

ultimately establishes beak length by modulating activity of NC-derived osteocytes and 

mesoderm-derived osteoclasts. 

 

Normally, the distal tips of the upper and lower portions of the embryonic beak 

are aligned closely in quail and duck (Fig. 5A, B).  By transplanting NC destined to form 

the lower jaw skeleton between quail and duck we can modify only the lower aspect of 

the beak, indicating that upper and lower beak length are established independently and 

controlled by NC (Fig. 5C, D).  To understand if such species-specific differences in 

beak length are related to the process of bone resorption, we stained whole quail and 

duck heads at Hamburger and Hamilton (HH) stage 36 [65] and HH39 for tartrate-

resistant acid phosphatase (TRAP), which is secreted by both osteoclasts and 

osteocytes [30, 53, 66].  TRAP activity was not seen in either quail or duck before stage 

HH36 (data not shown) but rather at HH36 soon after initiation of mineralization (Fig. 4E, 

F), which increased at HH39 as the beak skeleton matured (Fig. 5H, I).  At both time-

points, we observed higher levels and different spatial domains of TRAP activity in quail 

relative to that found in stage-matched duck, indicating that quail undergo more bone 

resorption than duck, and suggesting that elevated resorption relates to their shorter 

beaks.  Quantifying the number of TRAP-positive cells per unit surface of bone in 

sections showed no difference between quail and duck (data not shown) signifying that 

species-specific TRAP staining relates to distinct levels of activity and distribution of cells 

rather than numbers of cells. 
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To test the extent to which NC regulates bone resorption we analyzed TRAP 

activity in whole chimeric quck heads.  We observed quail-like levels and spatial patterns 

of TRAP activity in duck hosts (Fig. 5G), indicating that NC mediates resorption in a 

species-specific manner.  Sections from chimeric quck revealed that TRAP positive-

staining was distributed throughout quail-derived bones of the beak skeleton (Fig. 5J, K, 

L) in both osteoclasts coming from the duck host (i.e., Q¢PN-negative) and osteocytes 

originating from the quail donor (i.e., Q¢PN-positive) (Fig. 5M).   

 

Next, we analyzed expression of genes known to mediate activities of 

osteoclasts and osteocytes during resorption.  We compared in quail versus duck levels 

of receptor activator of nuclear factor κ β (RANK), RANK ligand (RANKL), 

Osteoprotegerin (OPG), Macrophage Colony-Stimulating Factor (M-CSF), Matrix 

Metalloproteinase 2 (MMP2), and MMP9, and MMP13.  From these analyses we 

observed significant stage-specific and species-specific differences in expression of 

osteocyte-specific collagenase MMP13 [38, 67] and osteoclast-specific gelatinase 

MMP9 [68] coincident with an increase in bone deposition as observed histologically (Fig. 

6A, B, E, F). 

 

Section in situ hybridization revealed that Mmp13 localized to the periphery of 

mineralized bone at HH36 (Fig. 6G, H) and the central region by HH39 (Fig. 6K, L).  Also, 

MMP13 was expressed at much higher levels in quail when compared to stage-matched 

duck.  RT-qPCR confirmed these observations and showed an approximately 35-fold 

increase in expression in quail from HH34 to HH37, whereas duck showed a 3-fold 

increase during the same stages (Fig. 6M).  In terms of species-specific differences, we 

observed a 13-fold higher level of Mmp13 in quail compared to duck at stage HH37.  

This is in contrast to Collagen type 1 alpha 1 (Col1a1), which increased in equivalent 
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amounts within both quail and duck during these stages.  For MMP9, we observed no 

significant increase from HH34 to HH37 in duck whereas quail showed a 6-fold increase 

from HH34 to HH37 (Fig. 6O). 

 

In chimeric quck coincident with Q¢PN-positive quail donor cells (Fig. 6C, D), 

section in situ hybridization revealed a change in the spatial pattern (from peripheral to 

central) and higher levels of MMP13 on the donor side (Fig. 6I, J).  In chimeric quck at 

HH34, RT-qPCR showed an approximately 37-fold increase in MMP13 and a 4-fold 

increase of MMP9 on the quail donor side compared to that of the duck host (Fig. 6M, O), 

suggesting a critical role for NC in mediating activity of NC-derived osteocytes (i.e., 

MMP13-positive) and mesoderm-derived osteoclasts (i.e., MMP9-positive) during bone 

resorption. 

 

 To test whether bone resorption is mechanistically related to beak length we 

either activated or inhibited osteocyte and osteoclast activity using pharmacological 

reagents (an MMP13 inhibitor and a bisphosphonate) and recombinant proteins (rOPG 

and rRANKL).  Treatments were administered systemically at HH33 prior to 

mineralization and resorption (Fig. 4E).  Inhibiting resorption by osteocytes with an 

MMP13 inhibitor, or by osteocytes and osteoclasts with a bisphosphonate, or by 

osteoclasts with rOPG, results in a statistically significant elongation of the quail beak 

skeleton, especially the lower jaw (Fig. 7E, F, G, I).  In contrast, activating resorption by 

osteoclasts using rRANKL, increases TRAP staining (data not shown) and significantly 

shortens the beak (Fig. 7H, I).  Thus, bone resorption is directly related to establishment 

of beak length. 
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Previous work on Darwin’s finches suggests that an important regulator of beak 

length is the calcium binding protein, calmodulin [59, 60].  Here we show that osteoclasts 

and ostecytes, which are regulated locally by the calmodulin-dependent pathway [69, 70], 

play a critical role in elaborating species-specific programs for beak length inherent in 

the NC.  Moreover, calcium regulation in general appears to be an important component 

in establishment of beak length with calmodulin functioning at early stages (around 

HH26) and resorption being essential at later stages (HH34 onwards) through activity of 

molecules like TRAP and MMP13. 

 

Finally, we investigated whether as a consequence of NC-mediated differences 

in bone resorption there also exist species-specific differences in bone mineral density 

(BMD) that relate to the functional morphology of the beak in quail versus duck.  For 

example, in aquatic species, a higher BMD enables negative buoyancy during diving [71]. 

We used dual energy X-ray absorptiometry (DXA) and µCT to measure BMD in upper 

and lower aspects of the beak skeleton in adult and embryonic quail and duck.  In adult 

duck, we find a higher BMD, and thus a higher concentration of mineral in duck bone 

matrix compared to that of quail (Fig 7J).  In 3-D reconstructions, we find that 

mineralized bone in HH38 duck has a smoother appearance (characteristic of more 

dense bone) than HH38 quail (Fig. 7K, 4M).  In quck at HH35, bone on the donor side 

appeared similar to that of HH38 quail due to the accelerated maturation rate of quail 

donor NC (Fig. 7L).  HH38 quail had an average BMD across the lower beak of about 

180 mg hydroxyapatite/cm3, while duck had a BMD distribution averaging about 300 mg 

hydroxyapatite/cm3.  In HH35 quck, the BMD distribution was similar to that of HH38 

quail, with an average around 190 mg hydroxyapatite/cm3 (Fig. 7N).  Thus, beaks of 

quail and duck exhibit species-specific BMD differences, which are dependent upon NC 

as revealed using quck chimeras.  The capacity of NC to regulate bone remodeling 



! 22!

during development not only affects the length of bone but also its quality in the beak 

skeleton.  This is striking, given that duck are waterfowl and use their elongated and 

denser beaks for scooping up sediment, and also as a countermeasure to overcome 

buoyancy issues while diving (e.g., air trapped in plumage).  Accordingly, our study 

indicates that control of bone remodeling by NC is a key mechanism through which such 

adaptations have been acquired during evolution.   
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METHODS 

Generation of chimeras 

Fertilized eggs of Japanese quail (Coturnix coturnix japonica) and white Pekin 

duck (Anas platyrhynchos domestica) were incubated at 37°C. Embryos were matched 

at stage 9.5 using the Hamburger and Hamilton (HH) staging system [65].  Embryos 

were handled according to University and NIH guidelines. Tungsten needles and 

Spemann pipettes were used for operations [72].  Bilateral and unilateral grafts of rostral 

hindbrain and midbrain neural crest were made between quail and duck [48].  Donor 

tissue was inserted into a host that had comparable regions of tissue removed.  After 

surgery, embryos were incubated until stages appropriate for analysis. 

 

Histology and immunohistochemistry 

 For skeletal preparations, embryos were fixed in 4% formaldehyde overnight, 

stained with Alizarin red, and cleared in glycerol [73].  To detect tartrate-resistant acid 

phosphatase (TRAP), embryos were fixed in 4% formaldehyde overnight at 4°C and 

stained using the Acid Phosphatase, Leukocyte kit (Sigma) following the manufacturer’s 

protocol, except 7 mg/mL Fast Red Violet was used in place of Fast Garnet GBC Base 

Solution.  To detect quail cells, chimeras were fixed in Serra’s overnight at 4°C, 

dehydrated, embedded, and cut into 7 µm sagittal sections.  Sections were 

immunostained with the quail nuclei-specific Q¢PN antibody (Developmental Studies 

Hybridoma Bank, Iowa City, IA, USA) [72].  To detect bone and surrounding tissue, 

sections were stained with Milligan’s trichrome.  To analyze TRAP in sections, slides 

were deparaffinized and rehydrated, and staining was preformed in a humidified 

chamber at 37°C. 
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Gene expression analysis 

In situ hybridization analyses were performed as described[74].  Sections were 

hybridized with 35S-labeled chick riboprobes generated from plasmids containing chicken 

Matrix Metalloproteinase 13 (MMP13).  Reverse transcription quantitative PCR (RT-

qPCR) analyses were performed on total RNA (RNeasy kit, Qiagen) isolated from 

embryonic mandibles of quail, duck, and bilaterally transplanted quck.  cDNA was 

generated using the iScript cDNA synthesis kit (BioRad) and qPCR was performed in 

triplicates using the iScript SYBR Green RT-qPCR kit (Biorad) on an iQ5 cycler (Biorad).  

Primers were generated using NCBI Primer-BLAST software for the following genes: 

MMP13 (Forward 5'- GCTGGAGACAGAGATCCCAACCCA -3’; Reverse 5'- 

GCGGGTGCAGTCGCCAGAAA - 3'), Col1α1 (Forward 5'- 

CCCGACCCTAAGACAAAGAG -3’; Reverse 5'- GCTACTTACTGTCCTCTTCTCC - 3'), 

and MMP9 (Forward 5'- CGGCAGCCAAGAGCATGGTGA -3’; Reverse 5'- 

AGCTGGCCCCGTTGGCATTC - 3').  Quck mandibles were analyzed for their numbers 

of donor versus host cells to determine percent chimerism [75]. 

 

Inhibiting and activating resorption 

The bisphosphonate Alendronate (10µl at 0.9 µg/µl) (Sigma), mouse rOPG 

protein (10µl at 200ng/µl) (R&D Systems, Inc. Minneapolis, MN, USA), or mouse 

rRANKL protein (10µl at 40ng/µl) (Sigma), was injected into the vitelline vein of quail and 

duck at HH33 and embryos were collected after 72 hours in 4% paraformaldehyde 

overnight at 4°C. MMP13 inhibitor (5µl at 2 µg/µl) (EMD Biosciences, Inc. San Diego, CA, 

USA) was administered directly onto quail at HH33 and embryos were collected in 4% 

paraformaldehyde after 72 hours. 
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Measurement of jaw length 

Using Adobe Photoshop, lower jaw measurements were taken from the proximal 

tip of the angular bone to the distal tip of the dentary bone.  Upper jaw measurements 

were taken from the tip of the nasal bone in the center of the maxilla to the distal tip of 

the premaxilla.  Lower jaw measurements were divided by upper jaw measurements to 

normalize for size. 

 

Analysis of bone mineral density 

Bone mineral density (BMD) of adult quadratojugal/jugal and mandible bones in 

quail and duck were measured by Dual-energy X-ray Absorptiometry (DXA) using a 

PIXImus instrument (Lunar, France; Software version 1.44) in ultrahigh resolution mode 

(resolution 0.18°—0.18 mm).  BMD of the lower jaw in embryonic quail, duck, and quck 

was measured using a SCANCO µCT scanner (UCSF Radiology µCT core). 

 

Statistics  

Data were represented as mean ± the standard error of the mean and compared 

by unpaired Student’s t test. Significance was assigned for P < 0.05, P < 0.01, and P < 

0.001.
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Figure 4.  Species-specific size in the beak skeleton.  (A) Adult quail and (B) duck 

skulls demonstrate differences in beak length. (C) Neural crest (NC) transplants from 

quail into duck to make chimeric quck. (D) Coronal section of a quck in the upper beak 

stained (black nuclei) with an anti-quail antibody (Q¢PN).  (E) Quck embryo in a 

transverse plane showing embryonic precursor tissues that will contribute to the beak.  

Specifically, osteoblasts and osteocytes are derived from donor NC (light blue), while 

osteoclasts are derived from host paraxial mesoderm (orange).  Both populations 

participate in bone remodeling. 
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Figure 5.  Neural crest controls jaw length and resorption.  (A, B) Quail and duck 

beaks are normally aligned (arrows). (C, D) The beak is lengthened in duail when lower 

jaw NC comes from a duck, and shortened in quck when lower jaw NC comes from a 

quail, demonstrating that NC regulates size.  (E, F, H, I) TRAP staining in quail versus 

duck reveals stage- and species-specific differences in activity and spatial patterns of 

bone resorption.  (G) Quck demonstrate that NC controls bone resorption.  (J-L) 

Sections through the beak showing bone (stained blue), Q¢PN (quail donor cells stained 

black), and TRAP (stained red). (M) Osteocytes (ocy) are TRAP and Q¢PN positive 

(arrow), while osteoclasts (ocl) are TRAP positive and Q¢PN negative. 
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Figure 6.  Neural crest controls gene expression.  (A, B, E, F) Sections of bone in the 

lower jaw.  (C, D) Duck host bone is Q¢PN-negative whereas quail donor bone is Q¢PN-

positive) in quck. (G, H, K, L) MMP13 is expressed by osteocytes at higher levels in quail 

versus duck, and moves from the periphery to central region of bone between HH36 and 

HH39. (I, J) MMP13 expression is quail-like in quck. (M-O) MMP13 and MMP9 are 

significantly higher at later stages and in quail.  Quck at HH34 are like quail at HH37.  P-

values: quail HH37/HH40 to quail HH34; duck HH37/HH40 to duck HH34; and quck 

HH34 to duck and quail HH34. 
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Figure 7.  Resorption controls jaw length and bone mineral density.  (A-D) Beak 

skeletons at HH39 stained with alizarin red showing differences in length (arrows).  (E-

G) Quail treated with an MMP13 inhibitor, a bisphosphonate, and rOPG have longer 

beaks, especially the lower jaw. (H) rRANKL protein decrease jaw length.  (I) Quantifying 

jaw size reveals significant treatment-dependent increases and decreases in length.  (J) 

Duck jaw bones have higher BMD than do quail.  (K-M) µCT reconstructions of 

mineralized bone in lower jaws for duck at HH38, quck at HH35 and quail at HH38.  (N) 

µCT histogram of BMD in lower jaws of HH38 quail (light blue), donor-side HH35 quck 

(red) and HH38 duck (dark blue).  Duck have a higher average BMD than quail, and 

quck are quail-like. 



! 34!

 

 

 

 

I

bis phos

F

bisphos

C

duail

A

2 mm quail

B

duck

G

rOPG

1.0

2.0

3.0

4.0

R
el

at
iv

e 
va

lu
e

I Jaw proportions in treated quail

0

** **
*

p < 0.05*
** p < 0.001

Lower to upper jaw length ratio

control (n = 12)

bisphos (n = 14)
rOPG (n = 8)
rRANKL (n = 8)

D

quck

H

rRANKL

0

.2

.4

.6

.8

1

1.2

1.4

1.6

1.8

2

0 200 400 600 800

BMD in duck, quck, and quail

BMD (mg hydroxyapatite/cm3)

quail HH38 (n = 2)

duck HH38 (n = 3)
quck HH35 (n = 3)

Fr
eq

ue
nc

y

N

duck
HH38

quck
HH35

quail
HH38

K L M

0

0.1

0.2

upper jaw lower jaw
Region of interest

B
M

D
 (g

/c
m

2 )

BMD in adult duck and quail

quail
duck

J

E

MMP13-X

MMP13-X (n = 3)
**

host donor 

1 mm

p < 0.01*
** p < 0.001

*
**



! 35!

Chapter 3 - A Simple PCR-Based Strategy for Estimating Species-Specific 

Contributions in Chimeras and Xenografts 

 
Summary 

Many tissue-engineering approaches for repair and regeneration involve using cells from 

different species in chimeras or xenografts.  Yet a major challenge is distinguishing 

between donor- versus host-effects on gene expression.  This study provides a simple 

molecular strategy to quantify species-specific contributions in chimeras and xenografts.  

Species-specific primers for reverse transcription quantitative real-time PCR (RT-qPCR) 

were designed by identifying silent mutations in quail, duck, chicken, mouse, and human 

ribosomal protein L19 (RPL19).  cDNA from different pairs of species was mixed in a 

dilution series and species-specific primers were used to amplify RPL19.  Then, quail 

cells were transplanted into transgenic-GFP chick and resulting chimeras were analyzed 

with species-specific primers.  The RPL19 strategy was validated using fluorescent-

activated cell sorting (FACS) to count donor and host cells dissociated from chimeras.  

Results show that for the dilution series, all cDNA combinations had linear regressions 

with an R2>0.90 and p<0.0001.  Using the known ratios of donor to host cells, the 

respective contributions to RPL19 expression were calculated.  FACS confirmed that 

donor and host-specific levels of RPL19 expression represent actual proportions of cells 

in chimeras.  To apply the RPL19 strategy, we measured expression of Runx2, which is 

a gene that is differentially expressed by donor cells in quail-duck chimeras.  Elevated 

Runx2 levels correlated with higher percentages of donor cells.  Finally, RPL19 primers 

were also shown to discriminate mouse from human and chick.  Thus, this study offers a 

universal strategy that enables chimeras and/or xenografts to be screened efficiently and 

rapidly at the molecular level prior to obtaining other critical information. 
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Introduction 

Over the past half century, experimental strategies that involve mixing different 

cell populations together either in interspecific chimeras or in human–animal xenografts 

have revealed fundamental mechanisms in developmental biology and have provided a 

path forward for regenerative medicine.  In this context, and especially given that a major 

clinical objective is to facilitate repair of various tissues following disease or injury, more 

precise approaches are needed to track contributions of transplanted cells and to 

understand signaling interactions between donor- and host-derived tissues.  Histology 

and immunocytochemistry have long-served as the primary means for following the fate 

of transplanted cells and have been quite effective for interpreting data at the anatomical 

level [76, 77].  However, critical information is often needed at the molecular level and 

the ability to distinguish between donor- versus host-effects on gene expression has 

been limited by the lack of a simple technique for estimating species-specific 

contributions of cells.  In this study, we provide a straightforward and universal method 

based on the reverse transcription quantitative real-time polymerase chain reaction (RT-

qPCR) [78], that allows relative percentages of donor and host cells to be readily 

assessed in chimeras.  This approach can be applied to xenografts, heterospecific cell 

pellets, and/or other clinical strategies for repairing human tissues [79-84]. 

 

The use of chimeras has been a long-standing tradition in the fields of 

developmental biology and experimental embryology [61, 79, 85-92].  Avian chimeras in 

particular have played an important role and have provided much of our understanding 

of the lineages, fates, and patterning abilities of cells in the vertebrate head and body [3, 

48, 62, 76, 93-106].  For example, our lab routinely employs quail-chick and quail-duck 

chimeras to identify mechanisms that enable the jaw complex to become structurally and 

functionally integrated [50, 51, 64, 72, 107-109].  Many cell populations and tissue types 
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participate in formation of the jaw complex, including derivatives of neural crest 

mesenchyme (NCM), surface ectoderm, mesodermal mesenchyme, and pharyngeal 

endoderm [3].  Our goal is to define molecular programs that these embryonic 

precursors use to communicate with one another (Fig. 8A).  To this end, we transplant 

NCM from quail embryos into either chick or duck embryos (Fig. 8B).  Transplanted 

NCM then moves into the developing jaw and interacts with non-NCM-derived host 

tissues (Fig. 8C). 

 

To assess numbers and distributions of donor cells, we typically collect and 

section each chimeric embryo and stain its tissues with an antibody (Q¢PN) that 

recognizes quail cells but not cells from chick or duck.  Donor cells can be found in 

varying amounts and different patterns of distribution when comparing one chimera to 

another.  Thus, we routinely have to screen and sort each chimeric case before 

conducting section in situ hybridization analyses for gene expression.  Such expression 

studies can become quickly constrained by the fact that we can only use tissue sections 

adjacent to those already stained with Q¢PN.  The same holds true for other cell labeling 

systems used to distinguish donor versus host derivatives such as those involving vital 

dyes, transgenic reporter constructs (e.g., GFP or LacZ), or probes to chromosomal 

markers [82, 110, 111].  While such techniques can be very informative for extracting 

necessary spatial information, the number of genes that can be analyzed in any one 

sample is greatly dependent upon the number of available tissue sections.   What is 

most needed when one wants to measure simultaneous expression of numerous genes 

via PCR and/or microarray analyses, is an efficient and rapid assay at the molecular 

level for screening and sorting chimeric samples by estimating the number of donor cells. 
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Within the mitochondrial biology, virology, and hematology literature there exist 

various examples of using RT-qPCR to exploit nucleotide differences to determine 

mtDNA mutant or viral load in an individual, mutations within a virus that confer drug 

resistance from individual to individual, genotypes of strains of virus within an infected 

population, and success versus failure of marrow engraftment based on ratios of 

individual recipient and donor genotypes (using SNPs) within the ensuing hematopoietic 

system [112-115].  However, these approaches are limited in their applicability and 

scope because they rely on samples taken from blood; they are not especially useful for 

developmental biology given the few cell types and life-history stages that can be 

analyzed; they typically rely on single nucleotide changes that vary from individual to 

individual and thus, experimental or surgical protocols require sequencing each donor 

and host every time; and they typically require prior knowledge of a nucleotide change 

that relates to a disease state, and can only distinguish a mutant genotype from wild 

type within an individual or between individuals of the same species.  Similarly, other 

work has employed Alu elements to identify human versus non-human tissues either in 

forensics, or in chimeras between humans and other animals such as pigs [116, 117].  

But the Alu strategy is also quite narrow because the experimental design always 

requires that one sample be human/primate, and there are often false positives because 

other species contain Alu templates at low levels. 

 

 What sets the strategy that we present apart from prior work is its generic 

applicability to a broad range of animal species (e.g., quail, chick, duck, mouse, human), 

cell types and lineages (e.g., mesenchyme, epithelium, ectoderm, mesoderm, 

endoderm), and experimental contexts (e.g., tissue and organ transplants, cell-based 

therapies, cell culture).  The strategy involves five steps:  1) tissue from chimeras or site 

of xenograft integration is collected; 2) cells of collected tissue are dissociated; 3) total 
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mRNA is isolated; 4) cDNA is synthesized; and 5) RT-qPCR is performed with universal 

and species-specific primers (Fig. 8D).  We present validated species-specific primer 

sequences for animal models that are commonly used to create chimeras and 

xenografts, including chick, quail, duck, mouse, and human, and we also suggest how 

many others can be designed easily. 

 

Our strategy exploits silent mutations in ribosomal protein L19 (RPL19) to 

generate species-specific primers.  As a reference or “housekeeping” gene, RPL19 is 

normally expressed ubiquitously and equally in almost all cell types throughout the life 

history of all individuals [118-121].  An exception is in tumors where RPL19 expression 

levels appear to be elevated [122-128].  Also at the protein level RPL19 is highly 

conserved among major taxonomic groups [127, 129-133] but at the DNA level there 

have been just enough nucleotide changes to enable different species to be 

distinguished from one another through primer design.  Plotting levels of species-specific 

RPL19 expression against a standard curve then allows percentages of donor and host 

cells to be quantified in chimeras and xenografts.  We also validate these percentages 

using FACS. 

 

Thus, this rapid, straightforward, cost-effective, and validated RT-qPCR-based 

method serves to complement other existing histological procedures, and in so doing, 

addresses a critical need in the field to quantify cells that each species contributes in 

chimeras or xenografts when tissues must be processed for gene and protein 

expression.  The ability to measure donor- versus host-mediated changes in gene and 

protein expression on a larger scale will undoubtedly facilitate discovery of more key 

mechanisms in developmental biology and allow for advances in tissue engineering and 

regenerative medicine. 
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Materials and Methods 

Generation of Chimeras 

To generate chimeras, fertilized eggs of Japanese quail (Coturnix coturnix 

japonica), white Pekin duck (Anas platyrhynchos domestica), white leghorn chicken 

(Gallus gallus) (AA Labs, Westminster, CA), and transgenic GFP-chicken (Gallus gallus) 

(Crystal Bioscience, Emeryville, CA) were incubated at 37°C until reaching appropriate 

embryonic stages. Embryos were matched at stage 9.5 using the Hamburger and 

Hamilton (HH) staging system [65].  Embryos were handled according to University and 

NIH guidelines.  Bilateral grafts of rostral hindbrain and midbrain NCM was excised from 

quail donors and transplanted into stage-matched duck hosts [48].  Equivalent 

transplants were also made from quail into GFP-chick.  Donor tissue was inserted into a 

host that had a comparable region of tissue removed.  After surgery, embryos were 

incubated until mandible isolation at HH24. 

 

Immunohistochemistry 

 Tissues were fixed in Serra’s overnight at 4°C, dehydrated, paraffin embedded, 

and cut into 7 µm sagittal sections. To detect quail cells in chimeras, sections were 

immunostained with a quail nuclei-specific Q¢PN antibody (Developmental Studies 

Hybridoma Bank, Iowa City, IA) and a horseradish peroxidase-conjugated secondary 

antibody [72].  Sections were viewed using differential interference contrast. 

 

Isolation and Dissociation of Mandibles 

Mandibular primordial were surgically extracted from controls and chimeras and 

rinsed in ice-cold RNAse-free 1x PBS [51].  Mandibles were immediately digested for 30 

minutes at 4°C in 0.25% trypsin with EDTA in Saline A (UCSF Cell Culture Facility, San 

Francisco, CA). Digestion was stopped in RNAse-free 1x PBS on ice.  Mandibles were 
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carefully pipetted and vortexed to fully dissociate the tissue.  Cells were then passed 

through a 70 µm filter and counted with a hemocytometer. One million cells were 

separated for FACS analysis and analyzed within 24 hours.  Remaining dissociated cells 

were frozen in liquid nitrogen and stored at -80°C for RNA isolation. 

 

Preparation of Cell Mixtures 

Chick DF-1 (American Type Culture Collection, Manassus, VA), infected with 

RCAS virus [134] containing GFP, and mouse fibroblasts (NIH-3T3) were expanded in 

culture media containing DMEM with 10% FBS and 1% penicillin.  For mouse-chick 

experiments, cells were trypsinized, re-suspended in culture media, and then 50% GFP-

positive chick were combined with 50% mouse for a total cell number approximating six 

million.  Approximately one million cells were isolated for FACS and five million for RNA 

collection. 

 

Preparation of cDNA  

RNA was isolated from dissociated cells by using an RNeasy column purification 

(Qiagen, Valencia, CA). RNA was isolated according to the manufacturer’s protocol, 

including an on-column DNase treatment.  Concentration and purity of RNA were 

determined using a Nanodrop ND-1000 Spectrophotometer (Thermo Scientific, 

Wilmington, DE).  Approximately 250 ng of total RNA was converted to cDNA in a 20 µl 

reverse transcription reaction using 1 µl of iScript reverse transcriptase from the iScript 

cDNA Synthesis Kit (Bio-Rad, Hercules, CA).  The reaction involved: Step 1 - 25°C 5 

min, Step 2 - 42°C 30min, Step 3 - 85°C 5 min, Step 4 - 4°C hold in a 2720 Thermal 

Cycler (Applied Biosystems, Carlsbad, CA), and then was stored at -20°C. 
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cDNA libraries for each species were analyzed to ensure that they had 

approximately equal amplification efficiencies and then they were combined in known 

quantities to make dilution series.  A given dilution series contained 0% to 100% cDNA 

of species “A” mixed with 100% to 0% cDNA of species “B” so that each plate well 

contained 2 µl (1.25 ng/µl) total cDNA of 100%.  For example, “70% chick” stock sample 

contained 70 µl (1.25 ng/µl) chick cDNA and 30 µl (1.25ng/µl) quail cDNA (this same 

stock sample was also used as “30% quail” sample). 

 

Cloning Full Length RPL19 and Partial Runx2 in Quail and Duck  

We designed primers to obtain full length quail and duck RPL19 and partial 

length Runx2 (RPL19 F: 5’-ATGAGTATGCTCCGGCTGCAG-3; RPL19 R: 5’-

TCACTTCTTGGTCTCTTCTTC-3’; Runx2 F: 5’-ACAGGACTTCCAGCCATCAC-3’; 

Runx2 R: 5’-TTGGGCAAGTTTGGGTTTAG-3’) based on RPL19 (Gene ID: 420003) and 

Runx2 (Gene ID: 373919) sequences published for chick.  Quail and duck cDNA 

libraries derived from HH27 mandibles were used to clone RPL19, and cDNA libraries 

from HH34 whole heads were used for Runx2.  Pfu DNA polymerase (Stratagene, La 

Jolla, CA) was used to amplify genes according to the manufacturer’s instructions.  The 

protocol was: Step 1 - 95°C 45 seconds; Step 2 - 95°C 45 seconds; Step 3 - 50°C 45 

seconds; Step 4 - 72°C 1 minute; Steps 2, 3, and 4 were repeated 29 times; Step 5 - 

72°C 10 minutes.  The PCR product was examined on a 1% agarose gel to identify the 

band of interest, which was collected by QIAquick gel extraction kit (Qiagen) according 

to the manufacturer’s instructions and then re-suspended in 30 µL of nuclease free dH2O.  

The PCR product was then ligated using pGEM-T Easy Vector System I (Promega, 

Madison, WI), with 3 µL of PCR product and ligase T4, and transformed using DH5a 

cells (Invitrogen, Grand Island, NY). White colonies were selected, inoculated, and 

plasmid DNA was collected by QIAprep Spin Miniprep kit (Qiagen).  Plasmid DNA was 
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sequenced (McLab, South San Francisco, CA) using primers for promoter sites SP6 and 

T7 and analyzed using NCBI tools and Sequencher (Gene Codes Corporation, Ann 

Arbor, MI).  PCR-based sequences were confirmed by sequencing several independent 

clones. Quail and duck full length RPL19, and partial length Runx2 nucleotide 

sequences were deposited in EMBL/GenBank/DDBJ databases under accession 

numbers KF135654-KF135657. 

 

Coturnix Coturnix Japonica runt-related transcription factor 2 (RUNX2), mRNA, 

Partial CDS 

ACAGGACTTCCAGCCATCACCGACGTGCCCCGACGCCTCTCAGGTG

CTTCCGAGCTGGGCCCATTTTCAGATCCCAGGCAGTTCACAAGCATT

TCATCCCTCACTGAGAGCCGCTTCTCCAACCCACGAATGCACTATCC

AGCCACCTTTACCTATACACCGCCCGTCACCTCAGGCATGTCACTGG

GTATGTCCGCAACCACTCACTACCACACCTACCTGCCACCACCCTAC

CCCGGCTCCTCCCAAAACCAAAGTGGACCTTTCCAGACCAGCAGCA

CTCCATATCTCTACTATGGCACTTCGTCGGGATCGTACCAGTTCCCC

ATGGTGCCGGGAGGGGACCGCTCCCCTTCCAGGATGCTTCCTCCAT

GCACCACCACGTCCAACGGCAGCACGCTGCTAAACCCAAACTTGCC

CAAC 

 

Anas platyrhynchos breed pekin duck runt-related transcription factor 2 (RUNX2), 

mRNA, Partial CDS  

ACAGGACTTCCAGCCATCACCGATGTGCCCAGACGCCTCTCAGGTG

CTTCAGAGCTGGGCCCATTTTCAGATCCCAGGCAGTTCACAAGCATT

TCATCCCTCACTGAGAGCCGCTTCTCCAACCCACGAATGCACTATCC

AGCCACCTTTACCTATACACCGCCAGTCACCTCAGGCATGTCACTGG
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GTATGTCCGCAACCACTCACTACCACACCTACCTACCACCACCCTAC

CCCGGCCCTTCCCAAAACCAAAGTGGACCTTTCCAGACCAGCAGCA

CTCCATATCTCTACTATGGCACTTCGTCAGGATCATACCAGTTCCCC

ATGGTGCCGGGAGGGGACCGCTCCCCCTCCAGGATGCTTCCTCCG

TGCACCACCACGGCCAACGGCAGCACGCTGCTAAACCCAAACTTGC

CCAAC 

 

Coturnix Coturnix Japonica ribosomal protein L19 (RPL19), mRNA 

ATGAGTATGCTCCGGCTGCAGAAGCGCCTGGCCTCCAGCGTGCTG

TGCTGCGGGAAGAAGAAGGTGTGGTTGGATCCCAACGAGACCAAC

GAGATCGCCAACGCCAACTCGCGTCAGCAGATCAGGAAGTTAATTA

AGGATGGTTTGATCATCCGTAAACCTGTGACTGTTCACTCTCGGGC

ACGATGCAGGAAGAACACCTTGGCCCGTCGGAAGGGCAGACATAT

GGGCATCGGTAAGAGGAAGGGTACGGCCAACGCTCGTATGCCAGA

GAAGGTGACCTGGATGAGGAGGATGCGGATTCTCAGGCGCCTGCT

CCGGAGATACAGGGAGTCCAAGAAGATCGATCGCCATATGTATCAC

AGCCTGTACCTGAAGGTCAAGGGCAACGTGTTCAAGAACAAGAGG

ATCCTGATGGAGCACATCCACAAGCTCAAGGCAGACAAGGCTCGC

AAGAAGCTCCTGGCTGATCAGGCTGAGGCTCGCAGGTCTAAAACC

AAGGAGGCTCGGAAGCGCCGCGAGGAACGCCTGCAAGCCAAGAA

GGAGGAAATCATCAAGACCCTCTCAAAGGAAGAAGAGACCAAGAAG

TGA 

 

 

 



! 45!

Anas platyrhynchos breed pekin duck ribosomal protein L19 (RPL19), 

mRNA 

ATGAGTATGCTCCGGCTGCAGAAGAGGCTGGCCTCCAGCGTCCTGC

GCTGTGGCAAGAAGAAGGTCTGGCTGGATCCCAATGAGACCAACGA

GATCGCCAACGCCAACTCACGTCAGCAGATCAGGAAGCTGATCAAG

GATGGGCTCATCATCCGCAAGCCCGTGACCGTTCACTCCCGTGCCC

GCTGCAGGAAGAACACCTTGGCCCGCCGGAAGGGCAGGCACATGG

GCATCGGTAAGAGGAAGGGTACGGCCAACGCTCGGATGCCCGAGA

AGGTAACCTGGATGAGGAGGATGCGGATCCTGAGGCGCCTGCTCC

GCAGATACAGGGAGTCCAAGAAGATCGACCGCCACATGTACCACAG

CCTGTACCTGAAGGTGAAGGGCAACGTGTTCAAGAACAAGCGCATC

CTGATGGAGCACATCCACAAGCTGAAGGCGGACAAAGCTCGCAAGA

AGCTCCTGGCCGACCAGGCCGAGGCTCGCAGGTCCAAGACCAAGG

AGGCTCGGAAGCGCCGCGAGGAGCGCCTGCAGGCCAAGAAGGAG

GAGATCATCAAAACCCTCTCCAAGGAAGAAGAGACCAAGAAGTGA 

 

Formation of Species-Specific Primers by ARMS Primer Design 

Species-specific primers were designed by identifying silent mutations in quail, 

duck, chick, mouse, and human RPL19 using the Amplification Refractory Mutation 

System (ARMS) primer design [112, 135].  ARMS is a cost-effective and sensitive 

single-step method that uses nucleotide mismatches to increase primer specificity.  

Nucleotides at the 3’ end of the modified ARMS primer discriminate species-specific 

alleles.  To increase this specificity, one mismatch was introduced at the position 

immediately 5’ to the species-specific silent mutations (C was changed to A).  We 

checked primer specificity by performing a BLAST search 
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(http://www.ncbi.nlm.nih.gov/blast) to ensure that sequences were unique for RPL19.  All 

species-specific primers are listed in Fig. 2, with an amplicon length of 83bp. 

 

Reverse Transcription Quantitative Real-Time PCR (RT-qPCR) 

Reverse transcription quantitative real-time PCR (RT-qPCR) was performed in a 

C1000 Thermal Cycler with a CFX96 Real-Time System (Bio-Rad). Forward and reverse 

primers, 2 µl of cDNA, RNase-free dH20, and iQ SYBR-Green Supermix (Bio-Rad), 

containing dNTPs, iTaq DNA polymerase, MgCl2, SYBR Green I, enhancers, stabilizers, 

and fluorescein, were manually mixed in a 25 µl reaction to amplify each cDNA of 

interest and water control.  Each sample was run in triplicate on a hard-shell PCR white 

plate with 96-wells (Bio-Rad, catalog #HSP9601) and all results were normalized to 

universal RPL19, which was checked to make sure amplification efficiencies were 

approximately equal among all samples.  The protocol was: Step 1 - 95°C 3 minutes; 

Step 2 - 95°C 10 seconds; Step 3 - 60°C 30 seconds and a plate read; Steps 2 & 3 were 

repeated 39 times; Step 4 - 95°C 10 seconds; Step 5 – Melt curve - 60°C - 95°C 5 

seconds at each 0.5°C with a plate read.  Melt curves were checked for specificity.  All 

PCR products amplified after 35 cycles were considered to be false positives.  For avian 

Runx2 primers, we used F: 5’-TGGACCTTTCCAGACCAGCAGCA-3’,and R: 5’-

GGCAAGTTTGGGTTTAGCAGCGT-3’ with an amplicon length of 162bp.  Universal 

RPL19 primers are listed in Fig. 2 with an amplicon length of 127bp. 

 

Calculation of Species-Specific Percentages of Cells 

Threshold cycle (Ct) values were obtained using universal and species-specific 

RPL19 primer sets for each sample.  Fold changes in species-specific expression were 

calculated relative to the 100% sample for each species using the delta-delta Ct method 

[136].  Fold changes were multiplied by 100 to represent values as percentages.  The 
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dilution series was then used to determine the linear regression for values of 0% to 

100% by intervals of 10%. For each dilution series, linear regressions were analyzed for 

a good fit of the data by calculating R2 and p values.  To determine the contributions of 

each species, the delta-delta Ct * 100 value was plotted on the species-specific linear 

regression.  Confidence intervals at one standard deviation were calculated for each 

linear regression. 

 

Fluorescence-Activated Cell Sorting (FACS)  

Approximately one million isolated cells from each sample (i.e., GFP-chick and 

quail, and GFP-chick and mouse), as well as controls were sorted on a FACS-Aria flow 

cytometer (BD Biosciences, San Jose, CA).  For all sorts, doublets were excluded from 

the sorted population via gating discrimination using FSC-A and FSC-W.  The FSC-SSC 

gate was used to eliminate debris.  At least 10,000 cells were analyzed in each run. 

 

Results and Discussion 

RT-qPCR primers can be designed to detect species-specific transcripts of RPL19  

When tissues from chimeras or xenografts need to be analyzed quantitatively on 

the molecular level, information regarding cellular contributions from the donor and host 

is typically lost during tissue processing.  To overcome this problem, we developed a 

simple strategy involving species-specific primers that amplify a highly conserved 

reference gene, RPL19.  Protein sequence of RPL19 from amino acid #35-75 in chick, 

quail, duck, mouse, and human is 100% conserved (Fig 9A).  Yet, nucleotide sequence 

of RPL19 for amino acids #35-75 shows multiple silent mutations (Fig 9B).  By locating 

single nucleotide polymorphisms in RPL19 across species, we were able to design 

“universal” primers in areas with minimal divergence and equally amplify transcripts for 

RPL19 (Fig 9C).  As expected, universal RPL19 primers produce unique melt peaks for 
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each species due to base pair changes found in the amplified region (Fig. 9B).  The melt 

peak for quail was 83° C, chick was 85° C, and duck was 87° C.  Interestingly, we 

observed two different melt peaks when we analyzed cDNA from chimeras using 

universal RPL19 primers.  One melt peak in chimeras corresponded to the melt peak for 

the donor species and the other corresponded to the melt peak for the host (Fig 9C). 

 

Realizing that these different melt peaks arose as a consequence of nucleotide 

changes across species, we then used the Amplification Refractory Mutation System 

(ARMS) [135] to design primers that would allow us to amplify and distinguish RPL19 in 

a manner that was specific to each species.  This was accomplished by locating the 

precise position within RPL19 sequence where a silent mutation could separate one 

species from another within a given pair of species (Fig 9B grey box).  For example, the 

quail-specific primer was effective because quail have a “T” in the same position 

occupied by a “C” in chick.  Yet, this same primer sequence did not discriminate chick 

from duck since both contain a “C” in the same position.  To increase the specificity of 

the primers further, a mismatch was deliberately introduced near the 3’ end, adjacent to 

the silent mutation (Fig 9B, D grey box).  These forward primers allowed for exclusive 

amplification of the species-specific target when amplified with the universal reverse 

primer.  For example, the quail-specific primer amplified RPL19 in quail cDNA but not in 

cDNA from chick or duck (Fig. 9D).  Equivalent amplification plots were generated for 

each species (data not shown). 

 

Species-specific RPL19 can estimate the number of cells from donor versus host 

To validate the use of RPL19 expression as a means to estimate contributions of 

different species, we generated a dilution series containing known quantities of cDNA 

from each species.  Then universal, quail-specific, and chick-specific primer sets were 
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used to quantify levels of RPL19 expression within each sample in the quail-chick 

dilution series.  After obtaining Ct values for each sample, fold changes in species-

specific RPL19 expression were calculated relative to pure 100% samples using the 

delta-delta Ct method [136].  These fold-change values were multiplied by 100 in order to 

represent them as percentages.  For example, percentages calculated for the 70% chick 

sample/30% quail sample were 72% by the chick-specific primer and 29% by the quail-

specific primer.  Percentages derived for each sample were then plotted against known 

percentages comprising mixed cDNA samples in the dilution series, and a linear 

regression was performed.  Confidence intervals were calculated one standard deviation 

away from the linear regression.  R2 values for both the quail- and chick-specific linear 

regressions were greater than 0.98 and p values were less than 0.0001 (Fig. 10A).  Thus, 

these experiments demonstrate that species-specific RPL19 primers can accurately 

quantify the percent contribution of each species when used in samples containing 

known quantities of cDNA from different species. 

 

To test if the RPL19 strategy could also be used to estimate percent 

contributions of each species within a chimera or xenograft, we used universal, quail-

specific, and chick-specific primer sets with cDNA from two different quail-chick 

chimeras.  For example, in Chimera #1 we found that the fold-change value multiplied by 

100 was 79% when using the chick-specific primer and 22% with the quail-specific 

primer.  Then the delta-delta Ct * 100 was entered into the formula for the species-

specific linear regression to estimate the percent contribution from each species (Fig. 

10A).  Using this approach we could estimate that Chimera #1 contained 76% chick cells 

and 25% quail cells.  Analysis of another chimeric sample (Chimera #2) also confirmed 

that species-specific primers could be used to quantify the number of cells from the 
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donor versus hosts.  Importantly, in both Chimera #1 and Chimera #2 the percent quail 

plus percent chick approximates 100%. 

 

To validate independently the accuracy of percentages measured in each quail-

chick chimera using RPL19 species-specific primers, we performed FACS to count 

donor and host cells.  Chimeras were created using transgenic-GFP chicken as hosts 

and NCM from quail.  FACS demonstrated that the percentage of chick in each chimera 

was within one standard deviation of the value calculated from the linear regression.  For 

example in Chimera #1 (Figure 10B), FACS revealed that 80.1% of cells in the sample 

were GFP-positive chick and confirmed the accuracy of the RPL19 method, which had 

predicted that 76%±5% of cells would be derived from chick.  Thus, FACS data confirm 

that species-specific RPL19 primers can accurately measure cellular contributions from 

different species. 

 

RPL19 strategy can distinguish donor- versus host-effects on gene expression  

Previously we have shown that quail-duck chimeras have altered expression 

levels for numerous genes coincident with the presence of donor cells [48, 50, 64, 108].  

For example, we have found that Runx2 expression is significantly elevated on the quail 

donor-side of chimeric mandibles due to the relatively accelerated activation of 

molecular programs in faster-developing quail cells (Fig 11A, [51]).  However, when we 

collect multiple samples of chimeras, we often see a range of Runx2 expression 

phenotypes likely as a consequence of varying amounts of donor cells.  To test if we 

could use the RPL19 strategy first to screen chimeras and then to make predications 

about the effects of donor cell number on levels of gene expression, we transplanted 

different-sized populations of quail NCM into duck hosts.  We collected eight chimeric 

mandibles and used species-specific RPL19 primers to estimate the ratios of quail and 
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duck cells within each sample.  For each chimeric sample we also measured the fold 

change for total Runx2 expression (i.e., from both quail and duck).  When we ranked all 

eight samples based on the number of quail donor cells, we observed a clear trend in 

Runx2 expression (Figure 11A).   

 

Specifically, we observed a significant fold increase in Runx2 expression when 

we compare the average of the group containing more donor and all donor cells, with the 

average of the group containing less donor and no donor cells.  We do observe some 

variation in Runx2 expression levels within each group likely due to the fact that donor 

cells not only differ in number but also in their spatial distribution, which may or may not 

fall within the normal domains of Runx2 expression. Thus, using this RPL19 strategy to 

determine percent donor versus host allows chimeric tissues to be screened rapidly, 

enables trends in gene expression to be measured against percent chimerism, and 

provides an objective criterion for removing potential outliers from datasets, such as 

those that arise from unsuccessful transplants or poor engraftment of donor cells. 

 

As an aside, we could have also made species-specific primers for Runx2 if we 

wanted to know what percentage of Runx2 expression was coming from the donor 

versus host.  But measuring Runx2 expression in a chimeric sample would not have 

revealed ratios of cells because of the confounding effects of species-specific and/or 

stage-specific differences in levels of Runx2 expression (i.e., wide variations in copy 

number).  Additionally, Runx2 is a lineage-specific marker (e.g., osteoblasts), that is 

highly regulated both spatially and temporally, and so when trying to make predictions 

about the totality of donor-mediated effects, we would have excluded many other 

derivatives of donor NCM.  Nonetheless, designing species-specific primers for any 
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given gene would be informative for many types of studies, and we believe that the 

RPL19 strategy provides a blueprint for how to accomplish this task.   

 

Species-specific RPL19 primers can be used with other chimeras and xenografts 

As a proof-of-principle experiment to demonstrate broader application of the 

RPL19 strategy, particularly for non-avian chimeras and for human-animal xenografts, 

we developed species-specific primers for human and mouse RPL19.  When these 

primers were used to amplify RPL19 in a dilution series made from known quantities of 

human and mouse cDNA, we found that we could easily determine contributions from 

each species (Fig. 11B).  As in the case of quail-chick and quail-duck chimeras, human-

mouse samples had an R2 greater than 0.90 and p value less than 0.0001.  We also 

successfully extended the RPL19 strategy to the experimental context of mouse-chick 

chimeras.  First, we combined 50% GFP-positive chick fibroblasts (RCAS-GFP-infected 

DF1) with 50% mouse fibroblasts (NIH-3T3) in culture, and then used mouse and chick 

RPL19 primers to estimate cell number and FACS to validate (Fig. 11C).  Our results 

show that we were able to measure accurately the percent mouse in each sample within 

one standard deviation of the value calculated from the linear regression.  Thus, this 

RPL19 strategy can be used reliably with non-avian species. 

 

Morevoer, we expect that the RPL19 strategy would work for any reference gene 

(e.g., GAPDH, β-Actin, or 18S RNA) that meets the criteria of 1) being normally 

expressed ubiquitously and equally in almost all cell types throughout the life history of 

all individuals, and 2) being highly conserved at the protein level among major taxonomic 

groups but having just enough nucleotide changes at the DNA level to enable different 

species to be distinguished from one another through primer design.  In contrast, the 

majority of other genes in the genome would probably not meet these criteria and not be 
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suitable for discriminating between and/or making predictions about numbers of donor 

and host cells.  While species-specific primers could ultimately be designed for almost 

any gene of interest and allow transcripts from the donor to be distinguished from those 

of the host, this would likely be most applicable in situations where the fate of only one 

or a few donor- or host-derived cell types needed to be followed using lineage-specific 

genes (such as osteocyte, myocyte, or adipocyte markers) with the caveat that 

expression levels might not remain constant over time as these cells progress from their 

progenitor to terminally differentiated states, and thus not be an accurate predictor of cell 

number.  

 

Importantly, the RPL19 protein sequence (#35-75) that we analyzed is also 100% 

conserved in chimp (Pan troglodytes) (XP_51150.1), pig (Sus scrofa) (XP_00313557.1), 

cow (Bos taurus) (NP_001035606.1), rat (Rattus norvegicus) (NP_112365.1), zebrafish 

(Danio rerio) (NP_998373.1), and frog (Xenopus laevis) (NP_001080267.1).  Therefore, 

this RT-qPCR strategy can include almost any combination of animal models that need 

to be used for various tissue-engineering approaches and future clinical therapies for 

repairing human tissues.  For example, putting human cells into animals can provide an 

in vivo system for studying the differentiation of human tissues without experimenting on 

human individuals [79, 137] and ultimately the RPL19 method could be used in the 

clinical setting to evaluate the success of many kinds of xenografts. 
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Figure 8.  Generation and examination of chimeric tissue. (A) Scanning electron 

micrograph of an chick embryo at stage HH9.5 in a transverse plane through the 

midbrain and the region destined to form the jaw [138].  The image has been 

pseudocolored to show the embryonic precursor tissues that will contribute to the jaw 

complex.  (B) Schematic illustration of NCM transplants from a quail donor into either a 

chick or duck host.  (C) A sagittal section of an HH24 quail-duck chimera in the region of 

the maxilla, mandible, and hyoid. The section has been stained with an antibody (Q¢PN), 

which only labels derivatives of quail donor cells (black nuclei).  Duck-host tissues are 

unstained and outlined around ectoderm (light blue), endoderm (yellow), and myogenic 

mesoderm (orange).  (D) To analyze gene expression:  1) the embryo is collected, 2) the 

tissue of interest is dissected, 3) the cells are dissociated, 4) total mRNA is isolated, 5) 

cDNA is synthesized, and 6) RT-qPCR is performed.  
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Figure 9. Analysis of RPL19 and generation of species-specific primers.  (A) There 

is 100% protein conservation of RPL19 in chick, quail, duck, mouse, and human 

between amino acids 35 through 75.  (B) Nucleotide sequence corresponding to amino 

acids 35 through 75, contains between 3 and 19 silent mutations per species (underlined 

and bolded) when compared to chick sequence.  Binding location of designed universal 

RPL19 forward and reverse primers, as well as the location of species-specific primers, 

are shown within the specified boxes.  (C) RPL19 universal primers are listed and 

amplify evenly across quail, duck, and chick.  Yet, melt peaks vary due to the changes in 

nucleotides between the two universal primers, as seen in B.  Quail-duck chimeras show 

two melt peaks, which correspond to quail and duck peaks.  (D) Five RPL19 species-

specific primers are listed.  The region that distinguishes these primers is found at the 3’ 

end in the gray box.  The primer for each species contains its own unique ending 

nucleotide.  Additionally, one mismatch was made at the 3’ end of the oligonucleotide, 

specifically by changing C to A as noted in the gray box.  The quail-specific primer only 

amplifies quail cDNA and not duck or chick cDNA. 
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Figure 10.  Determining species-specific percentages of cells in chimeras.  (A) 

Chick-specific and quail-specific primers were used with a dilution series of cDNA from 

both chick (green squares) and quail (red squares).  Linear regressions were calculated 

from these points (solid line), as were confidence intervals (dotted lines).  Values for 

Chimera #1 and Chimera #2 are calculated from and shown on the regression lines (pink 

circles).  Calculations were made for each chimera to determine percent chick versus 

percent quail.  (B, C)  Percentages calculated for Chimera #1 and Chimera #2 with 

RPL19 were validated using FACS to count GFP-positive chick cells. 
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Figure 11.  RPL19 strategy for studying gene expression and other animal models.  

(A) Quail-duck chimeric mandible at stage HH24 shown schematically and after 

performing whole-mount in situ hybridization with a probe to Runx2.  Runx2 expression 

is elevated on the side containing quail donor NCM although there is no way to know 

precisely how many quails cells are present [51].  To test if the RPL19 strategy could be 

used to evaluate the relationship between donor cell number and levels of gene 

expression, we measured the fold change in Runx2 relative to calculated percentages of 

quail donor cells in duck hosts.  Chimeras with a high percent of donor quail NCM show 

elevated levels of Runx2 expression (* p<0.04 for “more donor” compared to “less donor” 

and “no donor”; ** p<0.001 for “all donor” compared to “less donor” and “no donor”).  (B) 

The RPL19 strategy can also be used in non-avian animals, such as mouse and human.  

(C) With mixed cultures of mouse and GFP-chick fibroblasts, the RPL19 strategy can 

accurately estimate the number of cells and be validated using FACS. 
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Chapter 4: Neural Crest Controls Species-Specific Pattern in the Jaw Skeleton by 

Regulating the Timing of Osteogenesis, Cell Cycle, and Runx2 Expression  

 

Introduction 

With the goal of understanding how the jaw skeleton becomes modified through 

evolution there is keen interest in identifying where and when species-specific changes 

to osteogenesis arise during development.  To this end, we employ a unique avian 

chimeric transplantation system that takes advantage of the divergent maturation rates 

and distinct species-specific anatomies of quail and duck.  We experimentally 

manipulate neural crest mesenchyme (NCM), an embryonic cell population that migrates 

out of the midbrain and rostral hindbrain and forms all of the bones in the jaw skeleton.  

Previously, we have shown that NCM, when transplanted between quail and duck 

autonomously controls the species-specific patterning of the face, and produces short 

quail-like beaks on duck hosts (“quck”) and long duck-like bills on quail hosts (“duail”) [48, 

60, 61, 103].  While insights have been gained as to the mechanisms through which 

NCM exerts its species-specific effects on the cartilaginous skeleton [50], the epidermis 

[64], the jaw musculature and adjacent connective tissues [107, 108], and the initiation of 

intramembranous ossification [51], little is known about the species-specific patterning of 

the bony skeleton. 

 

Here, we report that the ability of NCM to transmit species-specific pattern to the 

bony skeleton stems from its intrinsic control over the timing of osteogenesis and the 

progression of the cell cycle.  Osteogenesis is a complex process involving numerous 

genes, cells, tissues, signaling interactions, and hierarchical levels of control.  Yet, we 

find that osteogenesis is significantly accelerated in quck and delayed in duail.  Thus 

NCM initiates and synchronizes all of the steps of bone formation including osteogenic 
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induction, proliferation, differentiation, matrix deposition, and mineralization.  In contrast, 

the host environment appears to be relatively permissive and supports osteogenesis 

independently by providing circulating minerals and a vascular network.  We further 

confirm the generally permissive nature of the host and the dominant role of the donor 

NCM during osteogenesis by performing quail-emu transplants where the acceleration of 

events is even more dramatic. 

 

To identify mechanisms through which NCM exerts its effects on osteogenesis 

we focus on regulation of the cell cycle.  Many in vitro studies have shown that 

osteoblast differentiation is tied to cell cycle exit [139-143].  Here we demonstrate that 

NCM controls cell cycle progression in vivo. Taken together, these data reveal that NCM 

dictates when bone forms by controlling the timing of cell cycle progression and 

mediating the transition from cell proliferation to differentiation. Thus, this work offers a 

developmental mechanism through which NCM can direct the evolution of the jaw 

skeleton. 

 

Experimental Procedures 

Generation of chimeras 

Eggs from Japanese quail (Coturnix coturnix japonica), white Pekin duck (Anas 

platyrhynchos) (AA Labs, Westminster, CA), and Australian emu (Dromaius 

novaehollandiae) were incubated at 37°C until reaching HH9.5 (Figure 1B).  Embryos 

were handled following University and NIH guidelines.  Tungsten needles and Spemann 

pipettes were used for operations [72].  Unilateral and bilateral grafts of rostral hindbrain 

and midbrain neural crest were excised from quail donors and transplanted into stage-

matched duck hosts, producing chimeric ‘quck’ [48].  Equivalent transplants were also 

made from duck to quail (‘duail’).  Donor tissue was inserted into a host that had 
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comparable regions of tissue removed (Figure 1C).  Control orthotopic grafts and sham 

operations were made within each species.  Controls were incubated alongside 

chimeras to ensure that stages of grafted cells were accurately assessed.  In addition, 

unilateral transplants provided an internal control on the un-operated host side.  

 

Histology and immunohistochemistry 

Tissues were fixed in Serra’s (6:3:1,100% ethanol:37% formaldehyde:glacial 

acetic acid) overnight at 4°C, dehydrated, paraffin embedded, and cut into 7 µm frontal 

sections.  Section were stained with Milligan’s Trichrome [144] or immunostained with 

the Q¢PN (quail-specific) antibody (Developmental Studies Hybridoma Bank, University 

of Iowa) as described [72]. 

 

Proliferation analysis 

One µL of BrdU (Invitrogen, Carlsbad, CA) was injected into an intravitelline vein 

and chimeric and control embryos were incubated for 20 min at 37°C [106].  Embryos 

were fixed in Serra’s solution, sectioned, and stained using a BrdU staining kit 

(Invitrogen).  Chimeric quck embryos were screened (using Q¢PN) for those cases that 

had a large majority of quail donor-derived NCM on one side of the mandible and no 

contamination from the donor on the contralateral host side.  Sections adjacent to these 

screened cases were used to quantify BrdU-positive cells using ImageJ software (NIH).  

The rectangular selection tool was used to define equal areas (ranging from 

approximately 0.0625 mm2 to 0.16 mm2) on donor and host sides of quck through a 

depth of 0.5 – 0.9 mm (average volume of 0.06 – 0.1 mm3).  Levels were relative to 

BrdU-positive cells on the host side in quck.  
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Analyses of vascularization 

Using glass needles (diameter 0.5 mm, Sutter Instruments Co.), 5 µL of 

FluoSphere carboxylate-modified microspheres (0.2u, 580/605; Invitrogen) or 

rhodamine-conjugated Lens Culinaris Agglutinin (Vector Laboratories, Inc.) was injected 

into a vitelline vein using a PV830 Pneumatic Picopump (World Precision Instruments, 

Sarasota, FL).  Fifteen minutes after injection, embryos were fixed in 4% formaldehyde 

overnight.  For FluoSphere-injected embryos, mandibles were dissected out, were 

cleared in glycerin, and imaged using epifluorescence (Leica MZFLIII stereoscope).  For 

quantification, relative fluorescent units (RFU) were measured on the donor versus host 

sides using a Spectra Max M5 multi-well plate reader.  For lectin-injected embryos, 

embryos were incubated in 5-30% sucrose/PBS overnight, embedded in tissue freezing 

media (Triangle Biomedical Sciences, Durham, N.C.), and cryosectioned (20 µm 

intervals).  Embryos were stained with Q¢PN and Alexa Fluor 488 goat anti-mouse IgG 

(Invitrogen) secondary antibody, and Hoescht reagent.  Quantification of blood vessels 

was performed as described above for quantifying BrdU-positive cells. 

 

Statistical methods 

Unpaired Student’s t-tests were used for comparisons of continuous variables 

between exactly two groups.  Two-tailed P<0.05 was considered statistically significant, 

and P<0.01 was considered very statistically significant. 

 

Results 

Donor NCM does not affect the timing of host blood vessel formation 

To understand the role that NCM plays during formation of the jaw skeleton we 

transplanted first arch (i.e., mandibular) neural crest cells from quail to duck, and 
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produced chimeric quck.  Quail and duck not only have species-specific difference in 

their jaw size and shape (Figure 12A), but they also develop at very different rates 

(Figure 12B).  The unilateral transplantation of mid- and hindbrain neural crest cells from 

quail to duck (Figure 12C) leads to the formation of quail-like jaw components on one 

side of the embryo (Figure 12E, F).  By design, the host side serves as an internal 

control and the distribution of quail cells can be followed using an antibody (Q¢PN) that 

binds to cells from the quail but not from the duck (Figure 12D). 

 

Given the ability of NCM to accelerate the timing of osteogenesis we also 

assessed if donor NCM might be recruiting a premature blood supply in the host.  

Specifically, we examined the extent of host blood vessel formation by labeling the 

vasculature of HH24 quck.  We triple-stained tissue sections with Lens Culinaris 

Agglutinin for blood vessels, Q¢PN for donor NCM, and Hoescht dye for all cells (Figure 

13H) and then quantified total vasculature over a fixed volume (Figure 13J).  We 

observed no difference between quail donor and host sides in HH24 quck.  In a separate 

series of experiments designed to measure vasculature in whole mandibles, we filled the 

host bloodstream with fluorescent microspheres (Figure 13I).  Fluorescence as a 

measure of vessel volume was quantified, and again, no differences were detected in 

the amount of vasculature between quail donor and host sides in HH24 quck (Figure 

13K).  Lastly, in situ hybridization for two markers of developing vasculature, Vegf and its 

receptor, Flk1, was performed on sections from HH24 quck. We did not detect any 

differences in the timing or levels of expression between quail donor and host sides 

(data not shown).  
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Neural crest mesenchyme regulates cell cycle progression 

To examine the extent to which NCM regulates the developmental transition from 

proliferation to differentiation, we used two approaches.  First, rates of cell division were 

measured by BrdU incorporation in those HH24 quck mandibles containing large 

numbers of quail donor NCM (Figure 14A).  Anti-BrdU staining showed less BrdU 

incorporation on the quail donor side relative to the duck host side, suggesting a 

premature decrease in proliferative capacity (Figure 14B).  Quantitative measurements 

confirmed an approximately 40% reduction in the number of proliferating cells on quail 

donor side relative to duck host side in the same volume of mandible in quck (p=0.0132) 

(Figure 14C).  

 

Discussion 

An understanding of how birds have achieved such tremendous evolutionary 

variation in their jaw and facial skeletons has come about gradually through a variety of 

experimental approaches.  Fate-mapping studies first revealed that all of the skeletal 

elements of the jaws and face are derived from NCM [3, 93-95, 97, 106, 145].  

Transplant experiments then demonstrated that NCM is the source of species-specific 

patterning information that not only regulates the growth of its own derivatives, but also 

that of surrounding structures [48, 50, 51, 62, 64, 107, 108].  Additionally, other work has 

shown that NCM relies upon and is highly responsive to signals in the local environment 

that affect gene expression and also provide input on the axial orientation, identity, size, 

and shape of the jaw and facial skeletons [55-57, 59, 105, 146-157].  But what has 

remained elusive are the precise molecular and cellular mechanisms through which 

NCM carries out what is undoubtedly a very complex task, which is providing species-

specific patterning information to the jaw and facial skeletons with great precision for 
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proper function in established niches, but also with maximal plasticity for evolution in 

response to fluctuations in the natural environment.  Thus, the goal of the current study 

was to identify mechanisms that enable NCM to control the species-specific patterning of 

the jaw skeleton during development but also allow NCM to serve as a source of 

evolutionary change.  Our results demonstrate that NCM establishes species-specific 

pattern in the jaw skeleton by controlling the timing of key events during bone formation.  

Following transplantation, quail donor NCM maintains its faster timetable for 

development within the slower environment of the duck host and autonomously executes 

molecular and cellular programs for each step of osteogenesis, from induction to 

mineralization.  This capacity holds true both in reverse and in the extreme, as 

evidenced by chimeric duail and qumu, respectively.  Thus, NCM functions as the 

gatekeeper or rate-limiting step that determines precisely when osteogenesis begins 

during development.  Moreover, we show that the temporal control that NCM exerts over 

this process appears closely tied to its ability to regulate cell cycle progression in a 

stage- and species-specific manner.  Ultimately, this mechanistic link between cell cycle 

and osteogenesis may empower NCM with the ability to generate changes in skeletal 

size and shape during evolution. 

 

At early stages of jaw development, the mandibular primordium is largely 

composed of highly proliferative mesenchyme.  However, at the onset of osteogenesis, a 

subset of these mesenchymal cells take on osteoblast fates, simultaneously decreasing 

their proliferative capacity and increasing the expression of genes that regulate and 

encode proteins for bone matrix synthesis [51, 153-156, 158-160].  These cell regulatory 

differences may greatly impact species-specific adaptive evolution. 
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 Ultimately, connections among proliferative capacity, differentiation, and the size 

of skeletal elements can be examined in the context of a critical phase of osteogenesis, 

which is condensation.  Osteogenic condensations are composed of pre-osteoblastic 

mesenchymal cells, densely packed among a glycoprotein-rich ECM that facilitates the 

local osteogenic signaling necessary for differentiation.  Thus, in order to proceed to 

bone formation, pre-osteoblasts must reach a critical condensation size [161, 162], much 

like the way in vitro bone formation assays can only be performed once plated cells have 

reached confluency [163].  Variations in condensation shape, size, and location, are all 

sources of morphological variation in development and evolution [161, 162, 164-167].  

 

Overall, the significance of our results can be explained by incorporating several 

possible scenarios that would enable NCM to control the species-specific timing of 

osteogenesis and ultimately generate changes in the jaw skeleton during evolution.  First, 

there may be species-specific differences in initial population size or patterns of 

migration.  As a result, quail and duck may start with divergent numbers of NCM, and/or 

migration may concentrate cells in distinct species-specific locations in the developing 

mandible.  This in turn could enable donor NCM to impart species-specific size and 

shape to the pre-osteogenic condensations that ultimately form the jaw skeleton.  

Second, in absolute time, earlier osteogenic condensations may produce smaller 

skeletal elements.  Such earlier osteoblast commitment would reduce the number of 

proliferating cells and lead to smaller overall jaw size. Third, species such as duck might 

continue to proliferate more slowly and expand its NCM for relatively longer periods of 

time.  When comparing quail and duck cell cycle regulation, we find that the quail 

suppresses proliferative signals, and shows more dramatic signs of cell cycle exit.  In 

contrast, the duck supports continued growth along with prolonged differentiation, and 

achieves a larger overall jaw size.  Fourth, quail and duck may have intrinsically different 
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responses to signals affecting growth and differentiation.  Homologous condensations 

between species or condensations from different anatomical structures within the same 

organism  (e.g., wing versus leg), can maintain distinct cellular morphologies and have 

unique responses to signaling pathways such as TGFβ and BMPs, resulting in different 

proliferation zones and condensation sizes [55-57, 59, 60, 103, 105, 149, 168-171].  

Lastly, osteogenic genes (e.g., Runx2) in quail versus duck most likely have their own 

responses to species-specific expression patterns of other homeobox transcription 

factors.  For example, altered Hoxa2 function is known to affect Runx2 and cause over-

proliferation of mesenchymal cells, create additional sites of condensation, and result in 

the formation of ectopic cartilage [172-174].  In all likelihood, each of these scenarios 

may play a role in providing NCM with the ability to control the species-specific 

patterning of the jaw skeleton. 

 

Thus, not only do our experiments reveal that NCM autonomously regulates cell 

cycle progression and the timing of osteogenic differentiation, but they also demonstrate 

that cell cycle and osteogenesis appear to be inexorably linked in vivo (as they are in 

vitro).  The ability of NCM to control and coordinate shifts in timing to both processes, 

combined with a generally permissive environment provided by surrounding non-NCM 

derived tissues, such as vasculature, may generate the developmental plasticity 

necessary for the rapid evolution of craniofacial size and shape.  In particular, Runx2 

appears to establish the timing of events during osteogenesis, which in turn affects the 

size of skeletal elements.  Moreover, the finding that Runx2 expression levels are 

responsive to changes in cell cycle, raises the possibility that signaling events 

surrounding metabolic outcomes relevant to fitness and survival, such as nutrient 

availability, may influence the rate of growth and morphology of the facial skeleton 

during development.  Finally, the fact that Runx2 is expressed at species-specific levels 
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that are regulated autonomously by NCM, illuminates how NCM may serve as a conduit 

that connects genotype with phenotype during craniofacial evolution. 
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Figure 12.  The quail-duck chimeric system. (A) Adult duck and quail skulls 

demonstrate remarkable species-specific difference in size. (B) Embryonic quail (blue 

squares) and duck (tan circles) have distinct rates of maturation but can be stage-

matched at HH9.5 for surgery (red triangle on Y-axis) by setting eggs in the incubator at 

separate times.  Approximately three embryonic stages (HH) distinguish faster-

developing quail from duck embryos within two days following surgery, and this three-

stage difference remains relatively constant during the period of craniofacial 

osteogenesis. (C) Schematic of the rostral neural tube at HH9.5 shows the levels of 

NCM that are grafted unilaterally from the caudal forebrain (fb), midbrain (mb) and 

rostral hindbrain (hb) of quail (blue) in place of the same domain in duck (tan). The un-

operated side serves as an internal control.  (D) Coronal section through the mandibular 

arch of an HH29 chimeric quck (rostral at top).  Quail donor NCM (black) are visualized 

by the quail-specific antibody (Q¢PN) on the surgical (right) side, while few to no quail 

cells are observed on the contra-lateral duck host side. These cells will give rise to the 

jaw skeleton.  (E) As shown schematically, quck skulls have a side derived from the 

duck host as well as a side formed by quail donor NCM.  (F) The lower jaw skeleton of 

chimeras also contains contributions of donor and host NCM. 
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Figure 13. Neural crest mesenchyme controls the timing of osteoblast 

differentiation. (H) Tissue section from HH24 quck triple-stained with Hoescht dye 

(blue) to label all cell nuclei, Q¢PN (green) to label quail donor NCM, and Lens Culinaris 

Agglutinin (red) to label blood vessels.  (I) Blood vessels in whole mandibles were 

visualized by injecting fluorescent microspheres. (J, K) Blood vessel volume was 

quantified and compared between the donor and sides of quck at HH24 using blood 

vessel histomorphometry and by measuring fluorescence.  Quantitative data represent 

the mean ± SEM.   
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Figure 14. Neural crest mesenchyme regulates cell cycle progression. (A) Section 

of an HH24 quck showing Q¢PN-positive quail donor NCM (black cells) on one side of 

the mandible as well as unlabeled duck host tissues.  (B) An adjacent section stained 

with an antibody to BrdU (dark brown) showing a decrease in the amount of proliferating 

cells coincident with the distribution of faster-developing quail donor NCM. (C) 

Quantification of BrdU-positive cells in HH24 quck demonstrates a significant decrease 

in proliferation on the quail donor side compared to the duck host side. 
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Chapter 5: Summary and Future Directions 

 

The results of these projects lay the foundation for further research on normal and 

abnormal mechanisms of craniofacial skeletogenesis.  Future projects will focus 

specifically on identifying genes and signaling interactions that regulate the timing of 

discrete steps during osteogenesis through the use of gain- and loss-of-function 

approaches.   

 

 One group of factors that may give NCM such regulatory abilities are members 

and targets of the transforming growth factor beta (TGFβ) family, which affect the 

activities of osteoblasts and osteoclasts.  Yet whether these genes play a role in 

determining jaw length is unclear.  Mutated genes in human and mice point to members 

and targets of the TGFβ family being involved in jaw size.  For example, TGFβ Type I 

Receptor (Tgfbr1/Alk5) or Tgfbr2 mutations cause microretrognathia in Loeys-Dietz 

Syndrome and in mice with NCM-specific mutations (Alk5/Wnt1-Cre and Tgfbr2/Wnt1-

Cre) [175, 176]. Additionally, a NCM-specific mutations mutation in TGFβ−activated 

kinase 1 (Tak1) (Tak1/Wnt1-Cre) causes micrognathia [177].  Other mutations that affect 

jaw length include MMP2 [Torg-Winchester Syndrome], MMP13 

[Spondyloepimetaphyseal dysplasia], and OPG [Juvenile Paget’s disease], which are all 

targets of TGFβ signaling [1, 178-181]. 

  

TGF-β is known to increase MMP2, MMP9, and MMP13 [182-185].   Specifically 

for MMP13, the transforming growth factor beta inhibitory element (TIE) is located on its 

promoter region [186].  The expression of Mmp13 gene is significantly up-regulated in 

cells of Tgfbr2 conditional knockout mice. The deletion of the Mmp13 gene under Tgfbr2 
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null background completely reverses the abnormal phenotype found in Tgfbr2 knockout 

mice. [187].   Furthermore, MMP-9 can reciprocate and activate TGFβ [188].  

Interestingly, MMPs signal through intermediates SMAD, important in TGFβ signaling, 

and NFkB, important in OPG/RANKL/RANK signaling. 

 

TGF-β help target the resorptive activity of osteoclasts to specific sites in the 

matrix [189, 190].  TGF-β may accomplish this by stimulating OPG gene expression and 

regulating osteoclastogenesis and RANK expression [191, 192].  TGFβ has even been 

reported to replace RANKL in osteoclast formation in serum containing media [193, 194].  

Two downstream signaling molecules of TGFβ, TGFβ−activated kinase 1 (TAK1) and 

TAK1-binding protein 2 (TAB2), are known to be important in forming a complex that is 

absolutely required for RANK signaling [195-198]. 

 

One future goal will be to develop translational research questions to answer how 

this new information could be utilized with new or existing clinical methods.  This 

strategy will ultimately enable us to modulate craniofacial patterning and growth.  Such 

work is crucial for conceiving clinical applications to augment hard tissue healing, correct 

skeletal deformities, and potentially eliminate invasive surgeries.
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Appendices 

1. Typed protocols and reagents 

RNA isolation protocol 

o Transfer sample into RNAse free mortar and pestle 
o Add 600uL Trizol 
o Grind sample completely 
o Incubate at RT for 5 minutes 
o Add 120uL Chloroform and shake vigorously by hand for 15 sec 
o Incubate at RT for 2-3 minutes 
o Centrifuge at 12,000g for 15min in the 4°C cold room 

o MAKE DNAse: 
2x= 
16uL  10x DNase I Reaction Buffer (4°C Deli) 
20uL  Resuspend DNase  (-20°C) 
124uL RNAse Free water 
160uL  FINAL VOLUME 

o Transfer colorless upper phase to RNAse free tube 
o Add an equal amount of 70% ethanol 
o Vortex for 10 sec 
o Transfer up to 700uL of sample to Spin Cartridge with collection tube 
o Centrifuge at 12,000g for 15 sec at RT 
o Discard flow-through until complete 
o Add 350uL Wash Buffer I 
o Centrifuge 12,000g for 15sec at RT 
o Discard the flow-through AND Collection Tube 
o Add 80uL Purelink DNase mixture 
o Incubate at RT for 15 min 
o Add 350uL Wash Buffer I 
o Centrifuge 12,000g for 15sec at RT 
o Discard the flow-through AND Collection Tube 
o Add 500uL Wash Buffer II 
o Centrifuge 12,000g for 15sec at RT 
o Discard the flow-through  
o Add 500uL Wash Buffer II 
o Centrifuge 12,000g for 15sec at RT 
o Discard the flow-through  
o Centrifuge 12,000g for 1min at RT 
o  Discard the flow-through AND Collection Tube 
o Insert into Recovery Tube 
o Add 30uL RNAse-Free Water 
o Incubate 1 min 
o Centrifuge 1 min 12,000g at RT 
o Spec with nanodrop 
o Store at -80°C/or on ice if you will use in the next few hours 

 
RNA Isolation (~3hours) 
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Tools needed: 
RNAse free tweezers 
RNAse free mortar and pestle 
RNAse free tips and pipettes 
RNAse free 70% EtOH 
RNAse free tubes 
Invitrogen Purelink RNA Kit 
RNAse free chloroform 
Trizol 
 
 
Homogenizing Protocol: 

o Set up homogenizer on stand in hood, do NOT plug it in 
o Fully clean small metal homogenizer tip with RNase Away and rinse with dH2O 
o Insert small metal homogenizer tip into homogenizer and lock into place 
o Now plug in homogenizer 
o Set homogenizer to 3 
o Test run in 100% EtOH 
o Rinse in dH2O 
o Wipe with Kimwipe 
o Run sample in trizol and count to 5 
o Between each sample 

o Run in 100% EtOH (change as needed) 
o Run in dH2O (change as needed) 
o Wipe with kimwipe 

 
o When done with all samples proceed with RNA isolation like normal 

 
o Soak homogenizer small metal tip in 1MNaOH O/N to dissolve any studck tissue 

and make sterile with RNase free for next use. 
 

Tools needed: 
5mL polystyrene round tubes 
1 conical tube filled with dH2O 
1 conical tube filled with 100% EtOH 
ice 
cup with ice 
homogenizer with small metal tip 
Trizol (1mL/sample) 
Tweezers 
Ziploc bag 
1mL pipetter and tips 
RNase away 
Kimwipes 
Stand 
 

 



! 105!

Q¢PN Antibody Staining on Paraffin Sections 
 
DAY 1: (~1hr and 15min) 

o Deparaffinize & Rehydrate (check all solutions before starting) 
o CitroSolv 5min x2 
o 100% EtOH 5min  Fresh! 
o 95% EtOH 3min  Fresh! 
o 70% EtOH 3min 
o 50% EtOH 3min 
o 30% EtOH 3min 
o dH2O  rinse 

o Wash 1x PBS  5min x3 
o Block .23% H2O2 15 min  (1.5ml 30% H2O2 in 200ml 1xPBS) 
o Wash 1x PBS  5min x3 
o Q¢PN shake off slides and outline with hydrophobic marker.  Place in humidity 

tray.         
(5% Goat Serum=1ml Normal Goat Serum in 20ml PBS) 

o 500ul Q¢PN O/N 4°C (1:10 = 500ul IgG Q¢PN in 4.5ml 5% Goat  
Serum for 10 sections) 

 
DAY 2: (~3hr and 15min) 

o Wash 1x PBS  5min x4 
o HRP shake off slides and place in humidity tray 

o 500ul HRP 2hr 4°C (1:250 = 20ul Goat Anti-Mouse HRP in  
4.98ml 5% Goat Serum) 

o Wash 1x PBS  5min x4 ***Make DAB*** 
o DAB (4ml DAB, 3ml 1% CoCL2, 2ml 1% NiSo4, 200ml 1x PBS, and then 30ul  

30% H2O2) 
o DAB  30min 

o Wash 1x PBS  5min x3 *Dispose of DAB & 1st wash in  
hazardous waste, rinse w/ bleach 

o Wash dH2O  5min  
o Dehydrate 

o 30% EtOH 3min 
o 50% EtOH 3min 
o 70% EtOH 3min 
o 95% EtOH 3min 
o 100% EtOH 5min x2 
o CitroSolv 5min x2 

o Coverslip with Permount 
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TRAP 

1. Rehydrate embryo (~30min in each, 95%, 70%, 50%, 25%, dH20 (x2)) in cold room 
2. Trypsin* 5-15min (depending on stage) in cold room  
3. TRAP** at 37°C  

a. Check first 5min, then 10min, then 30min, then 1hr, then 3hr, etc. 
4. Clearin KOH and Glyserol. 
 
* Trypsin= Kept in cold room 
 3g Trypsin 
 90mL Sodium Borate (8g Na2P4O7 + 100ml dH20) 
 210mL dH20 
 
**TRAP = make fresh 
 ***200uL Fast Red violet (7mg/mL in -20C) 
 ***200uL Sodium Nitrate (in kit)   

***Mix these two first for two minutes 
 18 mL dH20 
 200uL Naphtol AsBi (in kit) 
 800uL Acetate (in kit) 
 400uL Tartrate (in kit) 
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cDNA - Iscript 
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Dehydrating and embedding 

HH15-HH25 
 

1) Wash in cold, sterile 1X PBS on ice 
2) Fix in 4% paraformaldehyde/PBS for at least 2 hrs at 4°C on gentle rocker 
3) Wash 2 times, 20 min ea, in 1X PBS at 4°C on gentle rocker 
4) Dehydrate in 25% EtOH/dH20 for 30 min at 4°C on gentle rocker 
5) Dehydrate in 50% EtOH/dH20 for 30 min at 4°C on gentle rocker 
6) Dehydrate in 70% EtOH/dH20 for 30 min at 4°C on gentle rocker 
7) Dehydrate in 95% EtOH/dH20 for 30 min at 4°C on gentle rocker 
8) Wash 3 times, 20 min ea, in 100% EtOH at 4°C on gentle rocker 

a. Best = 30min, 30min, 1hr if time 
9) Store at -20°C with fresh 100% EtOH 
10) 50/50 Citrosolv/100%EtOH for 30 min, at RT on gentle rocker 
11) 100% Citrosolv 3 times, 30 min ea, at RT on gentle rocker 
12) 50/50 Citrosolv/Paraffin for 30 min at 58°C 
13) 100% Paraffin 3 times, 30 min ea, at 58°C 
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Ordering primers 

• IDT Primers 
Click Place Order 
Click DNA Oligos, 10 to a page 
Check - Scale: 25 nmole DNA oligo Purification: Standard Desalting 
Enter name for your sequence [ex) Sox9F or Sox9R] 
Enter sequence (see below for how to find)** 
Click Add to order 
Then confirm order 
 

• NCBI Gene 
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene 
 Enter gene name 

Click go 
Look for gene name [gallus gallus] & click it 
Copy (NM_204281.1) 

 
• NCBI Primer Design 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi 
 Paste NM & # from NCBI gene into “enter accession” box 
 Change to Min: 100 Max: 200 

Change to  Primer must span an exon-exon junction  
(can do without this change if no hits) 

Enter Gallus Gallus into Organism 
Click Get Primers 
Look for matching Tm and product length around 150 
Enter Forward and Reverse Primer sequences above** 

  
**Keep a Word document of all Sequence names and Sequences as record** 
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Plasmid purification - QIAfilter 

DAY 1:  
1ul Amp100 ! 1ml LB 
Add selected colony 
Shake at 2,500 rpm overnight at 37°C 
 
DAY 2: 
Harvest Cells: 
 Centrifuge at 6,000g for 15min at 4°C 
 Make balance if necessary by making a water balance on the scale 
 
Alkaline Lysis: 
 Resuspend pellet  – 10ml Buffer P1 (cold) 
 Lyse cells   – 10ml Buffer P2 – invert vigorously 5 times 

- Incubate room temp for max of 5 min 
Neutralize cells - 10ml pre-chilled Buffer P3 – invert vigorously 5 times 

 
Lysate Clearing: 
 Transfer lysate - Pour lysate into closed QIAfilter – incubate 10min 
 Equilibrate  - 10ml Buffer QBT to QIAGEN-tip 500 into a beaker 
 Filter lysate  - Remove cap, insert plunger into QIAfilter, and filter into  

QIAGEN-tip 
 
Gravity flow anion-exchange chromatography: 
 Bind   - let previous flow through 
 Wash   - Wash x2 with 30ml Buffer QC 
 Elute   - 15ml Buffer QF into new clean centrifuge tube 
 Precipitate  - 10.5ml RT isopropanol and invert 
    - IMMEDIATELY centrifuge at 15,000g for 20min at 4°C 

Wash - wash pellet with 1.5ml RT 70% ethanol and transfer into  
1.5ml eppendorf 

    - centrifuget at 15,000g for 10min at RT 
 Dry   - Air dry pellet in hood 
 Resuspend   - 50-100ml TE Buffer, let sit at least 5min 
 Nanodrop  - Nanodrop for final concentration 
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RT-qPCR 
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Trichrome 

o Mix Milligan’s Trichrome 
• Mix 150mL part A with 50mL part B (45mL 95% EtOH & 5mL Hydrochloric 

Acid) 
o Hemo-De    5min  x2 
o 100% EtOH    5min 
o 95% EtOH    5min 
o 70% EtOH    3min 
o dH2O     3min 
o Milligan’s Trichrome*   5min  (Under hood) 
o dH2O*     1min  (Under hood) 
o 1% Acid Fuchsin   30sec 
o dH2O     30sec 
o 1% Phosphomolybdic Acid**  2min 
o 2% Orange G**   30sec 
o dH2O**    1min 
o 1% Acetic Acid**   2min 
o 1% Aniline Blue   3min 
o 1% Acetic Acid   3min 
o 70% EtOH    3min 
o 95% EtOH    5min 
o  95% EtOH    5min 
o 100% EtOH    5min 
o 100% EtOH    5min 
o Hemo-De (can sit up to 24 hours) 
o Cover with Permount 

 
* & ** = Toxic, chemical waste 
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2. A Simple PCR-based Strategy for Estimating Species-Specific Contributions in 

Chimeras and Xenographs – accepted manuscript proof 
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INTRODUCTION
Strategies that combine cells in interspecific chimeras or in human-

animal xenografts have revealed fundamental mechanisms in

developmental biology and have provided a path forward for

regenerative medicine. Given that a major clinical objective is to

facilitate repair of tissues following disease or injury, more precise

approaches are needed to track transplanted cells and to understand

signaling interactions between donor- and host-derived tissues.

Immunohistochemistry has long been the primary means for

following transplanted cells and has been effective for interpreting

data at the morphological level. However, crucial information is

often needed at the molecular level, and the ability to distinguish

donor versus host effects on gene expression has been limited by

the lack of a simple technique for estimating species-specific

contributions. Here, we provide a universal method based on the

reverse transcription quantitative real-time polymerase chain

reaction (RT-qPCR) (Bustin et al., 2009) that allows relative

percentages of donor and host cells to be readily assessed in

chimeras. This approach can be applied to xenografts, heterospecific

cell pellets, and/or other strategies for repairing human tissues

(Allon et al., 2012; Behringer, 2007; Cooke et al., 2011; Lin et al.,

2012; Tisato and Cozzi, 2012).

Chimeras have long been used to understand lineages, fates, and

patterning abilities of cells (Le Douarin and McLaren, 1984;

Lwigale and Schneider, 2008; Noden and Schneider, 2006). We

employ quail-chick and quail-duck chimeras to understand

patterning of neural crest mesenchyme (NCM), ectoderm, and

mesoderm (Eames and Schneider, 2005; Eames and Schneider,

2008; Merrill et al., 2008; Schneider, 1999; Schneider, 2005; Solem

et al., 2011; Tokita and Schneider, 2009). A goal is to define

molecular programs that these embryonic precursors use to

communicate with one another (Fig. 1A). To this end, we transplant

NCM from quail embryos into either chick or duck embryos

(Fig. 1B). Transplanted NCM then moves into the developing jaw

and interacts with non-NCM-derived host tissues (Fig. 1C).

Typically, we section and stain chimeras with an antibody (Q¢PN)

that recognizes only quail cells. Although this approach is

informative for extracting necessary spatial information, the number

of genes that can be analyzed in any one sample is greatly dependent

upon the number of available tissue sections. Other cell-labeling

techniques used to distinguish donor from host such as dyes,

transgenic reporters [e.g. green fluorescent protein (GFP) or LacZ],

or probes to chromosomal markers (Cooke et al., 2011; Fontaine-

Pérus et al., 1997; Matsuo et al., 2007) also have disadvantages.

What is most needed for quantifying expression of numerous genes

is a rapid molecular assay for screening samples by estimating

numbers of donor cells.

Virology and hematology contain examples of using RT-qPCR

to determine mtDNA mutant or viral load in an individual,

mutations within a virus that confer drug resistance from individual

to individual, genotypes of strains of virus within an infected

population, and success versus failure of marrow engraftment based

on ratios of individual recipient and donor genotypes (Bai and

Wong, 2004; Gineikiene et al., 2009; Liu and Zhang, 2008; Waku-

Kouomou et al., 2006). However, these approaches are limited in

their applicability because they: rely on blood samples; are not

especially useful for developmental biology given the few cell types

and life-history stages that can be analyzed; require sequencing each

donor and host every time; and necessitate prior knowledge of a

nucleotide change that relates to a disease state in order to

distinguish a mutant genotype from wild type within an individual

or between individuals of the same species. Similarly, other work

has employed Alu elements to identify human versus non-human

tissues (Abellaneda et al., 2012; Walker et al., 2003), but this

approach is fairly narrow because one sample must be human/

1Department of Orofacial Sciences, University of California at San Francisco, 533
Parnassus Avenue, San Francisco, CA XXXXXX, USA. 2Department of Orthopaedic
Surgery, University of California at San Francisco, 533 Parnassus Avenue, San
Francisco, CA XXXXXX, USA.

*Author for correspondence (rich.schneider@ucsf.edu)

Accepted 27 April 2013

SUMMARY
Many tissue-engineering approaches for repair and regeneration involve transplants between species. Yet a challenge is distinguishing
donor versus host effects on gene expression. This study provides a simple molecular strategy to quantify species-specific contributions
in chimeras and xenografts. Species-specific primers for reverse transcription quantitative real-time PCR (RT-qPCR) were designed by
identifying silent mutations in quail, duck, chicken, mouse, and human ribosomal protein L19 (RPL19). cDNA from different pairs of
species was mixed in a dilution series and species-specific RPL19 primers were used to generate standard curves. Then quail cells were
transplanted into transgenic-GFP chick and resulting chimeras were analyzed with species-specific primers. Fluorescence-activated cell
sorting (FACS) confirmed that donor- and host-specific levels of RPL19 expression represent actual proportions of cells. To apply the
RPL19 strategy, we measured Runx2 expression in quail-duck chimeras. Elevated Runx2 levels correlated with higher percentages of
donor cells. Finally, RPL19 primers also discriminated mouse from human and chick. Thus, this strategy enables chimeras and/or
xenografts to be screened rapidly at the molecular level.
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primate, and there are often false positives because other species

contain Alu templates at low levels.

What sets our strategy apart is its generic applicability to many

animal species, cell types, and contexts. The strategy involves

collecting tissue from chimeras or site of xenograft integration,

lysing cells, isolating mRNA, synthesizing cDNA, and performing

RT-qPCR (Fig. 1D). The strategy uses ribosomal protein L19

(RPL19), which is normally expressed ubiquitously and equally in

almost all cell types throughout the life of all individuals (Al-Bader

and Al-Sarraf, 2005; Chari et al., 2010; Facci et al., 2011; Zhou et

al., 2010). An exception is in tumors, where RPL19 expression is

elevated (Bee et al., 2006; Henry et al., 1993; Kuroda et al., 2010;

Nakamura et al., 1990; Roesch et al., 2003). Also, at the protein

level RPL19 is highly conserved among major taxonomic groups

(Brosius and Arfsten, 1978; Chan et al., 1987; Davies and Fried,

1995; Song et al., 1995; Van Dyck et al., 1994), but at the DNA

level there are just enough nucleotide changes to enable different

species to be distinguished from one another through primer design.

Plotting levels of species-specific RPL19 expression against a

standard curve then allows percentages of donor and host cells to be

quantified. Percentages are validated using fluorescence-activated

cell sorting (FACS). We also present species-specific primers for

commonly used animals and show how others can be designed

easily.

MATERIALS AND METHODS
Generating chimeras
Quail (Coturnix coturnix japonica), duck (Anas platyrhynchos domestica)

(AA Labs, Westminster, CA), and transgenic GFP-chick (Gallus gallus)

(Crystal Bioscience, Emeryville, CA) eggs were incubated at 37°C.

Embryos were matched at stage 9.5 following Hamburger and Hamilton

(HH) (Hamburger and Hamilton, 1951). Embryos were handled according

to NIH guidelines. NCM was excised from quail and transplanted into duck

(Schneider and Helms, 2003) or GFP-chick. Tissues were processed as

described (Schneider, 1999).

Preparing cell mixtures
Chick DF-1 (American Type Culture Collection, Manassus, VA), infected

with RCAS virus (Morgan and Fekete, 1996) containing GFP, and mouse

fibroblasts (NIH-3T3) were expanded in Dulbecco’s modified Eagle

medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin.

Cells were trypsinized, re-suspended, and 50% GFP-chick were combined

with 50% mouse for a total approximating six million. Approximately one

million cells were isolated for FACS and five million for RNA isolation.

RESEARCH REPORT Development 140 ()

Fig. 1. Generation and examination of chimeric tissue.
(A) Pseudocolored scanning electron micrograph showing
precursors of the jaw complex. Image courtesy of K. Tosney.
(B) NCM transplants from quail into either chick or duck. 
(C) Sagittal section through the jaw region showing quail
cells stained with Q¢PN (black nuclei). Duck-host ectoderm
(light blue), endoderm (yellow), and myogenic mesoderm
(orange) remain unstained. (D) Work flow for quantifying
gene expression.
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cDNA preparation
RNA was isolated using an RNeasy column purification kit (Qiagen,

Valencia, CA). Concentration and purity of RNA were assessed using a

Nanodrop ND-1000 (Thermo Scientific, Wilmington, DE). Approximately

250 ng of total RNA was converted to cDNA in a 20 µl reverse transcription

reaction using 1 µl of iScript reverse transcriptase (Bio-Rad, Hercules, CA).

The reaction involved: Step 1, 25°C for 5 minutes; Step 2, 42°C for 30

minutes; Step 3, 85°C for 5 minutes; Step 4, 4°C hold in a 2720 Thermal

Cycler (Applied Biosystems, Carlsbad, CA). cDNA libraries were analyzed

to ensure equal amplification efficiencies and then combined in known

quantities to make dilution series. A given dilution series contained 0% to

100% cDNA of species ‘A’ mixed with 100% to 0% cDNA of species ‘B’

so that each well plate contained 2 µl (1.25 ng/µl) total cDNA of 100%. For

example, ‘70% chick’ contained 70 µl (1.25 ng/µl) chick cDNA and 30 µl

(1.25ng/µl) quail cDNA.

Cloning RPL19 and Runx2
Primers were designed to obtain full-length quail and duck RPL19 and

partial-length Runx2 (RPL19 F: 5!-ATGAGTATGCTCCGGCTGCAG-3!;
RPL19 R: 5!-TCACTTCTTGGTCTCTTCTTC-3!; Runx2 F: 5!-ACAG -

GACTTCCAGCCATCAC-3!; Runx2 R: 5!-TTGGGCAAGTTTGGGT -

TTAG-3!) based on RPL19 (Gene ID: 420003) and Runx2 (Gene ID:

373919) sequences published for chick. RPL19 was cloned using quail and

duck cDNA libraries derived from HH27 mandibles, and Runx2 from HH34

whole heads. PfuDNA polymerase (Stratagene, La Jolla, CA) was used for

amplification. The protocol was: Step 1, 95°C 45 seconds; Step 2, 95°C for

45 seconds; Step 3, 50°C for 45 seconds; Step 4, 72°C for 1 minute; Steps

2, 3, and 4 were repeated 29 times; Step 5, 72°C for 10 minutes. PCR

products were examined on a 1% agarose gel to identify bands of interest,

which were collected using QIAquick gel extraction (Qiagen) and then re-

suspended in 30 µl of nuclease-free dH2O. PCR products were ligated using

pGEM-T Easy Vector System I (Promega, Madison, WI), with 3 µl PCR

product and ligase T4, and transformed using DH5! cells (Invitrogen, Grand

Island, NY). Plasmid DNA was sequenced (McLab, South San Francisco,

CA) using primers for promoter sites SP6 and T7 and analyzed using NCBI

tools and Sequencher (Gene Codes Corporation, Ann Arbor, MI). PCR-

based sequences were confirmed by sequencing several independent clones.

Sequences were deposited in EMBL/GenBank/DDBJ databases under

Accession Numbers XXXX.

Species-specific primers
Species-specific primers were designed by identifying silent mutations in

quail, duck, chick, mouse, and human RPL19 using Amplification

Refractory Mutation System (ARMS) primer design (Bai and Wong, 2004;

Newton et al., 1989). To increase species-specificity, one mismatch was

introduced at the position immediately 5! to species-specific silent

mutations. Species-specific primers (Fig. 2) had an amplicon length of 

83 bp.

3RESEARCH REPORTRT-qPCR strategy for chimeras

Fig. 2. Analysis of RPL19 and generation of
species-specific primers. (A) RPL19 sequence
between amino acids 35 through 75. 
(B) Corresponding nucleotide sequence contains
between 3 and 19 mutations per species (underlined
and emboldened) compared to chick. Binding
locations of universal and species-specific primers
are shown. (C) Universal primers amplify evenly, yet
due to nucleotide differences among species, melt
peaks vary when plotted as the rate of change of
relative fluorescent units (RFU) with time (T). Quail-
duck chimeras show two melt peaks. (D) Five RPL19
species-specific primers with the distinguishing
region and one added mismatch (C to A) at the 3!
end (gray box). The quail-specific primer only
amplifies quail cDNA and not duck or chick.
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Reverse transcription quantitative real-time PCR
RT-qPCR was performed in a C1000 Thermal Cycler with a CFX96 Real-

Time System (Bio-Rad). Forward and reverse primers, 2 µl of cDNA,

RNase-free dH20, and iQ SYBR-Green Supermix (Bio-Rad), containing

dNTPs, iTaq DNA polymerase, MgCl2, SYBR Green I, enhancers,

stabilizers, and fluorescein, were manually mixed in a 25 µl reaction to

amplify each cDNA of interest. Samples were run in triplicate on hard-shell

PCR white 96-well plates (Bio-Rad, catalog #HSP9601). Results were

normalized to universal RPL19, which was checked to make sure

amplification efficiencies were equal among samples. The protocol was:

Step 1, 95°C for 3 minutes; Step 2, 95°C for 10 seconds; Step 3, 60°C for

30 seconds and a plate read; Steps 2 and 3 were repeated 39 times; Step 4,

95°C for 10 seconds; Step 5, Melt curve - 60°C - 95°C for 5 seconds at each

0.5°C with a plate read. Melt curves were checked for specificity. PCR

products amplified after 35 cycles were considered to be false positives. For

avian Runx2 primers, we used F: 5!-TGGACCTTTCCAGACC -

AGCAGCA-3!, and R: 5!-GGCAAGTTTGGGTTTAGCAGCGT-3! with

an amplicon length of 162 bp. Universal RPL19 primers (Fig. 2) produced

an amplicon length of 127 bp.

Calculating species-specific percentages
Threshold cycle (Ct) values were obtained using universal and species-

specific RPL19 primer sets for each sample. Fold changes in species-

specific expression were calculated relative to the 100% sample for each

species using the delta-delta Ct method (Livak and Schmittgen, 2001). Fold

changes were multiplied by 100 to represent values as percentages. The

dilution series was then used to determine the linear regression for values

of 0% to 100% by intervals of 10%. For each dilution series, linear

regressions were analyzed for a best fit by calculating R2 values. To

determine contributions of each species, the delta-delta Ct * 100 value was

plotted on the linear regression. Confidence intervals were calculated at one

standard deviation.

Validation using FACS
Mandibles were isolated as described (Merrill et al., 2008) and digested for

30 minutes at 4°C in 0.25% trypsin with EDTA in Saline A (UCSF Cell

Culture Facility). Digestion was stopped in RNase-free 1x PBS. Tissues

were pipetted, vortexed, and passed through a 70 µm filter. One million

cells were separated for FACS and analyzed within 24 hours. Remaining

cells were stored in liquid nitrogen at -80°C for RNA isolation (as described

above). Cells from each sample (e.g. GFP-chick and quail, and GFP-chick

and mouse) were sorted on a FACSAria Flow Cytometer (BD Biosciences,

San Jose, CA). For all sorts, doublets were excluded via gating

discrimination using FSC-A and FSC-W. The FSC-SSC gate was used to

eliminate debris. At least 10,000 cells were analyzed in each run.

RESULTS AND DISCUSSION
RT-qPCR primers detect species-specific transcripts
of RPL19
To analyze tissues from chimeras or xenografts quantitatively, we

developed a strategy involving species-specific primers that amplify

RPL19. Protein sequence of RPL19 from amino acid #35-75 is

100% conserved among chick, quail, duck, mouse, and human

(Fig. 2A). Yet the corresponding nucleotide sequence shows

multiple silent mutations (Fig. 2B). Our ‘universal’ primers equally

amplified transcripts for RPL19 (Fig. 2C) but also produced unique

melt peaks for each species due to nucleotide differences (Fig. 2B).

The quail melt peak was 83°C, chick 85°C, and duck 87°C.

Interestingly, we observed two melt peaks when we analyzed

chimeras using universal RPL19 primers. One corresponded to the

donor and the other to the host (Fig. 2C).

Realizing that different melt peaks arose due to nucleotide

changes across species, we used ARMS (Newton et al., 1989) to

amplify RPL19 in a manner that was specific to each species

(Fig. 2B, grey box). For example, the quail-specific primer was

effective because quail have a ‘T’ in the same position occupied by

a ‘C’ in chick. Yet, this same primer sequence did not discriminate

chick from duck, as both contain a ‘C’ in the same position. To

increase primer specificity, a mismatch was deliberately

introduced near the 3! end, adjacent to the silent mutation

(Fig. 2B,D). These forward primers allowed for exclusive

amplification of the species-specific target when combined with

universal reverse primers. For example, the quail-specific primer

amplified RPL19 from quail but not from chick or duck (Fig. 2D).

Equivalent amplification plots were generated for each species

(data not shown).

Species-specific RPL19 can estimate the number of
cells from donor versus host
To use RPL19 expression as a means to estimate cell number, we

generated dilution series containing known quantities of cDNA from

each species. Universal, quail-specific and chick-specific primers

were utilized to quantify levels of RPL19 expression. After

obtaining Ct values for each sample, fold changes in RPL19

expression were calculated relative to pure 100% samples. For

example, percentages calculated for the 70% chick/30% quail

sample were 72% by the chick-specific primer and 29% by the

quail-specific primer. R2 values for both quail- and chick-specific

linear regressions were greater than 0.98 and P-values were less

than 0.0001 (Fig. 3A). Thus, species-specific RPL19 primers

accurately quantify the proportions of each species in samples

containing known quantities of cDNA from different species.

To test if RPL19 could also be used to estimate percent

contributions of each species within a chimera, we used universal,

quail-specific, and chick-specific primers with cDNA from two

quail-chick chimeras. In Chimera #1 we found that the fold-change

value multiplied by 100 was 79% when using the chick-specific

primer and 22% with the quail-specific primer. Using the formula

for the species-specific linear regression (Fig. 3A) we could

estimate that Chimera #1 contained 76% chick cells and 25% quail

cells. Importantly, in Chimera #1 and Chimera #2 the percentage of

quail plus percentage of chick approximates 100%.

To validate percentages measured in each quail-chick chimera,

we performed FACS. Chimeras were created using transgenic-GFP

chick. FACS demonstrated that the percentage of chick in each

chimera was within one standard deviation of the value calculated

from the linear regression. For example, in Chimera #1 (Fig. 3B),

FACS revealed that 80.1% of cells in the sample were GFP-positive

chick, whereas the RPL19 method had predicted that 76±5% of cells

would be derived from chick. Thus, FACS confirms that species-

specific RPL19 primers can accurately measure cellular

contributions from different species.

We expect that this RPL19 strategy would work for any highly

conserved and ubiquitously expressed reference gene (e.g. GAPDH

or !-Actin). By contrast, most other genes would probably not be

suitable for discriminating between and/or making predictions about

numbers of donor and host cells. Whereas species-specific primers

could probably be designed for any gene of interest and allow

transcripts from the donor to be distinguished from those of the host,

this would be most applicable in situations where only one or a few

donor- or host-derived cell types needed to be followed using

lineage-specific genes (such as osteocyte or myocyte markers) with

the caveat that expression might not remain constant over time as

cells progress from their progenitor to terminally differentiated

states, and thus not be an accurate predictor of cell number.

Nonetheless, designing species-specific primers would be

informative for many types of studies, and our strategy provides a

blueprint for how to accomplish this task.

RESEARCH REPORT Development 140 ()



! 118!

 

RPL19 strategy can distinguish donor- versus host-
effects on gene expression
Previously we have shown that Runx2 is elevated on the donor-side

of chimeric mandibles owing to accelerated activation of molecular

programs in faster-developing quail cells (Fig. 4A) (Merrill et al.,

2008). However, when we collect multiple samples of chimeras, we

often see a range of Runx2 expression phenotypes, probably as a

consequence of varying amounts of donor cells. To test if we could

use the RPL19 strategy to screen chimeras and make predications

about the effects of donor cell number on gene expression, we

transplanted different-sized populations of quail NCM into duck

hosts. We collected eight chimeric mandibles and used species-

specific RPL19 primers to estimate the ratios of quail and duck

cells. For each chimeric sample we also measured the fold change

for total Runx2 expression (i.e. from both quail and duck). When

we ranked samples based on number of quail donor cells, we

observed a significant fold increase in Runx2 expression when

comparing the average of the group containing more donor and all

donor cells, with the average of the group containing fewer donor

and no donor cells (Fig. 4A). We did find some variation in Runx2

expression levels within each group, probably due to the fact that

donor cells not only differ in number but also in spatial distribution,

5RESEARCH REPORTRT-qPCR strategy for chimeras

Fig. 3. Determining species-specific percentages of cells. (A) Chick-
and quail-specific primers were used with a dilution series of cDNA from
both chick (green squares) and quail (red squares). Linear regressions
were calculated (solid line), as were confidence intervals (dashed lines).
Values for Chimera #1 and Chimera #2 (pink circles) were calculated from
the regression lines. (B,C) Percentages calculated for Chimera #1 and
Chimera #2 with RPL19 were validated using FACS to count GFP-positive
chick cells.

Fig. 4. RPL19 strategy for gene expression and other animal models.
(A) Quail-duck mandible shown schematically and after performing
whole-mount in situ hybridization for Runx2. Expression is elevated on the
donor side although the number of quail cells remains unknown (Merrill
et al., 2008). Runx2 fold change is measured relative to calculated
percentages of quail donor cells in duck hosts. Chimeras with high
percent quail NCM show elevated Runx2. (B) RPL19 strategy in mouse and
human. (C) Percentage of mouse versus GFP-chick is validated using
FACS.



! 119!

 

 

6

which may or may not fall within normal domains of Runx2

expression. Thus, this RPL19 strategy allows chimeric tissues to be

screened rapidly, enables trends in gene expression to be measured

against percentage of chimerism, and provides an objective criterion

for removing potential outliers from datasets, such as those that arise

from unsuccessful transplants or poor engraftment of donor cells.

Species-specific RPL19 primers can be used with
other chimeras and xenografts
To demonstrate applicability of the RPL19 strategy for non-avian

chimeras and xenografts, we developed species-specific primers for

human and mouse RPL19. By amplifying RPL19 in a dilution series

made from known quantities of human and mouse cDNA, we found

that we could easily determine contributions from each species

(Fig. 4B). As with avian chimeras, human-mouse samples had an R2

greater than 0.90 and a P-value less than 0.0001. We also

successfully extended the RPL19 strategy to the context of mouse-

chick chimeras. First, we combined 50% GFP-positive chick

fibroblasts with 50% mouse fibroblasts, and then used mouse and

chick RPL19 primers to estimate cell number, and FACS to validate

(Fig. 4C). Our results show that we can measure accurately

percentage of mouse within one standard deviation of the value

calculated from the linear regression. Thus, this RPL19 strategy can

be used reliably with non-avian species.

Importantly, the RPL19 protein sequence (#35-75) that we

analyzed is also 100% conserved in chimp (Pan troglodytes)

(XP_51150.1), pig (Sus scrofa) (kXP_00313557.1), cow (Bos taurus)

(NP_001035606.1), rat (Rattus norvegicus) (NP_112365.1), zebrafish

(Danio rerio) (NP_998373.1), and frog (Xenopus laevis)

(NP_001080267.1). Therefore, this strategy can include almost any

combination of animal models for various tissue-engineering

approaches and future clinical therapies. For example, putting human

cells into animals can provide an in vivo system for studying

differentiation without experimenting on human individuals

(Behringer, 2007; Goldstein, 2010). Ultimately, RPL19 could be used

in the clinical setting to evaluate success for many kinds of xenografts

where small biopsies could be taken from patients and quickly

analyzed for the contributions of donor versus host. Thus, this RT-

qPCR-based method addresses a crucial need to quantify cells that

each species contributes in chimeras or xenografts when tissues must

be processed for gene and protein expression. Moreover, the ability

to measure donor- versus host-mediated changes in gene expression

on a larger scale will undoubtedly facilitate discovery of more key

mechanisms in developmental biology and allow for advances in

tissue engineering and regenerative medicine.

Acknowledgments
We thank K. Butcher, J. Fish, J. Yu, E. Berthet, J. Allen, T. Rambaldo and K.
Hemati for technical assistance; T. Alliston for helpful discussions; T. Dam at AA
Lab Eggs; and M. van de Lavoir at Crystal Bioscience.

Funding
Funded in part, by National Institute of Dental and Craniofacial Research
(NIDCR) [T32 DE007306 and K08 DE021705 to E.L.E.]; and by NIDCR [R01
DE016402 to R.A.S.].

Competing interests statement
The authors declare no competing financial interests.

Author contributions
xxxxxx xxxxxxx xxxxxxxxx

References
Abellaneda, J. M., Ramis, G., Martínez-Alarcón, L., Majado, M. J., Quereda, J.

J., Herrero-Medrano, J. M., Mendonça, L., García-Nicolás, O., Reus, M.,
Insausti, C. et al. (2012). Generation of human-to-pig chimerism to induce

tolerance through transcutaneous in utero injection of cord blood-derived
mononuclear cells or human bone marrow mesenchymals cells in a preclinical
program of liver xenotransplantation: preliminary results. Transplant. Proc. 44,
1574-1578.

Al-Bader, M. D. and Al-Sarraf, H. A. (2005). Housekeeping gene expression
during fetal brain development in the rat-validation by semi-quantitative RT-
PCR. Brain Res. Dev. Brain Res. 156, 38-45.

Allon, A. A., Butcher, K., Schneider, R. A. and Lotz, J. C. (2012). Structured
coculture of mesenchymal stem cells and disc cells enhances differentiation
and proliferation. Cells Tissues Organs 196, 99-106.

Bai, R. K. and Wong, L. J. (2004). Detection and quantification of heteroplasmic
mutant mitochondrial DNA by real-time amplification refractory mutation
system quantitative PCR analysis: a single-step approach. Clin. Chem. 50, 996-
1001.

Bee, A., Ke, Y., Forootan, S., Lin, K., Beesley, C., Forrest, S. E. and Foster, C. S.
(2006). Ribosomal protein l19 is a prognostic marker for human prostate
cancer. Clin. Cancer Res. 12, 2061-2065.

Behringer, R. R. (2007). Human-animal chimeras in biomedical research. Cell
Stem Cell 1, 259-262.

Brosius, J. and Arfsten, U. (1978). Primary structure of protein L19 from the
large subunit of Escherichia coli ribosomes. Biochemistry 17, 508-516.

Bustin, S. A., Benes, V., Garson, J. A., Hellemans, J., Huggett, J., Kubista, M.,
Mueller, R., Nolan, T., Pfaffl, M. W., Shipley, G. L. et al. (2009). The MIQE
guidelines: minimum information for publication of quantitative real-time PCR
experiments. Clin. Chem. 55, 611-622.

Chan, Y. L., Lin, A., McNally, J., Peleg, D., Meyuhas, O. and Wool, I. G. (1987).
The primary structure of rat ribosomal protein L19. A determination from the
sequence of nucleotides in a cDNA and from the sequence of amino acids in
the protein. J. Biol. Chem. 262, 1111-1115.

Chari, R., Lonergan, K. M., Pikor, L. A., Coe, B. P., Zhu, C. Q., Chan, T. H.,
MacAulay, C. E., Tsao, M. S., Lam, S., Ng, R. T. et al. (2010). A sequence-
based approach to identify reference genes for gene expression analysis. BMC
Med. Genomics 3, 32.

Cooke, M. E., Allon, A. A., Cheng, T., Kuo, A. C., Kim, H. T., Vail, T. P.,
Marcucio, R. S., Schneider, R. A., Lotz, J. C. and Alliston, T. (2011).
Structured three-dimensional co-culture of mesenchymal stem cells with
chondrocytes promotes chondrogenic differentiation without hypertrophy.
Osteoarthritis and cartilage 19, 1210-1218.

Davies, B. and Fried, M. (1995). The L19 ribosomal protein gene (RPL19): gene
organization, chromosomal mapping, and novel promoter region. Genomics
25, 372-380.

Eames, B. F. and Schneider, R. A. (2005). Quail-duck chimeras reveal
spatiotemporal plasticity in molecular and histogenic programs of cranial
feather development. Development 132, 1499-1509.

Eames, B. F. and Schneider, R. A. (2008). The genesis of cartilage size and shape
during development and evolution. Development 135, 3947-3958.

Facci, M. R., Auray, G., Meurens, F., Buchanan, R., van Kessel, J. and Gerdts,
V. (2011). Stability of expression of reference genes in porcine peripheral
blood mononuclear and dendritic cells. Vet. Immunol. Immunopathol. 141, 11-
15.

Fontaine-Pérus, J., Halgand, P., Chéraud, Y., Rouaud, T., Velasco, M. E.,
Cifuentes Diaz, C. and Rieger, F. (1997). Mouse-chick chimera: a
developmental model of murine neurogenic cells. Development 124, 3025-
3036.

Gineikiene, E., Stoskus, M. and Griskevicius, L. (2009). Single nucleotide
polymorphism-based system improves the applicability of quantitative PCR for
chimerism monitoring. J. Mol. Diagn. 11, 66-74.

Goldstein, R. S. (2010). Transplantation of mammalian embryonic stem cells and
their derivatives to avian embryos. Stem Cell Rev. 6, 473-483.

Hamburger, V. and Hamilton, H. L. (1951). A series of normal stages in the
development of the chick embryo. J. Morphol. 88, 49-92.

Henry, J. L., Coggin, D. L. and King, C. R. (1993). High-level expression of the
ribosomal protein L19 in human breast tumors that overexpress erbB-2.
Cancer Res. 53, 1403-1408.

Kuroda, K., Takenoyama, M., Baba, T., Shigematsu, Y., Shiota, H., Ichiki, Y.,
Yasuda, M., Uramoto, H., Hanagiri, T. and Yasumoto, K. (2010).
Identification of ribosomal protein L19 as a novel tumor antigen recognized
by autologous cytotoxic T lymphocytes in lung adenocarcinoma. Cancer Sci.
101, 46-53.

Le Douarin, N. and McLaren, A. (1984). Chimeras in Developmental Biology.
London/Orlando: Academic Press.

Lin, C. S., Lin, G. and Lue, T. F. (2012). Allogeneic and xenogeneic
transplantation of adipose-derived stem cells in immunocompetent recipients
without immunosuppressants. Stem Cells Dev. 21, 2770-2778.

Liu, J. B. and Zhang, Z. (2008). Development of SYBR Green I-based real-time
PCR assay for detection of drug resistance mutations in cytomegalovirus. J.
Virol. Methods 149, 129-135.

Livak, K. J. and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25, 402-408.

RESEARCH REPORT Development 140 ()



! 120!

 

Lwigale, P. Y. and Schneider, R. A. (2008). Other chimeras: quail-duck and
mouse-chick. Methods Cell Biol. 87, 59-74.

Matsuo, S., Kurisaki, A., Sugino, H., Hashimoto, I. and Nakanishi, H. (2007).
Analysis of skin graft survival using green fluorescent protein transgenic mice.
J. Med. Invest. 54, 267-275.

Merrill, A. E., Eames, B. F., Weston, S. J., Heath, T. and Schneider, R. A. (2008).
Mesenchyme-dependent BMP signaling directs the timing of mandibular
osteogenesis. Development 135, 1223-1234.

Morgan, B. A. and Fekete, D. M. (1996). Manipulating gene expression with
replication-competent retroviruses. In Methods in Avian Embryology (ed. M.
Bronner-Fraser), pp. 186-217. San Diego, CA: Academic Press.

Nakamura, T., Onno, M., Mariage-Samson, R., Hillova, J. and Hill, M. (1990).
Nucleotide sequence of mouse L19 ribosomal protein cDNA isolated in
screening with tre oncogene probes. DNA Cell Biol. 9, 697-703.

Newton, C. R., Graham, A., Heptinstall, L. E., Powell, S. J., Summers, C.,
Kalsheker, N., Smith, J. C. and Markham, A. F. (1989). Analysis of any point
mutation in DNA. The amplification refractory mutation system (ARMS).
Nucleic Acids Res. 17, 2503-2516.

Noden, D. M. and Schneider, R. A. (2006). Neural crest cells and the community
of plan for craniofacial development: historical debates and current
perspectives. Adv. Exp. Med. Biol. 589, 1-23.

Roesch, A., Vogt, T., Stolz, W., Dugas, M., Landthaler, M. and Becker, B.
(2003). Discrimination between gene expression patterns in the invasive
margin and the tumour core of malignant melanomas. Melanoma Res. 13, 503-
509.

Schneider, R. A. (1999). Neural crest can form cartilages normally derived from
mesoderm during development of the avian head skeleton. Dev. Biol. 208,
441-455.

Schneider, R. A. (2005). Developmental mechanisms facilitating the evolution of
bills and quills. J. Anat. 207, 563-573.

Schneider, R. A. and Helms, J. A. (2003). The cellular and molecular origins of
beak morphology. Science 299, 565-568.

Solem, R. C., Eames, B. F., Tokita, M. and Schneider, R. A. (2011).
Mesenchymal and mechanical mechanisms of secondary cartilage induction.
Dev. Biol. 356, 28-39.

Song, J. M., Cheung, E. and Rabinowitz, J. C. (1995). Nucleotide sequence and
characterization of the Saccharomyces cerevisiae RPL19A gene encoding a
homolog of the mammalian ribosomal protein L19. Yeast 11, 383-389.

Tisato, V. and Cozzi, E. (2012). Xenotransplantation: an overview of the field.
Methods Mol. Biol. 885, 1-16.

Tokita, M. and Schneider, R. A. (2009). Developmental origins of species-
specific muscle pattern. Dev. Biol. 331, 311-325.

Tosney, K. W. (1982). The segregation and early migration of cranial neural crest
cells in the avian embryo. Dev. Biol. 89, 13-24.

Van Dyck, L., Jonniaux, J. L., de Melo Barreiros, T., Kleine, K. and Goffeau, A.
(1994). Analysis of a 17.4 kb DNA segment of yeast chromosome II
encompassing the ribosomal protein L19 as well as proteins with homologies
to components of the hnRNP and snRNP complexes and to the human
proliferation-associated p120 antigen. Yeast 10, 1663-1673.

Waku-Kouomou, D., Alla, A., Blanquier, B., Jeantet, D., Caidi, H., Rguig, A.,
Freymuth, F. and Wild, F. T. (2006). Genotyping measles virus by real-time
amplification refractory mutation system PCR represents a rapid approach for
measles outbreak investigations. J. Clin. Microbiol. 44, 487-494.

Walker, J. A., Kilroy, G. E., Xing, J., Shewale, J., Sinha, S. K. and Batzer, M. A.
(2003). Human DNA quantitation using Alu element-based polymerase chain
reaction. Anal. Biochem. 315, 122-128.

Zhou, L., Lim, Q. E., Wan, G. and Too, H. P. (2010). Normalization with genes
encoding ribosomal proteins but not GAPDH provides an accurate
quantification of gene expressions in neuronal differentiation of PC12 cells.
BMC Genomics 11, 75.

7RESEARCH REPORTRT-qPCR strategy for chimeras






