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H.SO4/MeOH-based Pigment Extraction Protocol with Concomitant Esterification:

A slightly modified version of the classic eggshell pigments extraction protocol using methanolic
H,SO, solution was used:'? Eggshells (100-1000 mg) were weighted and ground into a fine
powder in a porcelain mortar. The powder was placed in a 25 ml round-bottom flask equipped
with a magnetic stir bar and reflux condenser. To this was added a methanolic H,SO, solution
(1.8 M, 5%; 5 mL). The mixture was heated on a heating mantle to a gentle reflux for 45 min.
The pH of the cooled solution was adjusted to between 6-8 by addition of sat. ag. NaHCO3; (~3.5
mL) until the effervescence stopped. The suspension was then filtered through a small (8 cm
diameter) Buchner funnel and the filter cake was washed with ethyl acetate (EtOAc) (~10 mL).
The filtrate was transferred to a 50 mL separatory funnel containing water (10 mL). The
aqueous layer was extracted with EtOAc (2 x 5 mL). The combined organic layers were dried
over anhydrous Na,COs; (~ 1 g), the drying agent was removed by gravity filtration, and the clear
but coloured solution was concentrated by rotary evaporation. The volume of the organic
fraction was determined at this point for the determination of the optical pigment concentration.
The E. elegans extract was passed through a short silica gel column (0.5 x 3 cm). The nonpolar
main blue-green band was collected (EtOAc) and the eluent changed (to 4:1 EtOAc:MeOH) to
elute a yellow-brown fraction. The fractions were evaporated to dryness under a stream of N,
and stored at —20°C.

We verified that the dye extraction and esterification protocol did not trigger the degradation of
protoporphyrin 1" or biliverdin 2", thereby generating artefacts by applying independently
sourced protoporphyrin 1" or biliverdin 2", dissolved in MeOH, onto commercial (non-waxed)
white hen eggshells. We then submitted the dyed eggshells to the same extraction protocol as
the tinamou eggshells described above and verified the presence of the pigments, as their

dimethyl esters, 1 or 2¥¢, and the absence of any notable degradation products by HPLC.

Pigment Concentration Protocol:

The estimation of the quantity and molar ratios of the pigments was based on the known
extinction coefficients for biliverdin dimethyl ester 2Y (in EtOH, A = 377 nm, € = 56,200
cm'M™)*, uroerythrin dimethyl ester monomethyl ether 3¥¢°™¢ (in MeOH, A = 271 nm, A =

330 nm, £ = 32,000 cm™™M™; A = 523 nm ¢ = 27,000 cm™'M™)°, bilirubin dimethyl ester 4¥° (in
CHCl3, > = 451 nm, € = 54,000 cm™'M")*®, and those of a tripyrrinedione closely related to 3"".
The extinction coefficients for 3" or 3¥¢ have not been reported but can reasonably be assumed

to be essentially identical since the esterification does not affect the chromophore; furthermore,
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we assumed the extinction coefficients for 3" and 3Y¢°™® at 271 nm (the wavelength least

variant upon chromophore etherification) to be identical. Solvatochromic effects were ignored.

EDTA-based Eggshell Extraction Protocol

The EDTA pigment extractions were performed as described in Gorchein et al.:® Briefly,
eggshell (170 mg) were crushed into small fragments and placed in 1.5 mL Eppendorf
centrifuge tubes. An aqueous disodium EDTA solution (1.5 mL, 100 mg/mL, pH 7.2) was added
and vortexed for 1 min. The tubes were then uncapped and incubate in the EDTA solution for
additional 5 min. Once the effervescence ceased, the samples were centrifuged at 14,000 g for
1 min and the supernatants were discarded. This procedure was repeated three times. An
acetonitrile (ACN)-glacial acetic acid (AcOH) solution (4:1, v/v) was added to the final pellet and
the mixture was repeatedly vortexed and uncapped in 30 s intervals for 2 min. The supernatants
were transferred to new tubes, protected from light with tin foil and dried to a film under a stream

of nitrogen in the dark.
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Purple Nothura maculosa Eggshell Extractions — Acidic Conditions
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Figure S1. Benchmark data: Left: HPLC chromatogram of biliverdin dimethyl ester 2" extracted
from emu eggshells (400 nm detection wavelength). The splitting of the peak for biliverdin is an
indication of the presence of geometric isomers.® Right: Normalized UV-vis spectrum of

biliverdin dimethyl ester 2" (in ethyl acetate) extracted from emu eggshells.
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Figure S2. Top: HPLC chromatogram of N. maculosa extract (475 nm detection wavelength; for
protocol see Methods Section; * indicate artefacts). Bottom: UV-vis spectra (ethyl acetate) of the
N. maculosa extract fractions occurring at the times indicated. 18.0 min: biliverdin dimethyl ester
2" 19.4 min: dipyrrinone; a suitable MS of this compound could not be obtained but cf. to its
acid form (Figure S7A and Figure S13). 21.1 + 21.8 min: uroerythrin dimethyl ester 3", two

isomers; for the presence of two isomers of uroerythrin in the eggshells, see Figure S24.
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Figure S4. HR ESI+-MS spectrum (100% CH3CN) of 18.0 min peak (2Y¢) from the

H,SO4/MeOH extraction of N. maculosa eggshells. For a comparison to a commercial sample,

cf. Figure S3.
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Figure S5. HR ESI+-MS (TOF, 100% MeOH) of 21.1 min peak (assigned to uroerythrin

dimethyl ester 3"'¢) extracted using H,SO4/MeOH from N. maculosa eggshells.
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Purple Nothura maculosa Eggshell Extractions — EDTA Conditions
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Figure S7. RP-HPLC Chromatogram at 475 nm (red trace) and 400 nm (blue trace) and

(bottom) the UV-vis spectra of the fractions indicted in the chromatograms: A: presumed

dipyrrinone with low resolution mass of 315.1 m/z (cf. to Figure S2) B: uroerythrin — isomer 1 C:

uroerythrin — isomer 2; for the presence of two uroerythrin isomers® (cf. to Figure S24). D:
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Spectrum from Biliverdin.wiff2 (sample 1) - Biliverdin, Experiment 4, +IDA TOF MSMS (50 - 1000) from 14210 min
Precursor: 583.1 Da, +1, CE: 20.0

124

8.0e3
6.0e3
4.0e3
2.0e3

0.0¢f

CO,H

C33H35N406"
Calc’d Mass: 583.2551

CO,H

“297.1220

“299.1391(1)

“253.1329
| 2791124 r

CO,H

Ca7H17N2O5"
Calc’d Mass: 297.1234

5844294 (6)
539.2648 5552610
Ll

*583.2533

*584.2566 (6)
582.7468 (2)

100

150 200 250 300 350 400

450 500 550

Mass/Charge, Da

600 650 700 800 850 900

Figure S8. RP-HPLC HR ESI+-MS? spectrum (QTOF, 100% MeOH) of the 583.2 Da m/z peak
of commercial biliverdin diacid sample 2"; collision energy 20 V.

Spectrum from N_Maculosa.wiff2 (sample 1) - N_Maculosa, Experiment 2. +IDA TOF MSMS (50 - 1000) from 14.266 min
Precursor: 582.3 Da, +1, CE: 20.
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Figure S9. RP-HPLC HR ESI+-MS? spectrum (QTOF, 100% MeOH) of the 583.2 Da m/z peak
of 2" extracted from N. maculosa eggshells using the EDTA protocol; collision energy 20 V.
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Spectrum from Bilirubin.wiff2 (sample 1) - Bilirubin, Experiment 2, +IDA TOF MSMS (50 - 1000) from 28.364 min

Precursor: 585.3 Da, +1, CE: 20.0
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RP-HPLC HR ESI+-MS? spectrum (QTOF, 100% MeOH) of the 585.3 Da m/z peak

of a commercial sample of bilirubin 4"; collision energy 20 V.

Spectrum from N_Maculosa wiff2 (sample 1) - N_Maculosa, Experiment 4, +IDA TOF MSMS (50 - 1000) from 28.958 min

Precursor: 585.3 Da, +1, CE: 20.0
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Figure S11. RP-HPLC HR ESI+-MS? spectrum (QTOF, 100% MeOH) of the 585.3 Da peak of

4" extracted from N. maculosa eggshells using the EDTA extraction protocol; collision energy

20 V.
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Figure S12. RP-HPLC HR ESI+-MS? spectrum (QTOF, 100% MeOH) of the 466.2 Da peak of
3" extracted from N. maculosa eggshells using the EDTA extraction protocol (cf. Figure S7B),
and possible fragmentation scheme based on typical fragmentations observed in linear naturally
occurring oligopyrroles.™
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Green Eudromia elegans Eggshell Extractions — Acidic Conditions
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Figure S14. HPLC trace of raw E. elegans eggshell. HPLC employed an isocratic delivery of
ethyl acetate over 5 min, followed by a linear gradient from ethyl acetate to 50:50 v/v ethyl
acetate: methanol over 5 min; 50:50 ethyl acetate: methanol was maintained until the

completion of the run. * indicates artefact.
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Figure $15. Left: HPLC comparison of commercial bilirubin dimethyl ester 4 and the polar
fraction of the H,SO,/MeOH extraction of E. elegans eggshells (left). Right: UV-vis spectra
(ethyl acetate) of commercial bilirubin dimethyl ester 4" and the E. elegans eggshell extraction

polar fraction.
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Figure S17. HR ESI+-MS spectra (MeOH) of commercial 4"¢. Note: Traces of biliverdin

dimethyl ester 3" are also present; inter alia visible at m/z = 611.2864 (cf. to Figure S3) and the

formation of the mixed dimer at m/z = 1223.5793.
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Figure S18. HR ESI+-MS spectrum (CHsCN) of 4"¢ extracted with H,SO4/MeOH from E.

elegans eggshells. For a comparison to a commercial sample, cf Fig. S17.
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Green Eudromia elegans Eggshell Extractions — EDTA Conditions
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Figure $19. RP-HPLC Chromatogram at 400 nm and (bottom) the UV-vis spectra of the
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fractions indicted in the chromatogram: A: unknown light yellow pigment with low resolution

mass of 282.1 m/z (cf. Figure S20); B: biliverdin (cf. Figure S21); C: unknown pigment with low
resolution mass of 287.1 m/z (cf. Figure S22); D: bilirubin (cf. Figure S23).
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Figure S20. (top) ESI+ Low resolution LC-MS spectrum of peak A extracted E. elegans
eggshells using the EDTA extraction protocol (cf. Figure S19A) and (bottom) from RP-HPLC HR
ESI+-MS? spectrum (QTOF, 100% MeOH) (100% MeOH) of peak A. A structure/composition
could not be assigned.
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Figure S24. ESI+ extracted ion chromatograms (EICs) of LC-MS traces for crude EDTA
eggshell extracts, biliverdin diacid standard, and bilirubin diacid standard. A. Normalized 583.2
m/z EIC of biliverdin diacid 2" standard. B. Normalized 585.2 m/z EIC of bilirubin diacid 4"
standard. C. Normalized 585.2 m/z EIC of crude N. maculosa eggshell extract, showing only the
bilirubin diacid 4" fraction. D. Normalized 585.2 EIC of crude E. elegans eggshell extract,
showing only the biliverdin diacid 2" fraction. The splitting of the peak for biliverdin is an
indication of the presence of geometric isomers.® E. Normalized 466.2 m/z EIC of crude N.
maculosa eggshell extract. The splitting of the uroerythrin peak is due to the presence of
regioisomers (biotripyrrin a = uroerythrin, and biotripyrrin b), particularly when resulting from the

non-enzymatic photooxidation of bilirubin or biliverdin."
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Colour Mixing Modelling

To determine what combination of biliverdin and novel pigment (bilirubin for E. elegans and
uroerythrin for N. maculosa) could produce these novel colours, we simulated the variable
admixture of the two main eggshell pigments for each species using measured transmission
spectra (see above), and compared these predicted spectra to measured eggshells reflectance.
We measured the spectral reflectance of preserved E. elegans (N = 1) and N. maculosa (N = 1)
eggshells, and also fresh gray catbird Dumetella carolinensis (N = 1) eggshells, using a field
portable spectrometer (Jaz, Ocean Optics) relative to a diffuse white standard (WS-1, Ocean
Optics). Each eggshell was measured six times: twice at the blunt pole, equator, and sharp
pole. For each species, we normalized the transmission spectra of all of their extracted
pigments by dividing by the maximum value for these pigments (e.g., bilirubin had a
transmission of 106.85% for E. elegans, while an unidentified pigment had a transmission of
98.44% in N. maculosa). The solvents shifted the peak transmission for biliverdin relative to the
peak reflectance of the pure blue-green eggshell of D. carolinensis (peak at 501 nm) measured
in the field by 14 nm and 21 nm (E. elegans and N. maculosa, respectively); therefore, we
shifted each spectrum so that the peak transmission of biliverdin matched the field measured
peak reflectance. We then mixed the two major pigments, using a simple subtractive colour

mixing model:
eq. 1 Ry = I, R

where R represents reflectance and ¢ represents the relative concentration of each colourant
across all wavelengths. In these calculation we varied the concentration of each colourant to
generate a range of transmission spectra representing the colours of variable mixtures (N =
1001) of the two pigments (Fig 4a, b). Because the transformation resulted in missing values in
the short wavelength range (< 314 nm and 321 nm respectively), we extrapolated these data

using a natural spline. This resulted in reflectance values ranging from 300 to 700 nm.

Measured and predicted spectra were then converted to coordinates within the CIE colour
space (Fig 4c, d)'?. To determine the admixture ratio (novel pigment: biliverdin) we then
calculated the Euclidean distance between the coordinates within this colour space for each
simulated intermediate spectrum and each measured reflectance spectrum for each species (N
= 6). The admixture that resulted in the smallest Euclidean distance against any measured egg

spectrum was recorded. The coordinates of these ‘best-matched’ predictions were used to
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determine the likely variable contribution of these two pigments and are depicted on the CIE

plots (on Fig. 4c and d).

We then plotted the spectral reflectance of each eggshell alongside the simulated spectra;
however, since these simulated values were based on normalized data we needed to multiply
measured spectral reflectance values by a constant. We used the constant that resulted in the
smallest just noticeable difference (JND) between the constant-modified-reflectance and any
simulated spectrum (the smaller the JND the less noticeable the colour difference). The JND
values were calculated following previous research in this group,’ using a receptor noise limited
visual model™ to compare the perceived achromatic difference between each simulated colour
and the measured spectral reflectance modified by a constant (across a range of potential
constants). For these visual models, we used photoreceptor sensitivities for the average
ultraviolet sensitive viewer' and the double cone sensitivity estimates for the blue-tit (Cyanistes
caeruleus), because tinamous are believed to be sensitive to ultraviolet light."®'” We assumed

ideal (constant at 100%) illumination and transmission for these calculations.
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