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FIGURE 3 | 13C chemical shift RMSD map comparing chitin structure. Data were compared between the observed 45 chitin forms in nine fungal cell walls (x-axis)
and the three crystalline forms reported by literature (y-axis). Data from six fungal species were shown, including three species of Ascomycetes(A. fumigatus, A nidulans
and A. sydowii), a sample from Zygomycetes (R. delemar), and two Ascomycetes yeast species (C. albicansand C. auris). Most chitin types showed similarity to α-chitin
form. The color scale is shown, with units of ppm. Good correlation with RMSD less than 0.5 ppm (within NMR linewidth) are in dark blue. The forms with certain
ambiguous carbon sites are labeled in italics and grey. The chemical shift values used for the analysis are provided in Supplementary Tables S2, S3.

FIGURE 4 | Principal component analysis of chitin chemical shifts. (A) Variance explained by each principal component (PC). (B) PCA scores for chitin NMR
chemical shifts projected onto principal component 1 (PC1) vs. PC2 vs. PC3. Model chitin allomorphs (α, β, and γ-types) are shown using squares while chitin forms
identi� ed in fungal cell walls are presented using circles. Shaded regions in red and yellow are used to enclose α- and β-type chitins, respectively. The shaded region in
grey mainly contains data from Candidaspecies. Data from different model samples and fungal species are color-coded. Arrows in orange, blue, and magenta
represents the changes induced by caspofungin (Caspo.), the amphotericin B (AmB), and NaCl (from 0.5 to 2.0 M), respectively. (C) PCA scores of chitin chemical shifts
projected onto PC1 and PC2 proving a better visualization of most chitin forms. (D) Loadings for each PC. Asterisks indicate the most pronounced differences for PC1
and PC2.
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NMR data collected on other fibrillar biomolecules including
cellulose and amyloid fibrils (Elkins et al., 2016; Wang et al., 2016;
Qiang et al., 2017). We found that fungal chitin correlated
relatively well with α-chitin. Small RMSD values below the
spectroscopic resolution (0.5 ppm) were observed for some
datasets of A. fumigatus and C. albicans. Reasonable
correlations between the cell wall chitin and the γ-chitin
model structure were also noted, which can be understood by
treating γ-chitin as a derivative of α-chitin due to their structural
similarities. In contrast, β-chitins failed to correlate with our
observations, with large RMSD typically in the range of
0.7–1.6 ppm. Exceptions were observed for R. delemar
(Figure 3), suggesting the formation of structurally unique
chitin domains in this fungus.

The NMR chemical shift data were subjected to PCA. As a
dimension-reduction analysis tool, a useful PCA result
necessitates that the importance of each consecutive PC
declines rapidly. PCs are constructed by the SVD algorithm in
an unsupervised manner, beginning with a new axis that
maximizes the variance of all data points when projected onto
it, then constructing orthogonal axes according to the same
criteria. The eigenvectors returned from the SVD calculation
are shown in Figure 4A, with the sum normalized to 100,
showing the percent of variance in the data explained by each
PC. With the first three PCs explaining 70% of the variance in the
data, a safe majority of the variance is now explained in those
three variables, and the first three PCs should be able to account
for the major factors contributed to the chemical shift.

The 3D PCA score plot composed using the first three PCs
(Figure 4B) illustrates the relationship between each chitin sample in
the PC space. Consistent with the heatmap representation, principal
component 1 (PC1) primarily differentiated the α and β chitin
standards, with the γ-chitin standards more closely associated with
the former. This is more clearly recognizable in the 2D presentation
of PC1 vs. PC2 (Figure 4C), that the spreading of α and β chitins are
on the negative side and positive sides of PC1, respectively. We only
observed a relatively small amount of stretching of β-chitins to the
negative side. In addition, γ-chitin are distributed mostly to the
α-chitin side. Therefore, it is likely that PC1 can sense the difference
in hydrogen bonding and chain-packing. This is confirmed by the
loadings where the first principal component experiences the most
significant change at the carbonyl group (Figure 4D). Together, PC1
and PC2 can clearly resolve most forms of β-chitins as a self-isolated
group. Candida chitins and β-chitins show up on the two extreme
positions of PC2, with scores distributed somewhat evenly between
−1 and 1 of PC2 and PC3.

The PCA loadings shown in Figure 4D are the weight given to
each original variable (chemical shifts) in the linear combination
that defines each PC, from which one can gather the relative
magnitude and direction (as indicated by the sign) of change in
those variables expected to occur over positive displacement in
the respective PC score. The loadings show that while PC1 is
mostly concerned with the carbonyl, PC2 focuses on the C1 atom,
while PC3 and PC1 focus on C4 atom that also (together with C1)
participates in the glycosidic linkages of chitin molecule.

To only focus on fungal chitin, we conducted a separate PCA
by excluding the data from α, β, and γ model allomorphs

(Supplementary Figure S4). PCA scores for all fungi chitins
indicate that similarities between chitins within a single fungal
species are sparse, as many allomorphs of the same species can be
found at opposite extremes of both PC1 and PC2, accounting
together for almost 60% of variation. Two other PCAs were
conducted to respectively focus on the effect of drug and salt
conditions (Supplementary Figures S5, S6). It should be noted
that the changes caused by antifungal drugs and increased salinity
are trivial when compared with the large structural dispersion of
native chitin molecules.

In addition, partial structural similarities were noted for some
chitin subtypes residing in different fungal strains (Figure 5A).
ForA. fumigatus, a few reasonably good correlations can be found
with A. nidulans and A. sydowii, Candida species, and R. delemar.
These observations revealed the partial alignment of chitin
structure in different species. The best correlation was found
between the type-d chitin of A. fumigatus and the type-D form of
A. sydowii, with a small RMSD (0.19 ppm) well below the NMR
linewidth. Just like the Aspergillus samples, R. delemar is also a
filamentous fungus, but it exhibited only a single modest
correlation with Aspergillus species, indicating the structural
uniqueness of the chitin produced in R. delemar.

The Candida samples prepared in this study were grown only
as a yeast form. The two Candida species are highly similar to
each other, with small RMSD values (0.16–0.32 ppm) when
comparing each type of chitin between two Candida species.
For example, the RMSD is 0.16 for the comparison of type-m
chitins in C. albicans and C. auris. The RMSD is similarly good
for the comparisons of type-n (0.21 ppm) and type-l (0.26 ppm)
chitins, and only slightly larger for the type-m form (0.32 ppm).
In contrast, the filamentous fungi (Aspergillus and Rhizopus
species) studied here only exhibited partial similarities to the
Candida species. It is possible that filamentous fungi require for
their hypha a specific form of chitin because the strength to hold
the tube-shaped mycelium should be different and stronger than
holding a balloon shape like a yeast.

The results also aligned with the number and families of chitin
synthase (CHS) genes seen in these species. In yeasts (Candida
and Saccharomyces for example), 3 to 4 CHS genes have been
encountered belonging to the families I, II and IV. In Aspergillus
and Rhizopus, however, 9 to 23 genes have been found and they
not only belong to the three classes (I, II and IV) that were also
identified in yeasts, but also have contributions from additional
classes (III, V, VII, VI or VIII) (Lenardon et al., 2007; Ma et al.,
2009; Muszkieta et al., 2014).

To directly identify the structural factor that differentiates the
chitin types in yeasts and filamentous fungi, we conducted linear
discriminant analysis (LDA). Different from the PCA method
described above, LDA is a supervised learning method. LDA can
pinpoint the variables that distinguish between the observations
that have already been arranged into classes by their properties of
interest. Here, we categorized the data into two separate classes to
distinguish Candida strains (grown as yeasts) from other fungal
species (grown as mycelium), which produced a linear
discriminant (Figure 5B). Their probability distributions
(Figure 5C) only overlapped slightly, and the loadings
(Figure 5D) indicated that Candida chitin and the chitins of
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