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Principal Component Analysis of Near Infrared Spectra
as a Tool of Endosperm Mutant Characterisation
and in Barley Breeding for Quality
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Abstract: Near infrared technology, now widespread in quality control, makes it possible to obtain a total multi-
variate physical chemical fingerprint of the barley endosperm with high precision. Whole spectroscopic finger-
prints of the physics and chemistry of barley seeds can be interpreted by multivariate analysis (chemometrics), by
Principal Component Analysis (PCA) for classification and Partial Least Squares Regression (PLSR) for correla-
tion. PCA classification of Near Infrared Reflectance (NIR) spectra can differentiate between mutants and alleles
in the lys3 and lys5 loci. PCA on NIR can also be used as a routine in barley breeding to select for a multi-gene
quality complex in barley as a whole e.g. increasing starch and reducing fibre content. This is done directly from
the PCA classification plot by “data breeding” selecting the recombinants which are approaching the position of
the normal high starch controls on the plot. Based on classification of NIR spectra, two alleles in the lys5 locus
were characterised as a new class of (1—3,1—4)-B-glucan compensating starch mutants indicating a metabolic

connection between starch and p-glucan.
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Near Infrared Spectroscopy (NIR) combined
with multivariate data analysis is an established
economical, non-destructive technique (OsBoRNE
et al. 1993) for prediction of chemical composition
widely used by plant breeders, seed producers and
malt and feed industries. The method is fast, and
often more than one component can be determined
at the same time. In barley commercial calibra-
tions sold by the instrument manufacturers have
been made for moisture, protein, starch and hot
water extract. The calibrations are based on multi-
variate (chemometric) models such as Partial Least
Squares Regression (PLSR) and neural nets. While
NIR is widely used by plant breeders as a “black
box” for prediction of chemical composition, much
less attention has been devoted to the use of NIR
spectra to be used directly in the breeding work

for classification of the whole seed phenotype by
Principal Component Analysis (PCA). We know
from the calibration work with PLSR that a NIR
spectrum of a barley seed sample can be consid-
ered as a whole chemical-physical fingerprint.
Thus barley mutants and lines bred for improved
quality can be explored and compared to controls
in a PCA without knowledge of their chemical
composition. Spectra from different barley seed
sample positions in the PCA score plot represent
each a physical-chemical approximation of the
“phenome” (Munck et al. 2004). From the spectral
differences specific changes in composition can be
anticipated based on prior spectroscopic knowledge
from literature and checked by classical chemical
analyses (JacosskeN et al. 2005). In the present paper
we will demonstrate how NIR and multivariate
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analysis can be used in barley genetics and plant
breeding on the phenome level to characterise
endosperm mutants and gene combinations as
specific spectral signatures.

MATERIAL AND METHODS

Two barley materials are used: Material I -49 sam-
ples of lys5f and lys5g low starch mutants (DoLL
1983; JacoBseN et al. 2005) with moderate increase
in lysine (appr. 10%) including homozygous lines
(doubled monoploids) from crosses between these
mutants and wild type barley varieties as well as
other wild type barley control lines were grown in
greenhouse (n = 13), outdoor pots (n =7) and field
(n=6)1in 2000. Material II — 14 samples of the very
high mutants lys3a and lys3m and seven segregants
(0502, 0505, 0531, 0538, 0556, Lysimax, Lysiba) as
well as six barley lines (two samples of each of
Minerva, Bomi and Triumph) were grown in the
field in 1991. Multiplicative signal corrected (MSC)
NIR spectra (400-2500 nm) were obtained on flour
from all samples (Munck et al. 2004). Every second

wavelength was used in the classification (1050 data
points). Protein, amide, starch and (1—3,1—4)-
3-glucan were determined according to Munck et
al. (2001). A Principal Component Analysis (PCA)
software data program for classification and Partial
Least Squares Regression (PLSR) program for cor-
relation (“Unscrambler”, Camo A/S, Trondheim,
Norway) were used to analyse the NIR spectra.

RESULTS AND DISCUSSION

Differentiating between gene specific
and environmental effects on NIR spectroscopy
patterns from barley endosperms

Figure 1A shows the MSC-corrected NIR spectra
from 49 samples of barley grown in greenhouse,
outdoor pots and in the field. The barley material
consists of normal barley varieties (N) and two
low starch mutants (lys5f and lys5g) selected at
Risg (Munck et al. 2004) as moderate high-lysine
lines by the dye-binding method. The lys5f mutant
is more drastic than lys5¢ because it has a lower
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Figure 1. A. All 49 NIR spectra (MSC) from material 1 in Material and Methods B. PCA (PC1:2) score plot of NIR
spectra (MSC) for 49 samples of normal barley (N, Nb = Bomi) and mutants and mutant recombinants crossings
of lys5f (5f) and lys5g (5¢) grown in three environments: greenhouse, field and in pots outdoors. Squared samples
are original mutants. C. Average spectra of normal barley (N) and mutants of lys5f (5f) and lys5g (5g) grown in
greenhouse and field. Table. PLSR predictions of chemical properties BG from NIR spectra (MSC)
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starch content. The mutants are in the same locus
and are identical to Risg mutant 13 (background
Bomi) and mutant 29 (background Carlsberg II)
respectively. By using the unsupervised classi-
fication algorithm PCA in evaluating the whole
spectra in Figure 1A, six clusters according to
genetic parameters as well as for environment
can be interpreted by consulting the field book
(Figure 1B). Normal samples are located in the top
left corner, whereas lys5 mutants and recombinants
are spread diagonally in the bottom right corner.
There is a tendency that the more drastic mutant
lys5fis placed in the periphery of the lys5 clusters
(Figure 1B). Furthermore, it is seen that samples in
the two clusters grown in greenhouse are located
diagonally in the bottom left corner below the divi-
sion line, samples from the field (bold) are located
in the middle and samples grown in outdoor pots
are placed diagonally in the top right corner.
Because samples located near each other in a
PCA plot indicate similar pattern of variables,
here NIR wavelengths, mean spectra from the six
different clusters in Figure 1B can be characterised
by visual inspection. In Figure 1C an interesting
small area from 2260 to 2380 nm marked with a
square in Figure 1A is enlarged for the average
spectra of the six classes in the PCA in Figure 1B. It
is easily recognised that the average curve form in
Figure 1C of the normal barley (N, stippled lines) is
quite different from those of the mutants (punctu-
ated line lys5f, whole line lys5g). While the normal
barleys have a decided plateau at 2285-2295 nm

the slope is here much steeper with the two lys5
mutants. Likewise the mutants have a charac-
teristic bulb at approximately 2350 nm which is
almost non existent in normal barley. This bulb is
larger in the spectra of the lys5f mutant than for
that of Iys5g. When comparing growing locations
in Figure 1C it is seen that the curve form for each
mutant genotype is approximately the same while
an offset base line indicates the growing location
where the greenhouse has a higher intensity than
the field. As indicated from the PCA in Figure 1B,
the original lys5f and lys5¢ mutations (marked
with a square) are obtaining full penetration in the
recombinants. Thus the recombinants are classified
together with the original mutants in the PCA. As
demonstrated by us (Munck et al. 2004; JACOBSEN et
al. 2005) it is also possible to differentiate between
several mutants and alleles from the lys3, lys5 loci
and other loci in the same data set with PCA.

Verifying the chemical nature of the lys5 PCA
cluster as (1—3,1—4)-pB-glucan compensated
starch mutants

In an unsupervised PCA, where one does not
know the origin of the samples, the spectra may be
inspected using prior knowledge regarding critical
wavelengths indicative of certain chemical bonds
in order to define analyses for chemical validation.
In comparing the wavelength areas indicating dif-
ferent chemical compounds and bonds (Figure 1C),
it is seen that the mean spectra from the mutants

Table 1. Chemical properties of the six groups in Figure 1 as well as for Iys5f and lys5¢ compared to Bomi

n BG Starch (S) BG+S Protein Amide
N reenhouse 5 74+1.7 50.1+3.9° 57.5+2.5° 15.0+ 1.4 0.41 +0.05
5 & 19 14.6 + 3.0 335+7.5° 51.6 +4.5° 17.5+1.3 0.44 +0.04
N feld 4 5.0+0.9 55.9+3.5 60.9 +2.8 10.5+0.8 0.26 +0.03
5 6 8.5+0.9 432 +4.0° 55.1 +4.4° 12.4+0.7 0.28 +0.02
N T 4 7.4+0.6° 44.6 £1.3¢ 52.0 +0.6° 16.7 +0.4° 0.44 +0.02°
5 P 11 13326 - - 181+1.1 0.44 +0.04
Bomi compared to lys5f and lys5¢g mutants
Bomi 1 6.8 48.8 55.6 14.6 0.4
lys5f greenhouse 3 19.6+0.4 29.8+0.6 494+1.0 17.0+14 0.42+£0.06
lys5g 6 13.1+0.8 44.74 58.24 174+1.0 0.43 +0.04

=4 =3 %=29%=1;,BG= (1—3,1—4)-B-glucan
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and normal barleys are different from each other
at the wavelength about 2276 nm correlating to
starch, at 2294 nm describing amino acids, at 2336
and 2352 nm characteristic of cellulose content
and unsaturated fat at 2347 nm. From here it is
possible to make hypotheses about differences
in chemical composition and to evaluate these
by choosing proper reference analyses for final
validation. Several authors like Dorr (1983) and
GREBER ¢t al. (2000) suggested that the high lysine
mutants of barley could relate to starch synthesis
which was more or less reduced in these mutants.
It was therefore surprising when we found (Munck
et al. 2004; Jacossen et al. 2005) that lys5f and
lys5g, which all were classified by NIR spectros-
copy and PCA in the same cluster, had a strongly
increased content of (1—3,1—4)-B-glucan which
compensated the low starch content to a large
extent. In Table 1 the chemical composition of the
six clusters and the individual genotypes classi-
fied in the experiment in Figure 1 are shown. The
drastic increase in (1—3,1—4)-B-glucan especially
for the lys5f genotype — up to 20% in dry matter —is
clearly seen. The lys5g genotype seems to fully com-
pensate the loss in starch with (1—3,1—4)-B-glu-
can as seen from the total figure of (1—3,1—4)-
B-glucan plus starch (BG + S, Table 1) which is
comparable to the normal controls.

Greenhouse conditions increase both protein
and (1—3,1—4)-B-glucan while keeping the rela-
tive differences between the different genotypes.
The function of the highly reproducible NIR spec-
trograph as a “multimeter” is clearly pointed out
in Figure 1 (Table) displaying fully cross validated
PLSR prediction values for whole spectra in correla-
tions to the different chemical analyses including
(1—-3,1—4)-B-glucan. This explains also the high
discriminating power of the PCA in Figure 1C
using the same NIR spectral data.

The question is now if NIR spectroscopy inter-
preted by chemometrics is restricted to detecting
mutants with major effects on chemical composi-
tion? Is it possible to use this technology in regular
plant breeding e.g. to improve starch and reduce
fibre content in the very high lysine genotype
lys3a — Risg mutant 1508 by crossbreeding and
selection?

The feasibility of selecting for an improved
gene background for high starch, low fibre
to the lys3 gene for starch by NIR spectroscopy
and chemometrics

As demonstrated by Munck (1992) it is possible
to breed for an improved kernel quality and yield
with the lys3a mutant to reach the level of normal
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barleys. This results in improved starch content
from about 48 to 53% which is equal to normal
feed barleys. A collection of the original mutants,
normal barley lines and yield-improved crosses was
evaluated by NIR. A section of this data bank from
material grown in the field in 1991 is demonstrated
in a PCA (Figure 2A) which shows the pattern of
the 14 NIR spectra 400-2500 nm characteristic of
six normal barleys, two mutants and seven crosses
(generation 5-10).

It is clearly seen that the samples divide into
two clusters: one with normal barleys (Bomi, Mi-
nerva and Triumph) to the left, and the original
lys3 mutants (squared) lys3a and lys3m and their
high-lysine segregates to the right. Lysiba and
Lysimax are semi-commercial (registered but not
widely grown) high-lysine varieties with verified
improved yield (about 110-115% of the original
Risg 1508 mutant). The lines Lysiba and Lysimax
are thus a priori defined as positive selections. They
are situated in the NIR PCA closer to the normal
samples than for example lines 502, 531 and 538§,
which are negative selections confirmed by their
locations above and to the far right in the PCA
(Figure 2A). If an unsupervised PCA is performed
on chemical data (protein, amide, A/P, starch, 3-glu-
can and rest = (100 — (protein + starch + 3-glucan)),
almost the same pattern (Figure 2B) as with NIR
spectra (Figure 2A) is seen, indicating the physi-
cal-chemical basis of the NIR measurements. The
PCA bi-plot of chemical data in Figure 2B shows
that samples of Triumph, which are known to have
a very high starch content, are located close to the
starch variable, indicating that these samples are
highly influenced by this variable. Opposite, still
to the left, are Minerva and Bomi samples highly
influenced by amide, A/P and p-glucan. To the
very right the mutants lys3a and lys3m are placed
with the high-lysine segregates and together with
the variables protein and rest. The samples of
Lysiba and Lysimax (Group 1) are located closer
to the normal varieties than the others, indicating
a positive selection (with regard to starch) as in
the PCA with the NIR spectra. Samples 502 and
556 (Group 2) are located close together, whereas
the negatively selected samples 505, 531 and 538
(Group 3) are placed in between the mutants.

When comparing the chemical data of these four
groups one can easily (see Table 2) that Group 1 with
Lysiba and Lysimax has protein and starch content
closer to normal varieties. The amide content and
A/P index are, however, more closely related to

the mutants. This means that they still are likely
to have a content of essential amino acids as high
as the original high-lysine mutants combined with
an increase in starch (mean) from 48.7% to 52.6%.
Group 2 is intermediate in starch content with
reduced protein content, while Group 3 has as
high protein content as the original mutants with
only a slight increase in starch. The wavelength
area used in earlier investigations (2260-2380 nm)
is compared for spectra from samples of the nor-
mal barley Triumph, lys3a and from the positive
selected lines Lysiba and Lysimax. From Figure 2C
it is seen that the curve forms for Triumph and
lys3a are very different, and that those of Lysiba
and Lysimax are intermediate between lys3a and
normal barley. The improved high-lysine lines
have adopted some characteristics from the nor-
mal curve form. In the wavelength area 2285 nm
to 2295 nm (arrow marked 1) the Triumph curve
form is flat parallel to the x-axis while the original
lys3a mutant curve form is steeper. As also seen in
Figure 2C the improved crossbred lines carrying
the lys3a gene, Lysiba and especially Lysimax are
approaching the curve form of the reference barley
variety Triumph.

It is also seen that the bulb in lys3a at the arrow
marked 2 (Figure 2C) is much reduced in Lysiba
and especially Lysimax indicating a more normal
barley state. This area correlates to unsaturated fat
(2347 nm) and cellulose (2352 nm). The content of
these analytes should be tested further to detect
the reasons why the samples separate from each
other. A lower content of unsaturated fat and cel-
lulose (fibre) in Lysiba and Lysimax should be
expected.

Data breeding — NIR spectroscopy
and chemometrics in breeding for improved
physical-chemical composition as whole
integrated genetic complex

We first introduced the concept of “data breed-
ing” at the IBGS — VIII meeting in Adelaide in
2000 (Munck et al. 2000). As seen in the PCA of
the whole NIR spectra in Figure 2A it is possible
by crossbreeding and selection to move the Iys3a
segregants Lysimax and Lysiba in the direction
of the arrow towards normal barley (Triumph),
signifying an improved starch content verified
by the PCA for the chemical analyses in Figure 2B
and Table 2. Near Infrared Transmission (NIT)
spectroscopy is today used as a “blackbox” tech-
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Table 2. Average and standard deviations of chemical data for the five groups from the lys3 breeding experi-

ment

Normal (1 = 6) Group 1 Group 2 Group 3 Group 4
Protein (P) 11.3+0.4 11.7+0.1 11.7+0.1 12.6 +0.2 125+0.2
Amide (A) 0.28 +0.03 0.21 +0.007 0.21 +0.007 0.22 +0.02 0.23
A/P 15.5+0.9 11.0+0.3 10.9+0.4 10.7+0.8 11.4
Starch 54.6 2.5 52.6 0.5 50.0+0.1 49415 48.7+0.2
B-glucan 47+11 31+0.1 31+02 31+03 2.8+05
Rest (100 - P + S + BG) 295+1.8 32.7+0.5 35.3+0.3 349+1.8 36.1+0.5

Group 1 = Lysiba, Lysimax; Group 2 = 502, 556; Group 3 = 505, 531, 538; Group 4 = lys3a, lys3m

BG = (1—3,1—4)-B-glucan

nology in plant breeding by analysing for specific
chemical parameters such as protein and water
by a closed chemometric prediction model given
by the instrument manufacturer. By introducing
chemometrics to be used directly by the plant
breeders the closed box can be opened so that they
themselves can make their own NIT barley seed
classifications and correlation models tailored to
their own materials and needs. This is demonstrated
for malting barley in these proceedings by MoLLER
and Munck (2004).

We conclude that multivariate statistical methods
(PCA) are indispensable for the classification of
original barley endosperm mutants and their recom-
binants with standard varieties. Classic statistics of
variance cannot handle large horizontal data sets
where the samples have 1050 wavelength variables
in this case. Thus different mathematical models
should be used for the gamete and zygote levels
of biological organisation (Munck 2003) where
classic probability statistics effective on the gene
recombination level should be complemented by
pattern recognition data analysis (chemometrics)
for analysing gene expression by NIR at the phe-
notype level.
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Abstrakt

Munck L., MeLLER B. (2005): Uziti analyzy hlavnich komponent infracervenych spekter pro charakterizaci
mutaci endospermu a ve slechténi jecmene na zlepsenou jakost. Czech J. Genet. Plant Breed., 41: 89-95.

NIR, nyni §iroce pouzivand pro kontrolu jakostnich parametrti, umoznuje ziskat pfesny fyzikalné-chemicky
Jfingerprint” endospermu jeCmene. Spektroskopické ,fingerprinty” semen je¢cmene mohou byt interpretovany
pomoci multivaria¢ni analyzy metodou hlavnich komponent (PCA) vyuzitelné pro klasifikaci a metodou par-
cialni regresni analyzy nejmensich ¢tvercti (PLSR) pro analyzu korelac¢nich vztaht. PCA klasifikace metodou NIR
umoznila diferenciaci mezi mutanty a alelami v lokusech Iys3 a lys5. Tato metoda miiZe byt také bézné pouzita
ve Slechténi jemene pro selekci na jakost, specidlné napft. pro zvyseni obsahu skrobu a sniZeni obsahu vlakniny.
To 1ze provadét primo jako selekci rekombinaci s pfihlédnutim k pozici kontrol s vysokym obsahem skrobu. Na
zakladé klasifikace pomoci NIR spekter byly dvé alely lokusu lys5 charakterizovany jako nova kategorie indikujici
metabolicky vztah mezi obsahy skrobu a p-glukanu.

Klic¢ova slova: multivariacni analyza dat; NIR spektroskopie; mutanty je¢mene; fyzikalné-chemicky fingerprint
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